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Pus is therefore a noble substance:
it is made of brave cells that never sneak back into the blood vessels to
escape; they all die in the line of duty.

The healing hand: man and wound in the ancient world
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ABSTRACT
When neutrophils phagocytose bacteria, myeloperoxidase generates the cytotoxic agent HOCl.
However, debate exists as to whether HOCl is the major contributor to bacterial killing. Several
studies have demonstrated that HOCl reacts with phagocytosed bacteria at concentrations in
excess of those required for killing. In contrast, there is conflicting evidence that bacterial
chlorination is lower than if sufficient HOCl had reacted to kill bacteria directly, and that the
vast majority of HOCl reacts with neutrophil proteins rather than those of the ingested
microbe. The aim of this thesis was to investigate whether HOCl may act together with
neutrophil proteins to kill S. aureus indirectly.
Neutrophil proteins are extensively chlorinated during phagocytosis, so it was of interest to
determine the cellular location of oxidised and chlorinated proteins. Following phagocytosis of
magnetic beads, both the neutrophil phagosome and granule fractions had comparable amounts
of chlorinated proteins, while the cytoplasm had relatively low levels of chlorinated proteins.
Measurement of protein carbonyls demonstrated that all neutrophil fractions were exposed to
high levels of oxidative stress.
As myeloperoxidase is a likely target of HOCl, the ability of oxidatively-modified
myeloperoxidase to kill S. aureus was investigated. Oxidatively-modified myeloperoxidase was
able to kill S. aureus as effectively as the myeloperoxidase/H2O2/chloride system, but did not
chlorinate S. aureus as efficiently. Oxidatively-modified myeloperoxidase could still actively
generate HOCl, indicating that myeloperoxidase could chlorinate itself in the phagosome to
form an antibacterial protein. Little change to the enzyme structure was observed; however
oxidatively-modified myeloperoxidase formed two chloramines per amine group, indicating
dichloramines may be required for toxicity.
Investigation of model chloramines revealed that dichloramines were much more unstable than
their analogous monochloramines. Stability was affected by substituents on the α-carbon and a
carboxyl group facilitated rapid decay. Unstable dichloramines containing a substituent on their
α-carbon were cytotoxic, although their cytotoxicity declined with time. The stable
dichloramines of N-α-acetyl lysine and taurine were not bactericidal up to 10 nmoles per 105 S.
aureus. None of the analogous monochloramines were cytotoxic at this dose. Dichloramines
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decomposed to yield chlorimines, aldehydes, and the inorganic gases NH2Cl and NHCl2. Stable
products formed during the breakdown of dichloramines were not bactericidal.
To detect exposure of bacteria to reactive chlorine species in the phagosome, the carotenoid
staphyloxanthin was isolated from S. aureus as a potential endogenous bacterial sensor and
identified by mass spectrometry. Staphyloxanthin was found to react with HOCl, NH2Cl,
NHCl2, but not H2O2. The rate constant for the reaction between staphyloxanthin and HOCl
was ~3×103 M–1s–1. Clinical isolates of S. aureus were more resistant to HOCl if they contained
more staphyloxanthin. S. aureus treated with HOCl, NH2Cl, NHCl2, as well as amino acid
chloramines, lost viability in conjunction with loss of staphyloxanthin. Stable taurine
dichloramine was able to kill bacteria under these conditions. Staphyloxanthin on phagocytosed
S. aureus was not detectably oxidised, so it could not be concluded if sufficient HOCl was
produced in the phagosome, although this result indicated that NHCl2 was not the sole
bactericidal agent in the phagosome.
In summary, neutrophil proteins are extensively chlorinated during phagocytosis and
oxidatively-modified myeloperoxidase has antibacterial properties independent of HOCl
generation. Formation of unstable dichloramines should lead to the liberation of the cytotoxic
species NH2Cl which may play a role in bacterial killing. Stable peptide dichloramines may also
contribute to the bactericidal arsenal. Thus, HOCl may not kill microbes directly, but rather act
through the generation of reactive chloramine species.
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CHAPTER ONE
INTRODUCTION
After detecting the scent of an intruding microorganism, neutrophils will track it down, much like the armed
forces in pursuit of a foreign invader. Neutrophils ride the bloodstream highway, before marching through the
tissue metropolis searching for the derelict site of the infection. Once in position, neutrophils first surround the
foreign aggressors before destroying them with a combination of devastating proteolytic blades and oxidative
bullets. These are the mighty weapons of the silent warriors (1). In a display of overwhelming dedication and
allegiance these white knights sacrifice themselves for the benefit of their host.
Neutrophils are often described as our “first line of defence” against infection. They provide
the earliest innate immune response, protecting us from invading pathogens by first engulfing
and then destroying them. The importance of neutrophils to the survival of humans is
demonstrated by the recurrent and often life-threatening infections suffered by those who
suffer from a shortage of neutrophils or from deficiencies in the major machinery neutrophils
use to combat pathogens (2).
In the phagosomal space surrounding an engulfed microbe, oxidants generated via the NADPH
oxidase mix with proteolytic constituents of the granules. This combination allows the
neutrophil to realise its ultimate destructive potential. The exact mechanisms by which these
factors cooperate are largely not understood, because most research aimed at determining the
fundamental requirements for successful bacterial killing has involved the study of a single
factor. This increases our knowledge, but does not provide a satisfactory understanding of the
interplay of neutrophil components.
The major bactericidal oxidant produced in the phagosome is generally regarded as
hypochlorous acid. However, this chemical appears to react primarily with neutrophil
constituents, rather than bacterial components (3). This finding seems counterintuitive to the
theory that hypochlorous acid plays a primary role in bacterial killing. Consequently, the aim of
this thesis was to investigate the possibility that hypochlorous acid may act together with
neutrophil proteins to generate bactericidal reactive chlorine species. This may provide an
explanation for how hypochlorous acid produced by myeloperoxidase may kill bacteria
indirectly.
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THE NEUTROPHIL

White blood cells, or leukocytes, are arguably the most important part of the innate human
immune system. There are five different types of white blood cells, all of which have specific
and often diverse roles. The most abundant leukocytes in circulation are neutrophils,
accounting for 50-70% of all white blood cells (4). Along with eosinophils and basophils,
neutrophils belong to the division of white blood cells termed the polymorphonuclear
leukocytes (PMNs). This name is derived from their characteristically subdivided nuclei,
typically with three segments joined by thin strands of chromatin.
1.1.1

Development

Development of neutrophils occurs in the bone marrow. They begin as pluripotent cells,
capable of self-replication and differentiation, before developing into mature neutrophils in a
process that takes 10 to 14 days (5). Fully developed neutrophils are stored in the bone marrow
for up to five days before being released into the bloodstream. They circulate for around 10
hours before undergoing spontaneous apoptosis or migrating into tissue where they survive for
a further one to two days (4).
1.1.2

Activation and chemotaxis

During the innate inflammatory response neutrophils are activated in response to
chemoattractants released either directly from the invading pathogens or from host cells at the
site of infection. Bacterial products that activate neutrophils include N-formylmethionylated
peptides, which are specifically-derived from cleavage of the N-terminal of newly synthesised
bacterial proteins (6, 7). Host cell chemoattractants are induced by bacteria and are derived
from components of the complement system (particularly C5a), as well as inflammatory
chemokines (including interleukin 8) and cytokines (predominantly interferon-gamma).
Under normal circumstances neutrophils roll along the walls of blood vessels lightly adhered to
the surface of endothelial cells via adhesion molecules. When activated, neutrophils exocytose
their secretory vesicles causing the cell surface to become rich in glycoprotein receptors called
β2-integrins. These allow adherence to the vascular endothelium through strong associations
with intercellular adhesion molecules on activated endothelial cells (8).
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Upon activation, the phagocytes migrate towards the source of the chemoattractant by
detecting its increasing concentration. In order to arrive at the site of infection, neutrophils then
migrate from the blood vessels and enter the tissue by squeezing between endothelial cells, in a
process known as diapedesis. To enter the extravascular space they also need to push through
the connective tissues of the basement membrane, before ultimately assembling at the site of
infection (9).
1.1.3

Phagocytosis

Once neutrophils reach the invading pathogens, these are engulfed by phagocytosis. This
process involves isolation of the target microbe within a membrane-enclosed compartment
inside the neutrophil termed the phagosome. In this space, the microbe is exposed to enzymes
and oxidants which, under normal conditions, ultimately destroy it. This phenomenon was first
observed by the Russian embryologist Elie Metchnikoff in 1882 when he noticed that the
transparent starfish larvae contained amoeboid-like cells which had ingested cells within them
(10). In a ground-breaking experiment, Metchnikoff introduced a rose thorn in a transparent
starfish larva and witnessed the accumulation of the amoeboid-like cells around the rose thorn.
From this observation Metchnikoff termed these cells phagocytes, as in Greek this translates to
‘hollow vessels that eat or devour’.
The process of phagocytosis initially requires binding of the neutrophil to the surface of the
microbe. This can occur via the classical innate recognition pathway or via enhanced
attachment. The innate pathway occurs when neutrophil cell-surface receptors, exposed during
activation, bind directly to vital structures on the microbial cell wall. Enhanced attachment
occurs via intermediary opsonins which are adhered to the microbe’s exterior. Opsonisation
increases both the specificity and efficiency of uptake of pathogens as the microbe surface is
coated with host plasma proteins which are recognised by generic receptors on the neutrophil
(11). The two main opsonins are the immunoglobulin G (IgG) antibody and the third
component of complement (C3). Receptor binding ultimately leads to the capture of the
microbe in the intracellular phagosome, to await digestion (Figure 1.1).
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Phagocytosis delivers the bound particle from the cell surface
into the phagosome.

Adherence of the particle to the surface of the neutrophil results in actin remodelling and formation of
pseudopods which surround the particle. While the phagosome is forming, or once it is formed, it fuses
with granules which release their microbicidal contents into this confined space. The end result is
destruction of the pathogen. From the review in Nature Reviews Immunology, by Stuart and Ezekowitz
(12).

Once a neutrophil has engulfed a pathogen, macrophages are recruited to the site of infection
to eliminate the neutrophil and its toxic contents via a further engulfment. Often the neutrophil
is ejected in the form of pus; consequently minimal macrophage activity is required.
1.2

THE NADPH OXIDASE

The neutrophil utilises multiple mechanisms to destroy a pathogen, the majority of which are
reliant on a functioning NADPH oxidase (13). The NADPH oxidases (NOXs) are a family of
seven known enzymes which generate the free radical superoxide (O2.–) from the one electron
reduction of oxygen across cell membranes in a variety of tissues (Reaction 1.1).
Reaction 1.1

NADPH + 2O2 → 2O2● - + NADP+ + H+

As such, NADPH oxidases are associated with consumption of oxygen. The most studied
NADPH oxidase, NOX2, is found in neutrophils (14, 15). The formation of superoxide serves
multiple purposes depending on the cell type; however in neutrophils this is critical for bacterial
killing during phagocytosis. Nearly all of the oxygen consumed during phagocytosis can be
detected as formation of the superoxide anion (16).
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History

It was first recognised in 1933 that oxygen consumption by neutrophils dramatically increases
during phagocytosis (17). Valentine and Beck described the abundant stores of glycogen in the
neutrophil cytoplasm and that aerobic glycolysis occurred simultaneously with oxygen
consumption (18). This was later associated with the energy consuming process of neutrophil
phagocytosis (19). Although neutrophils undergo an increase in oxygen consumption, it was
realised that most of the oxygen consumed was not used for energy production (20), nor was
the respiratory burst due to activation of the mitochondria (21). It became evident that the
oxidant hydrogen peroxide was formed as a result of oxygen consumption and could potentially
be responsible for some of the bactericidal effects of phagocytosis (20). That the NADPH
oxidase was responsible for conversion of oxygen to a more toxic species was not immediately
realised.
The NADPH oxidase enzyme was discovered in 1957 when it was recognized that patients with
chronic granulomatous disease (CGD) failed to generate products of the respiratory burst (22,
23). The link between the NADPH oxidase and production of superoxide was not possible
until the enzyme superoxide dismutase was discovered in 1969 (24). Superoxide dismutase
catalyses the formation of hydrogen peroxide from the superoxide radical (Reaction 1.2). Prior
to this discovery free radical chemistry was a distinct field from biology.
Reaction 1.2

2O2● - + 2 H+ → O2 + H2O2

Suddenly, superoxide became the likely candidate for the killing agent in neutrophils. In 1973,
utilising superoxide dismutase, Babior and Curnette showed that indeed leukocytes could
produce this free radical of oxygen (25). Thus, it was not until 1974 that the main defect of
CGD was understood as a lack of production of superoxide (26). This culminated in the
realisation that the NADPH oxidase was the source of the respiratory defect in CGD (27).
1.2.2

Components

The oxidative burst initially involves assembly of the NADPH oxidase on the phagosomal
membrane. This enzyme complex is formed from membrane and cytoplasm-derived protein
components which only form the active oxidase after neutrophil stimulation. In the resting
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neutrophil, the membrane components of the NADPH oxidase are predominantly stored in the
membrane of the rapidly mobilised specific granules (85%) (28) while the remainder are
localised to the plasma membrane (5%) (29) or secretory vesicles (10%) (30). The membrane
components consist of a 91-kD glycoprotein, gp91phox, the catalytic component of the NADPH
oxidase, and a 22-kD polypeptide, p22phox, which is essential for optimal activity of the oxidase.
Together they form a heterodimeric flavoprotein termed flavocytochrome b558 due to its
characteristic absorption peak at 558 nm (31). The flavocytochrome carries a non-covalently
bound molecule of flavin adenine dinucleotide (FAD) and two heme groups. The cytosolic
elements of the NADPH oxidase exist as two complexes in the neutrophil cytoplasm when the
cell is in a resting state. One complex is made up of the polypeptides p67 phox, p47 phox, p40 phox.
The second complex contains the GTP-binding protein Rac 2 and Rho GDI (15). Lack of
flavocytochrome b558 or lack of normal function of the enzyme results in CGD. The most
common and severe cause of this condition is the X-linked mutation of the gp91phox which
accounts for about 65% of cases of the disease (32).
1.2.3

Activation and assembly

Upon stimulation of the neutrophil, the specific granules fuse with the plasma membrane
resulting in translocation of flavocytochrome b558 (28). There are two routes of activation of the
NADPH oxidase, one via binding of the stimulus to neutrophil receptors and one via direct
activation of protein kinase C. Stimuli which can bind to the neutrophil include bacteria as well
as particles such as opsonised zymosan and latex beads. Formylated peptides such as f-MLP
can also activate the oxidase via receptor binding. Direct activation of protein kinase C can be
achieved by phorbol esters such as phorbol myristate acetate (PMA) (33). PMA has been
suggested to activate the oxidase by redistributing protein kinase C and phosphorylating several
proteins including p47phox (34). The activation induces calcium release from intracellular stores
(35), which then induces activation of intracellular NADPH oxidase on the surface of specific
granules (36, 37), and to a lesser extent the oxidase present on the plasma membrane (38).
The NADPH oxidase does not become activated until after the vacuole has closed (39).
Closure usually takes about 30 seconds, which is probably the time required for the cytosolic
complexes to travel to the phagosomal and specific granule membranes and bind to
flavocytochrome b558. If closure of the phagosome does not occur only a small proportion of
microbes are killed, compared to those trapped in a sealed phagosome (40).
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The functioning NADPH oxidase shuttles electrons across the phagosomal membrane. It
simultaneously transfers two electrons from NADPH in the cytosol (sourced from the hexosemonophosphate shunt) to the FAD bound to the heterodimer. This is followed by sequential
one electron transfers via the heme of flavocytochrome b558 across the membrane to oxygen in
the phagosome generating superoxide (25). Termination of the respiratory burst is controlled by
feedback inhibition of the NADPH oxidase. This appears to be predominantly in response to
addition of azurophilic proteins into the neutrophil phagosome (41, 42).
1.3

NEUTROPHIL DEGRANULATION

The presence of granules in neutrophils and other granulocytes was first recognised by Ehrlich
and Metchnikoff in the late 1800s, although their importance in neutrophil function was not
recognised for decades (10, 43). It is now realised that formation of a phagosome and activation
of the NADPH oxidase is not sufficient to obliterate an engulfed pathogen. Fusion of the
newly formed phagosome with specialised neutrophil storage organelles, which contain
microbicidal peptides, proteins and enzymes, is also required.
Degranulation involves release of granule digestive enzymes into neighbouring phagosomes,
and occurs within minutes of engulfment. The process is tightly linked to the assembly of the
NADPH oxidase as the majority of the oxidase membrane components are stored on the
specific granules. The two processes appear to be inseparable on ingestion of a particle, but
stimulation with phorbol esters suggests they can occur independently.
Cohn and Hirsh were the first to isolate and characterise neutrophil granules. In addition, they
observed formation of a “digestive vacuole” after fusion of granules with phagocytosed
material (44). Soon after the numerous proteins contained in neutrophil granules and their
antibacterial activity were recognised (45). The neutrophil contains four types of granules:
secretory vesicles, gelatinase (tertiary) granules, specific (secondary) granules and azurophil
(primary) granules (28, 46). Each granular compartment fuses with the phagosome in a specific
order: secretory vesicles, followed by gelatinase granules, specific granules, and azurophil
granules (47). Each class of granule serves a specific function, reflected by their protein content
and order of deployment. In general, these organelles contain a rich source of membrane
proteins, essential for the earlier stages of neutrophil activation, chemotaxis and phagocytosis,
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as well as a wide array of antibacterial, proteolytic and hydrolytic enzymes involved in bacterial
killing.
Secretory vesicles are the smallest and most rapidly mobilizable intracellular organelles in
neutrophils, showing very high sensitivity to weak inflammatory mediators (47, 48). Primarily a
store of membrane receptors, they translocate to the plasma membrane when the stimulated
neutrophil makes contact with the activated endothelium (46). Secretory vesicles are the source
of β2-integrins which help the neutrophil associate with the vascular endothelium (48). These
receptors also prime the neutrophil for exudation from the bloodstream and migration into the
tissues (49).
Gelatinase granules are also relatively small and rapidly exocytosed. They serve as a pool of
degradative enzymes which are essential for the neutrophil to migrate through the basement
membrane and travel to the site of infection. As the name suggests, these granules contain most
of the neutrophil gelatinase, which digests gelatin on the surface of some bacteria. As there are
relatively few of these granules they do not contribute significantly to phagocytosis.
The larger and denser specific granules are mobilised approximately 30 seconds after ingestion
of a pathogen. Specific granules serve as an important reservoir of membrane proteins. In
particular, the specific granule membrane contains about 85% of the neutrophil’s
flavocytochrome b558, which is an essential component of the NADPH oxidase. Their other
primary function is to release antimicrobial enzymes to the neutrophil phagosome, including
lactoferrin and lysozyme.
Azurophil granules are the largest and densest granules. They are the final granules to be
activated, approximately 3 minutes after phagosome formation. Azurophil granules are very
complex and heterogeneous, but in general are characterised by the presence of
myeloperoxidase. α-Defensins are also major constituents, accounting for 30-50% of the
protein in these granules. Other major components include elastase, bacterial permeabilityincreasing protein, as well as the membrane-bound CD63. Azurophil granules contribute to the
killing and degradation of phagocytosed microbes by delivering acid hydrolases as well as
proteolytic and microbicidal proteins to the phagosome.
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NON-OXIDATIVE MICROBICIDAL MECHANISMS

The discovery of the defect in the NADPH oxidase resulting in recurrent infections in CGD
patients, led to the conclusion that oxygen-dependent mechanisms are the predominant mode
of bacterial killing in neutrophils. Nevertheless, the neutrophil contains a reservoir of oxygenindependent bactericidal mechanisms. In addition, a range of microorganisms are susceptible to
neutrophils under anaerobic conditions. This indicates that superoxide and its products are not
required to kill every organism (50).
The non-oxidative arsenal of the neutrophil utilizes acid hydrolases, proteolytic enzymes, and
microbicidal proteins and peptides, which are all contained in the azurophil and specific
granules. It has been estimated that fusion of granule contents with the phagosome results in a
protein concentration as high as 500 mg/mL surrounding the encapsulated microbe (51). The
majority of the protein and peptide components are cationic, so these can bind tightly to the
anionic phospholipids on the membrane of bacteria via electrostatic interactions. This attraction
is enhanced when the negative surface charge on the bacteria is increased, while bacteria with a
decreased anionic charge are less susceptible (52). Once attached, the antimicrobial proteins
may penetrate the membrane and wield their activity in the cytosol.
Interestingly, it appears that neutrophil antimicrobial proteins do not always need functional
enzymatic activity to be microbicidal. Zeya and Spitznagel described the cationic nature of
neutrophil extracts which had microbicidal properties in the 1960s (45). For example, there is
evidence that lactoferrin, lysozyme and cathepsin G all possess enzymatic and non-enzymatic
activity against pathogens (53). It has been suggested that these proteins may function by
activating bacterial autolysis (54).
Alexander Fleming discovered the first antimicrobial enzyme lysozyme more than 80 years ago
(55, 56). Lysozyme is a 14 kDa hydrolytic enzyme and a constituent of specific and azurophil
granules. It cleaves peptidoglycan polymers in bacterial cell walls between the N-acetylglucosamine and N-acetylmuramic acid subunits which leads to bacterial cell lysis (9). Lysozyme
has also been shown to possess non-enzymatic microbicidal activity (57). The 14 kDa enzyme
phospholipase A2 also hydrolyses bacterial components, in particular phospholipids in the
membrane of gram-positive bacteria. After binding, bacterial phospholipids are rapidly
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hydrolysed and bacterial autolysin is activated allowing the enzyme to penetrate the plasma
membrane (58).
The neutral serine proteases are components of the azurophil granules and include the cationic
glycoproteins elastase, cathepsin G and proteinase 3. All three enzymes contain the same amino
acid triad His-Asp-Ser in their catalytic site. They also function in a similar manner, by
hydrolysing the proteins in bacterial cell walls to form short peptides, and so destroy cell
integrity. Each protease has different substrate specificities, so in combination have increased
bactericidal activity. Neutrophil elastase (25 kDa) is a specific form of elastase which functions
primarily by breaking down the outer membrane protein A of E. coli and other gram-negative
bacteria. Cathepsin G (25 kDa) also possesses serine proteolytic activity; however its
microbicidal action has been shown to be independent of enzymatic activity (53). It appears
that antibacterial peptides are contained within the full-length of the protein and are responsible
for its broad spectrum activity against pathogens. Proteinase 3 degrades a variety of matrix
proteins including elastin and fibronectin, but its antibacterial role is largely unknown (59).
Perforins are cationic pore-forming peptides or proteins which exert their antimicrobial activity
by permeabilising the membrane of the target cell after selective binding of negatively-charged
bacterial membranes. The pathogen loses integrity and lyses, consequently becoming nonfunctional. Within this group are the α-defensins, bacterial permeability increasing protein and
the cathelicidins. The α-defensins comprise almost half of the protein components contained in
the azurophil granules (60). They are a group of related cationic, Cys-rich peptides of 29 to 30
amino acids in length, characterised by three highly conserved disulfide bonds (61). α-Defensins
bind to negatively-charged organisms via electrostatic interactions and exert their action by
creating pores in the microbe’s membrane. Bacterial permeability increasing protein (BPI) (55
kDa) also wields its microbicidal activity by permeabilising microbial membranes (62). BPI is
stored in the azurophil granules and does not require enzymatic activity to function. Binding
initiates bacterial autolysis, the process where activation of bacterial phospholipases results in
phospholipid hydrolysis and immediate growth arrest (62). Cathelicidins are cationic peptides
stored as the pro-peptide in the specific granules and then released and activated by elastase.
These usually operate by permeabilising bacterial cell walls and membranes, but also inhibit the
synthesis of DNA, RNA and proteins (63).
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Bacteria require metals for cell division; consequently their growth can be impaired by metalchelation. The transferrin family of proteins, which includes lactoferrin and calprotectin, fulfils
this role in the neutrophil. Lactoferrin (78 kDa) was first isolated from milk (64) and is the chief
protein within the specific granules (65). This antimicrobial glycoprotein has a high affinity for
ferric ions (66), so binds free iron released from ingested bacteria in the phagosome (67). Thus,
lactoferrin deprives microbes of this essential growth nutrient and prevents bacterial growth
(68). Lactoferrin also binds to bacterial membranes causing irreparable damage, in a process
independent of iron-chelation. This increases bacterial permeability to lysozyme (69) enhancing
bacterial killing through a synergistic effect (70). The derivation of short cationic peptides from
the N-terminal of lactoferrin also results in this phenomena (71), which indicates that only the
positive charge of neutrophil proteins and peptides may be required for bacterial killing.
Calprotectin (36 kDa) accounts for approximately 30-60% of the protein in the neutrophil
cytosol (72). It is a member of the S100 family of calcium-binding pro-inflammatory proteins
and was identified through its ability to inhibit the growth of pathogens in vitro (73).
Calprotectin acts through chelation of the essential cofactors manganese and zinc (74), which
impacts bacterial growth and the ability to withstand oxidative stress (75).
Neutrophil extracellular traps (NETs) have only been identified relatively recently by
Brinkmann and colleagues (76). NETs are extracellular structures composed of nuclear DNA
which are thought to be extruded in response to neutrophil stimuli, particularly
lipolysaccharides and cytokines. The DNA is covered in both histone proteins and granule
proteins. NETs function by binding to bacteria and are believed to exert their antimicrobial
activity through the protein and peptide components of the specific and azurophil granules.
1.5

OXIDATIVE MICROBICIDAL MECHANISMS

Once fully assembled the NADPH oxidase complex transfers electrons from NADPH in the
cytosol to oxygen in the phagosome to form superoxide (Reaction 1.1). As superoxide has the
potential to form an array of toxic oxidants (Figure 1.2), a significant amount of literature has
since been generated on the role of reactive oxygen species in the bactericidal activity of
neutrophils.
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Phagosome

Proposed products of the NADPH oxidase which cause toxicity.

From the review in Biochimica at Biophysica Acta, by Cross and Segal (32). Note a metal catalyst is
required for formation of the hydroxyl radical.

1.5.1

Superoxide and hydrogen peroxide

Superoxide formation accounts for virtually all of the oxygen consumed by neutrophils during
the respiratory burst (77). Extracellular formation of this reactive oxygen species is easily
detected by the specific reduction of cytochrome c (78). Formation of superoxide within
phagosomes, and other intracellular compartments, has also been detected (79).
Superoxide is neither particularly reactive nor toxic to cells (80, 81). Nonetheless, the oxidative
burst and superoxide formation is required for optimal antimicrobial function. Inhibition of the
NADPH oxidase of normal neutrophils through the use of diphenyleneiodonium (DPI)
decreases the rate at which S. aureus are killed by approximately 80% (82, 83). Attachment of
superoxide dismutase to the surface of S. aureus also significantly decreases the rate of
microbicidal activity inside the phagosome (84).
Superoxide acts primarily as a reductant, donating its electron to heme proteins, transition
metals and organic compounds within the phagosome, and in doing so is oxidised back to
oxygen (85, 86). Superoxide has also been shown to oxidise proteins via an addition reaction
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with tyrosyl radicals to form hydroperoxides (87). It has also been demonstrated to inactivate
iron-sulfur proteins (88). In addition, superoxide can react with itself to form two products in a
dismutation reaction. One molecule is oxidised to oxygen while the other is reduced to
hydrogen peroxide. The spontaneous reaction occurs very rapidly, both extracellularly and
inside the phagosome (77, 79, 89), but can also be enhanced by catalysis by superoxide
dismutase (Reaction 1.2).
The generation of hydrogen peroxide results in the consumption of protons in the phagosome
and a corresponding increase in pH. The initial pH of 7.4 increases to 7.8 within 10 minutes as
protons are consumed, and then steadily decreases to about 6.0-6.5 within one hour, as protons
continue to enter the phagosome by compensatory mechanisms.
Hydrogen peroxide, like superoxide, has low reactivity with biomolecules and so is not lethal to
ingested microorganisms, unless present at high concentrations (mM) (90). Resulting biological
effects from hydrogen peroxide are due to secondary products such as hypochlorous acid and
the hydroxyl radical. Many pathogens produce the enzyme catalase, which catalyses the
disproportionation of hydrogen peroxide (Reaction 1.3). Catalase is a known virulence factor,
so is likely produced to protect the microorganisms from a variety of reactive oxygen species
produced in the neutrophil phagosome (91).
Reaction 1.3
1.5.2

2H2O2 → O2 + 2H2O

Myeloperoxidase and hypochlorous acid

Myeloperoxidase (MPO) constitutes about 2-5% of the total dry mass of neutrophil protein and
25% of all granule protein (92). Human monocytes also contain granules with myeloperoxidase,
but have much less myeloperoxidase than neutrophils (93).
Myeloperoxidase was originally purified by Agner from pus nearly 70 years ago. It was initially
named verdoperoxidase due to its intense green colouration, as well as its ability to catalyse
peroxidative reactions (94, 95). In 1966, Klebanoff demonstrated that myeloperoxidase, in
combination with hydrogen peroxide and a (pseudo)halide, in this case thiocyanate, had
antimicrobial properties (96). The following year, McRipley and Sbarra (90) reported that
neutrophil extracts were bactericidal when combined with hydrogen peroxide. Klebanoff
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quickly established that the microbicidal activity of the leukocyte granule was due to its
peroxidase activity, particularly myeloperoxidase (97). Klebanoff also demonstrated the three
halides chloride, bromide or iodide could be substituted for thiocyanate to produce their related
hypohalous acids (98). Each of these halides has a different bactericidal strength, with iodide
being the strongest followed by bromide, then chloride (97).
Overall, the most well recognised role of myeloperoxidase is its reaction with hydrogen
peroxide, formed at the phagosome membrane by the NADPH oxidase, and its conversion to
hypochlorous acid (HOCl), the active component of bleach (Reaction 1.4). The generation of
hypochlorous acid by myeloperoxidase is believed to play a vital role in the neutrophil’s
microbial mechanisms because of its potent antimicrobial properties.
Reaction 1.4
1.5.2.1

H2O2 + Cl- + H+ → HOCl + H2O

Structure of myeloperoxidase

Myeloperoxidase (140 kDa) is a cationic (pKa>10) glycoprotein with a heterodimeric
configuration (Figure 1.3) (99-101). Each half of the enzyme is known as ‘hemimyeloperoxidase’ (99, 100) or monomeric myeloperoxidase (70-79 kDa) (102). These halves
consist of two polypeptides linked via a covalent bond: one light β-subunit (14.5 kDa, 106
amino acids) and one heavy α-subunit (58.5 kDa, 467 amino acids) (95, 103). The latter is
glycosylated with high-mannose oligosaccharide side chains at five Asn residues (95, 104).
Recent research has revealed that glycosylation may be required for optimal enzymatic activity
(105).
The two halves of myeloperoxidase are connected by a single disulfide bridge at Cys153 on the
heavy subunit. Each half of myeloperoxidase is also associated with a novel protoporphyrin IX
derivative (heme group) (106, 107). The heme is bound by two covalent ester linkages with the
carboxyl groups of Glu242 of the heavy and Asp94 of the light polypeptide, in addition to a
novel sulfonium adduct of Met on the heavy chain(95).
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Mature myeloperoxidase.

Mature myeloperoxidase consists of two halves: a light β chain and a heavy α chain which are covalently
linked through a disulfide bond (-S-S-). These monomers form dimeric myeloperoxidase through
another disulfide linkage between corresponding α-chains. A heme group (green hexagon) is also bound
to each monomer via three covalent bonds. The heavy α chain has five glycosylation sites ( ). Adapted
from (107).

1.5.2.2

Enzymatic activity of myeloperoxidase

Myeloperoxidase is a unique enzyme because of its unusual ability to oxidise chloride,
producing the potent microbicidal agent hypochlorous acid from hydrogen peroxide and
chloride ions (108). As this reaction is so distinctive, the formation of hypochlorous acid is
generally considered to be the defining feature of myeloperoxidase (109). Nevertheless,
myeloperoxidase undergoes a wide array of complex and interlinked reactions, changing its
oxidative state multiple times in the process (Figure 1.4).
The heme group of native myeloperoxidase exists in the ferric form (MPO-Fe(III)). Hydrogen
peroxide reacts rapidly with the ferric ion in the first step of the halogenation cycle, to form a
reactive a ferryl π-cation radical known as Compound I (MPO-Fe(V)) (Reaction 1.5).
Compound I is the main catalytic complex of myeloperoxidase, reacting with a halide via a twoelectron oxidation-reduction step to generate the corresponding hypohalous acid and
regenerate the native enzyme (Reaction 1.6). Compound I can also react with excess hydrogen
peroxide via a two-electron reduction step, to generate water and oxygen, thus acting as a
catalase (110). Superoxide can also bind ferric myeloperoxidase initially, forming a ferrous dioxy
intermediate, called oxymyeloperoxidase or Compound III (MPO-Fe(II)-O2) (Reaction 1.7).
This can act as a superoxide dismutase as it reacts with a second molecule of superoxide,
forming hydrogen peroxide and oxygen (Reaction 1.8) (89). The resultant hydrogen peroxide,
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already in the active site of myeloperoxidase, oxidises the enzyme by two electrons to form a
Compound I (111).

H+ + X = Cl-, Br- or SCN-

HOX

Halogenation

MP3+ + H2O2
O2

Compound I + H2O
R●+ H+

O2●-

Peroxidation
O2

O2●-

RH

RH

R ●+ H +

O2●Compound III

Figure 1.4

Compound II

Redox reactions and transformations of myeloperoxidase.

Native ferric myeloperoxidase (MP3+) reacts with hydrogen peroxide (H2O2) to form Compound I,
which can oxidise various halides, including chloride, to give the respective hypohalous acid (Halogenation
cycle). Compound I oxidises a wide range of organic substrates (RH) to their corresponding radicals (R●)
through two successive one-electron transfers, resulting in regeneration of the native enzyme
(Peroxidation cycle). Ferric myeloperoxidase also reacts directly with superoxide to form Compound III,
acting as a superoxide dismutase.
k (M-1s-1)

Reaction 1.5

MP3+ + H2O2 ↔ Compound I + H2O

Reaction 1.6

Compound I + Cl- + H+ → HOCl + MP3+ 2.5 x 104

Reaction 1.7

MP3+ + O2●- → MPO2

Reaction 1.8

MPO2 + O2●- + 2H+ → O2 + MP3+ + H2O2 1 x 105

2.6 x 10

2 x 10

7

6

Compound I can also oxidise a variety of organic substrates in a peroxidation reaction. The
heme undergoes two successive one electron reduction steps to form Compound II (MPOFe(IV)), and a radical species of the organic substrate. Compound II is inactive with respect to
the oxidation of chloride. Compound II can be reduced back to the native enzyme by
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superoxide or any number of reducing agents (such as urate, ascorbate or Tyr) (89, 112). Thus,
myeloperoxidase can act as both a catalase and a peroxidase.
The regulation of the chlorination and peroxidation reactions of myeloperoxidase activity is
thought to rely upon the rate of superoxide production, and the availability of other substrates
(85). Superoxide is capable of modulating the activity of myeloperoxidase by reacting with the
ferric form of the enzyme and Compounds I, II and III (89, 113). The accumulation of
Compound III would inhibit the halogenation activity of myeloperoxidase; however the
reaction of Compound III with a second superoxide radical generates hydrogen peroxide and
oxygen, and regenerates the native enzyme (113). This reaction means myeloperoxidase can also
be regarded as a superoxide dismutase.
Despite the multiple reactions that superoxide can partake in with myeloperoxidase, if the
chloride concentration is high, then Compound I will primarily produce hypochlorous acid.
Even though the reactions of Compound I with halides and superoxide are in competition with
each other, superoxide may actually boost the production of hypochlorous acid by preventing
the build up of Compound II, and regenerating ferric myeloperoxidase (89).
The ability of myeloperoxidase to produce hypochlorous acid is highly dependent on the pH of
the medium (114) and the substrate concentrations (110). Halogenation reactivity is favoured at
acidic pH when the halide concentration is low relative to hydrogen peroxide and at neutral pH
when the concentration of hydrogen peroxide is low relative to halide (109). As the activity of
the NADPH oxidase sharply declines below pH 7, myeloperoxidase must function well at
neutral pH. Thus, at physiological concentrations most of the generated hydrogen peroxide will
be converted to hypochlorous acid (109).
The potential secondary oxidants generated from hypochlorous acid include hydroxyl radical,
singlet oxygen, ozone and chloramines.
1.5.3

Hydroxyl radical, singlet oxygen and ozone

The hydroxyl radical is typically generated by the iron-catalysed Haber-Weiss or Fenton
reaction (115, 116). In this reaction, hydrogen peroxide oxidises a transition metal, while it is
reduced to form the hydroxyl radical (Reaction 1.9). However, the iron-catalysed generation of
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the hydroxyl radical is unlikely to occur in neutrophils as they do not contain a metal catalyst
for the Fenton reaction (117).
Reaction 1.9

H2O2 + Fe2+ → OH– + ●OH + Fe3+

It has been suggested that hydroxyl radicals may be formed in the neutrophil phagosome via
the reaction of superoxide with hypochlorous acid (Reaction 1.10) (118). The possibility that
hydroxyl radicals are formed inside the neutrophil is supported by indirect evidence (119, 120).
Most recently, 8-hydroxyguanine, a marker of DNA damage by hydroxyl radicals, was detected
in the nucleus of stimulated neutrophils (121).
Reaction 1.10

HOCl + O2● – → ●OH + Cl– + O2

Although the hydroxyl radical is a potent one-electron oxidant which can remove electrons
from a large assortment of compounds, it is unlikely that hydroxyl radicals are directly
responsible for bacterial killing (122). Hydroxyl radicals are detectable, however less than 1% of
the superoxide production by neutrophils is detectable as hydroxyl radicals, indicating they are a
minor product (77, 113, 123).
Emission of light from phagocytosing neutrophils led to the proposal that these cells may
generate singlet oxygen (124, 125). Singlet oxygen (1O2) has the same number of electrons as
ordinary oxygen; however one electron is in a higher energy state orbital with an inverted spin
direction. The excess energy of singlet oxygen makes it inherently unstable and can be
dissipated by release of a photon.
Singlet oxygen is microbicidal (131) and is produced at neutral pH by the myeloperoxidase
system (132, 133). A number of reactions can potentially lead to the formation of singlet
oxygen. Generation via the Haber-Weiss reaction has been proposed, but this is unlikely as
neutrophils do not contain an iron catalyst (Reaction 1.11) (128).
Reaction 1.11

O2● – + H2O2 → 1O2 + OH– + ●OH

Generation of singlet oxygen could also occur via spontaneous dismutation of superoxide. It is
possible that singlet oxygen would result from the reaction of hydrogen peroxide and the
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hypochlorite anion (Reaction 1.12). However, this reaction has been argued to be too slow at
physiological pH to compete with reaction of hypochlorous acid with more reactive biological
targets (129, 130).
Reaction 1.12

–

OCl + H2O2 → 1O2 + H2O + Cl–

The first experimental evidence supporting formation of singlet oxygen in neutrophils came
from work by Rosen and Klebanoff (126). Subsequent studies showed the chemical trap used in
these experiments was not specific for singlet oxygen, however, the development of a sensitive
specific chemical trap to directly probe for singlet oxygen formation demonstrated that very
little neutrophil oxygen consumption could be accounted for as singlet oxygen (127). Modelling
of reactions in the phagosome also indicates that very little formation of singlet oxygen occurs
(85). Thus, it is generally agreed that if singlet oxygen is produced it is only in very small,
insignificant amounts (109, 112).
Another oxidant which has been recently proposed to kill bacteria in the neutrophil phagosome
is ozone (134, 135). The evidence indicates that a molecular species similar to ozone was
detected along with hydrogen peroxide after antibody catalysis of singlet oxygen and water (136,
137). Latest research using trans-1-(2’-methoxyvinyl)pyrene (MVP) as an ozone probe showed
that chemiluminescence was present long after detection of superoxide from neutrophils (138).
However, production of ozone from neutrophils has yet to be demonstrated unequivocally.
Ozone production requires singlet oxygen, which is generally believed to be produced in very
small quantities. In addition, formation of ozone is primarily detected by oxidation of indigo
carmine to isatin sulfonic acid. This method does not rule out other chemical species, as
superoxide is also capable of this reaction (139, 140). While formation of ozone in the
phagosome is possible, as its formation depends on the presence of singlet oxygen, it is unlikely
to be a major species (85).
1.6

REACTION OF HYPOCHLOROUS ACID WITH CELL COMPONENTS

Hypochlorous acid reacts rapidly, in oxidising or chlorinating reactions, with a variety of
biological compounds, including proteins, lipids and DNA (141). In aqueous solution and
physiological pH (pH 7.4) hypochlorous acid exists as a mixture of the undissociated acid and
the hypochlorite anion (–OCl) (Reaction 1.13) (142). In the presence of acid, hypochlorous acid
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predominates, which can then react with excess chloride to form molecular chlorine (Cl2)
(Reaction 1.14) (143, 144). Thus, at a pH below 5, molecular chlorine is the active species with a
bimolecular rate constant at close to the diffusion control limit (145). Above this pH,
hypochlorous acid and hypochlorite are the reactive compounds with rate constants for
reaction with amino acids in the order of 104 to 108 (145). Consequently, the pH of the
medium is important for determining favourable reactions with cellular components.
Reaction 1.13

HOCl

Reaction 1.14

HOCl + Cl–

1.6.1

H+ + –OCl
Cl2 + OH–

(pKa 7.54)
(pKa 3.3)

Reactions of hypochlorous acid with amino acids, peptides &
proteins

The neutrophil phagosome is particularly rich in proteins and peptides, estimated to be in the
order of 500 mg/mL. Thus, reaction of hypochlorous acid with neutrophil proteins is likely and
has previously been demonstrated (3). There are many potential targets for hypochlorous acid
within an amino acid, peptide or protein, including thiols, amine groups, aromatic groups and
amides. The reaction of hypochlorous acid with individual amino acids has been thoroughly
investigated, and the following order of reactivity with various amino acid side chains
determined (Table 1.1). It is worth noting that the rate constants for reactions with amines are
highly pH dependent, so the order of reactivity can change depending on the conditions.
The most reactive residues are the sulphur-containing amino acids Met and Cys, which have
second order rate constants for reaction with hypochlorous acid more than 100 times faster
compared to other amino acid or peptide components (146-148). Consequently, thiolcontaining side-chains are preferentially oxidised, except when buried within the hydrophobic
core of proteins, due to their non-polarity. Met is oxidised to Met sulphoxide (149), and
dehydromethionine, a cyclic sulfilimine (150). Cys is oxidised to the unstable sulfenyl chloride
intermediate (151), which in aqueous solutions hydrolyses the sulfenic acid (RSOH) or oxidises
further to form sulfinic (RSO2H) and ultimately the sulfonic acid (RSO3H), as well as a range of
disulfides (152).
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Rate constants for reaction of hypochlorous acid with α-amino
acids.

Taken from (146). Reaction conditions were pH 7.4, room temperature.

Amino acid

Rate constant
(M–1s–1)

Met

3.8×107

Cys

3.0×107

His

1.0×105

Trp

1.1×104

Lys

5.0×103

Tyr

44

Arg

26

Gln

0.03

Asn

0.03

Hypochlorous acid reacts rapidly with amines present on the N-terminal of α-amino acids,
peptides and proteins (1.0×105 M–1s–1), as well as amine functional groups on the side chains of
the amino acid residues Lys, His, and Trp to produce chloramines (146). Amides react more
slowly (10-10-3 M–1s–1), so are relatively unimportant protein targets (153). Hypochlorous acid
can also react with the aromatic ring of Tyr, the indole ring of Trp and the guanidinium group
on Arg, but these are kinetically unfavourable (146).
Consequently, the majority of the reactions of hypochlorous acid in the neutrophil phagosome
are likely to be with the thiol residues Met and Cys. This is followed by amino groups in amino
acid side-chains and the N-terminal of proteins and peptides, producing predominantly
chloramines (154-156). If a large excess of hypochlorous acid is generated reaction with
backbone amides may occur. This usually results in side chain damage, protein fragmentation
(157), formation of protein aggregates (158, 159) and an increased susceptibility to proteolytic
degradation (141).
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Chloramines

Chloramines are generated by the reaction of hypochlorous acid with free amine groups, as
shown in Reaction 1.15. Stimulated neutrophils have been shown to generate chloramines
extracellularly due to the release of endogenous amines (160, 161). The chloramines detected
ranged from proteins greater than 10 kDa, down to small molecular weight species that
included predominantly taurine chloramine as well as chlorinated α-amino acids and ammonia
(161).
Reaction 1.15

RNH2 + HOCl → RNHCl + H2O

Hypochlorous acid readily reacts with N-terminal amine groups to form chloramines as well as
the ε-amino group on the side chain of Lys residues; however the latter reaction is
approximately 100-fold slower (146). This phenomenon may be explained by the pH
dependence of chloramine generation. The maximal rate of chloramine formation occurs when
the pH of the reaction mixture is midway between the pKa of the two reactants. Hypochlorous
acid is a weak acid with a pKa of 7.54. Amines are weak bases, with the pKa of amino groups
varying depending on their location. In proteins, the α-amino group has a pKa of 7.54-8.5 (162),
while the Lys ε-amino group is much more basic with a pKa of 9.8-10.4 (163). Since
physiological pH is about 7.4, the lower pKa of N-terminal amines means that this moiety will
be favoured in reactions with hypochlorous acid compared to the Lys ε-amino group.
Reaction of hypochlorous acid with the amines of His and Trp is also kinetically favourable.
However, though chloramines are initially formed these appear to be short-lived. The
heterocyclic amino acid His forms a chloramine species at the imidazole nitrogen, which rapidly
transfers its chlorine to other amine groups (153). His chloramines may also rapidly decompose
to generate a ketone (164). The products of the reaction of Trp and hypochlorous acid have yet
to be fully characterized (153).
Organic monochloramine compounds (RNHCl) are formed (Reaction 1.15) when the amine
concentration is equal to or in excess compared to chlorine (165). Organic chloramines can also
form by the reaction of organic amines with ammonia monochloramine (NH2Cl) (Reaction
1.16) (166, 167).
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RNH2 + NH2Cl ↔ RNHCl + NH3

Amines can also form dichloramines (RNCl2) when the concentration of hypochlorous acid is
greater than the concentration of amine groups (Reaction 1.17) (165, 168).
Reaction 1.17

RNHCl + HOCl → RNCl2 + H2O

It is expected that the formation of organic dichloramines follows a similar mechanism to that
for formation of the organic monochloramines, however the reaction rates are much slower
(102 M–1s–1) for the addition of the second chlorine atom compared to the first (169). This is
due to the decrease in nucleophilicity of the N-chloro-substituted amino group relative to
unreacted amines (145). At greater ratios of hypochlorous acid, the dihalogenated compound is
the primary product (170).
The formation of amino acid chloramines was initially believed to decrease the initial
antibacterial activity of hypochlorous acid (171, 172). Even though chloramines are less
powerful oxidants than hypochlorous acid itself, they preserve many of its oxidising properties
(168). Chloramines possess two oxidising equivalents and are able to mediate secondary
reactions of hypochlorous acid, including chlorination and oxidation. By comparison to
hypochlorous acid, chloramines have a narrower range of targets. In particular they
demonstrate high reactivity with thiol groups and thioethers (R-S-R) resulting in thiol-specific
protein oxidation (149, 161, 173). However, the rates of reaction of taurine and Gly
chloramines with thiols has been comprehensively investigated and found to be more than five
orders of magnitude slower than hypochlorous acid (149).
1.6.1.2

Chloramine decomposition

As chloramines are inherently unstable compounds, the products of their decomposition may
be involved in mediation of the antimicrobial action of hypochlorous acid. Since the half-lives
of chloramines, as well as their potential products, are variable dependent on the molecular site
of generation, the decomposition of α-amino and N-terminal chloramines are discussed.
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α-Amino acid chloramines
Most decomposition studies have focussed on the decay of α-amino acid chloramines. When
Langheld first explored the reaction of α-amino acids with hypochlorous acid 100 years ago, he
observed production of aldehydes, carbon dioxide and ammonia (174). Subsequently,
chloramine-T (N-chloro 4-methylbenzene-sulfonamide) was shown to convert amino acids into
their corresponding aldehydes, while two equivalents of the oxidant generated the
corresponding nitrile (175, 176). These observations were not examined further, until
Zgliczynski found that oxidation of α-amino acids may be relevant to the physiological function
of myeloperoxidase during leukocyte phagocytosis (155). This was first confirmed in vitro when
neutrophil granule extracts serving as a source of myeloperoxidase resulted in decomposition of
the amino acid Ala and formation of aldehydes, which correlated with bactericidal activity (177,
178). This was shown to be a relevant reaction in the activity of neutrophils as phagocytosing
leukocytes produce carbon dioxide as a result of the decomposition of Ala (179). In addition, αamino acids generated aldehydes when taken up by phagocytosis (180).
The mechanism of aldehyde formation on free α-amino acids via an intermediate chloramine
was first elucidated by Zgliczynski and colleagues (154). Aldehyde generation requires a reactive
α-amino moiety, which is initially chlorinated to form a labile α-amino acid monochloramine
intermediate (181). The amino acid must also possess a free α-carboxylic acid group, to facilitate
decomposition of the monochloramine, as those with a blocked C-terminus decay much more
slowly (182). It is well known that taurine and other aliphatic amines which lack an α-carboxy
group form more stable monochloramine and dichloramine derivatives (157, 182). As the
majority of amino acids fit the criteria for generation of α-amino acid monochloramines, on
decomposition they form a family of related aldehydes or ketones (with the exceptions of Cys,
Met and Pro) (181, 182). Some of the most well known are the formation of formaldehyde
from Gly and acetaldehyde from Ala.
The typical half-life for α-amino acid monochloramines is about 10 minutes at 37ºC in
phosphate buffer (182). However these vary considerably depending on the amino acid (165).
The specific mechanistic details by which α-amino acid monochloramines decompose have yet
to be confidently established. The proposed mechanism for decomposition of α-amino acid
chloramines is termed Grob fragmentation.
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Grob fragmentation

This mechanism involves the initial slow decarboxylation of the α-amino acid chloramine, in a
unimolecular rate-determining fragmentation, to release carbon dioxide, in addition to forming
an imine and a chloride ion. This is followed by a fast hydrolysis step, resulting in deamination
to produce a carbonyl compound and ammonia. This process does not depend on the ionic
strength of the reaction mixture nor the pH (Scheme 1.1) (145).
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Scheme 1.1 Reaction mechanism for Grob fragmentation.
It is likely that dichloramines of α-amino acids decay in a manner similar to monochloramines;
however dichloramines decompose more rapidly (183). Instead of forming an intermediate
imine, they generate a chlorimine (Reaction 1.18) (183). The chlorimine was proposed as the
major product at high ratios of hypochlorous acid and was remarkably stable (183). Nweke
proposed that the stable chlorimine preferably liberates HCl to generate a nitrile (Reaction 1.19)
(183). This pathway is still currently favoured (184). Decomposition of the chlorimine by
hydrolysis did also occur, with a predicted liberation of NH2Cl, but this pathway was 7-fold less
likely so did not contribute significantly to decomposition (Reaction 1.20) (183).
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Reaction 1.18

Reaction 1.19

Reaction 1.20

The decomposition of Gly dichloramine results in formation of the simplest and most toxic
nitrile, hydrogen cyanide (HCN) (185). This species has been detected during phagocytosis of S.
epidermis, indicating chloramine decomposition is biologically relevant (185).
N-terminal chloramines
Reaction of proteins and peptides with hypochlorous acid in the neutrophil phagosome
generates peptide chloramines or dichloramines. The decomposition of N-terminal chloramines
of small peptides has been investigated, but to a much lesser extent than free amino acid
chloramines. The reaction cannot occur via an initial decarboxylation step as the α-carboxyl
group is blocked due to participation in the peptide bond. Instead, elimination of HCl is the
prominent feature (145, 156).
Elimination

In the presence of base, N-chloramines undergo an elimination process. The reaction products
are very similar to those resulting from Grob fragmentation. Two different elimination
processes have been identified; one intermolecular and one intramolecular (145).
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Intermolecular β-elimination

This mechanism follows a second order kinetic law, first order in both the N-chloramine and
the base, thus ionic strength has a significant effect. The first step involves base-catalysed
proton abstraction from the α-carbon and release of chloride from the nitrogen atom, which
results in formation of an imine. Subsequently, the imine undergoes a fast hydrolysis to
ammonia and the corresponding carbonyl compound (α-keto acid in the case of amino acids)
(Scheme 1.2) (145).
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Scheme 1.2 Reaction mechanism for intermolecular β-elimination.
Intramolecular β-elimination

This process has been observed in the decomposition of N-chloramino alcohols, whereby the
deprotonated hydroxyl group removes a proton from the α-carbon, forming an imine which
rapidly hydrolyses (Scheme 1.3) (145).
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Scheme 1.3 Reaction mechanism for intramolecular β-elimination.
Interestingly, the majority of published work on chlorinated peptides has centred on
decomposition

of

peptide

dichloramines

(N,N-dichloropeptides).

Like

amino

acid

dichloramines, peptide dichloramines decompose more rapidly than monochloramines, and by
a more complex reaction mechanism. Pereira and colleagues were the first to investigate the
decomposition of peptide dichloramines. Dichloramines of dipeptides containing N-terminal
Ala and Val residues, were found to lose HCl when treated with ethanolic sodium hydroxide to
form the corresponding chlorimines (Chapter Five, Scheme 5.3, Pathway 1: 1,2Elimination)(186). This mechanism of chlorimine decomposition is consistent with a classical
1,2-elimination or a base-promoted E2 elimination (187) and has been verified by other
investigators (170, 188, 189).
Experimental evidence suggests that two possible pathways can occur after formation of the
peptide chlorimine. As the peptide chlorimine contains an electrophilic α-carbon, this promotes
attack by electrons in the neighbouring peptide bond. This causes a second base-promoted loss
of HCl to yield a nitrile and an isocyanopeptide of one amino acid shorter in length (Chapter
Five, Scheme 5.3 Pathway 1: 1,2-Elimination A) (156, 170). Stelmazynska and colleagues
deduced this mechanism from observation of the formation of nitriles from several dipeptides,
as well as the peptide chlorimine observed by Pereira (186). However, there has not been direct
confirmation of this mechanism. Fox et al. detected the chlorimine from the decomposition of
the dichloramine of the dipeptide Ala-Phe, as well as the amino acid Phe. They deduced a
mechanism whereby the chlorimine loses HCl to form an isocyanopeptide which continues to
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break down via hydrolysis and decarboxylation to form Phe (Chapter Five, Scheme 5.3,
Pathway 1: 1,2-Elimination A) (170). Neither the nitrile nor the isocyanopeptide were directly
observed (170).
The second pathway involves a slow hydrolysis of the chlorimine to the corresponding carbonyl
compound (aldehydes and ketones) and the volatile chlorinating species NH2Cl (Chapter Five,
Scheme 5.3, Pathway 2: Hydrolysis) as found by the study of the N,N -dichlorodipeptide AlaGly (145, 190). To my knowledge, NH2Cl has never been directly detected as a product of the
decomposition of dichlorinated peptides. However, a previous study on the α-amino acid Asn
dichloramine detected the release of both NH2Cl and NHCl2 by membrane introduction mass
spectrometry (191).
Dichloramines of N-terminal Gly-peptides decompose slowly through two successive HCl
elimination steps and a deprotonation to generate the nitrile HCN as well as the related
isocyanopeptide (Chapter Five, Scheme 5.4, Dichoramine: 1,2-Elimination A), in a reaction
similar to the formation of HCN from the α-amino acid Gly (156).
Ammonia chloramines
The volatile species NH2Cl is capable of penetrating hydrophobic cell membranes and oxidising
intracellular components. Formation of this lipophilic and bactericidal chlorine species is
another way which chloramines could mediate the antimicrobial action of hypochlorous acid.
Ammonium ions have been shown to release the latent oxidising ability of N-chloramines
resulting in formation of ammonia monochloramine (NH2Cl) (Reaction 1.21) (192, 193),
particularly when the ratio of ammonium to organic chloramine is high (173).
Reaction 1.21

RNHCl + NH3 → RNH2 + NH2Cl

In aqueous solutions with a pH 7.0-8.5, hypochlorous acid can also react directly with ammonia
to produce inorganic NH2Cl. As such, ammonium ions generated from the decomposition of
organic monochloramines are able to undergo further reaction with hypochlorous acid to
generate NH2Cl (Reaction 1.22) (169). NH2Cl can react with organic compounds via three
possible mechanisms: oxidation, substitution with a chlorine atom, or addition to an
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unsaturated carbon (194). Limited data for the kinetics are available for NH2Cl, but generally it
has between 104 and 105 lower reactivity compared to hypochlorous acid and decreased
chlorinating ability by a factor of 104 (169). Even so, NH2Cl does not accumulate because of its
relatively rapid reaction with cell components compared to organic chloramines (161). Thus,
this may be a way in which the oxidising and chlorinating reactivity of hypochlorous acid may
be continually extended.
In the presence of NH2Cl and excess hypochlorous acid, NHCl2 (Reaction 1.23) (169, 195), as
well as trichloramine (NCl3) can be formed (Reaction 1.24) (167).
k (M-1s-1)

Reaction 1.22

NH4+ + HOCl → NH2Cl + H3O+

6.1 × 10

Reaction 1.23

NH2Cl + HOCl → NHCl2 + H2O

3.4 × 10

Reaction 1.24

NHCl2 + HOCl → NCl3 + H2O

2.1

6
2

Not only is the production of NH2Cl, NHCl2 and NCl3 highly dependent upon the ratio of
chlorine to ammonia, but pH, and to a lesser extent temperature and contact time also have an
effect (196). A pH between 7.5 and 9.0 is ideal for generating NH2Cl, with a maximum amount
formed at pH 8.5 (Figure 1.5). At pH values below 5.5, NH2Cl slowly converts to form NHCl2
(Reaction 1.25).
Reaction 1.25

2NH2Cl + H+ → NHCl2 + NH4+
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Distribution diagram for chloramine species with pH.

From Alternative Disinfectants and Oxidants Guidance Manual, (196, 197).

Aqueous NHCl2, is highly unstable (198). It rapidly decomposes by several mechanisms, not all
of which have been elucidated (199, 200). However, one pathway includes the conversion of
NHCl2 to NH2Cl, in the reverse direction of Reaction 1.25 (Reaction 1.26).
Reaction 1.26

NHCl2 + NH4+ → 2NH2Cl + H+

NCl3 is formed in highly acidic solutions, as well as when chlorine is in large excess relative to
ammonia. NCl3 predominates below pH 4.4 (201). As shown in Figure 1.5, when the pH is
greater than 7.5, no trichloramine is formed regardless of the ratio of chlorine to ammonia.
1.6.1.3

Carbonyls

Decomposition of chloramines can result in the formation of aldehydes and ketones. These are
collectively termed protein carbonyls and are formed via a range of reaction mechanisms
involving a variety of oxidants. Protein carbonyls are formed in relatively high yield in oxidised
proteins. Consequently, protein carbonyl levels are routinely measured to determine cellular or
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protein damage following to exposure to oxidants (202). Elevated levels of protein carbonyls
have been detected in numerous inflammatory diseases including atherosclerosis and
cardiovascular disease (203, 204), cystic fibrosis (205), asthma (206, 207), rheumatoid arthritis
(208, 209) and Alzheimer’s disease (210).
Hypochlorous acid produces the highest yield of protein-bound carbonyls compared to most
generators of carbonyl moieties (211). Carbonyls have been detected on a number of proteins
after treatment with hypochlorous acid, including low-density lipoprotein (LDL) (212), bovine
serum albumin (BSA) (213) and bovine insulin (214). Thus measurement of protein carbonyls is
often used as an indirect measure of protein exposure to hypochlorous acid.
Proteins contain specific oxidation sites which vary depending on the three dimensional
structure (215). The amino acids which commonly generate carbonyl moieties are the side-chain
functional groups of Lys, Arg, Pro which are susceptible to forming aldehydes, while Thr can
be oxidised to a ketone (216, 217). The ε-amino group of Lys residues is particularly susceptible
to oxidation by hypochlorous acid (215). This has been demonstrated in LDL (212). Analysis of
hypochlorous acid treated bovine insulin also revealed that the N-terminal another major site
for carbonyl formation (214). The mechanism appears to be a secondary reaction from the
decomposition of chloramines.
1.6.1.4

Chlorotyrosines

Chlorinated species formed via hypochlorous acid are often labile, so easily lose their chlorine
group to form general oxidation products. For example, chloramines decompose to amines or
aldehydes, while chlorohydrins form epoxides (218). Alternatively, many oxidation products are
not unique products of hypochlorous acid, and can be formed by other oxidants, such as
protein carbonyls. Thus, general oxidation products are not suitable as molecular fingerprints of
hypochlorous acid reactivity. The ability to detect a specific product formed from reaction of
hypochlorous acid with proteins by was first recognised about 15 years ago. This species is 3chlorotyrosine (219).
Chlorination of the Tyr aromatic ring is one of the most well characterized modifications of
proteins by hypochlorous acid. This reaction forms the stable product 3-chlorotyrosine, and
with excess hypochlorous acid, 3,5-dichlorotyrosine (Figure 1.6). Chlorotyrosines are
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particularly stable compounds, so their distinctive chlorine atom can be detected via mass
spectrometry. In addition, these compounds are also resistant to the acid conditions required to
hydrolyse proteins for their analysis (220).

3-chlorotyrosine
Figure 1.6

3,5-dichlorotyrosine

Chemical structures of chlorinated Tyr residues.

There is some contention about the chlorinating species involved in vivo. It is generally believed
to be hypochlorous acid or its conjugate base, the hypochlorite anion. The rate constant for the
direct reaction of hypochlorous acid with the Tyr aromatic ring is very slow at 44 M–1s–1 (146).
Thus, it has been suggested that chlorine gas may serve as the chlorinating intermediate (143).
Chlorination of the ring does not typically occur via direct chlorination, but instead by the
transfer of molecular chlorine from more preferentially generated chloramines (221). Secondary
reactions are also important in the formation of chlorotyrosines, with protein chloramines likely
intermediates in this reaction (222, 223). Chlorination of His and Lys to form chloramines can
also enhance chlorination of Tyr residues in close proximity, as they have been shown to be
potent agents of chloramine transfer (164, 223). Lys chloramines are believed to be formed
initially on the ε-amino group, before regeneration back to the parent amine, while chlorine
transfers to the neighbouring Tyr residue. However, when no amine is available it does appear
that direct chlorination of the Tyr ring can also occur (224).
3-Chlorotyrosine and 3, 5-dichlorotyrosine are relatively minor products of the reaction of
hypochlorous acid. Despite this, they serve as excellent markers for evidence of active
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myeloperoxidase (219). They have been widely used to assess hypochlorous acid-mediated
damage both in vitro and in vivo (205, 225, 226).
1.6.2

Hypochlorous acid & lipids

Lipids are potential targets for hypochlorous acid in vivo due to the ability of the oxidant to
penetrate membranes (227). It is thought that chlorinated lipids are likely to be produced at
inflammatory sites, but as yet there is no evidence of their formation on bacterial membranes in
neutrophil phagosomes.
1.6.2.1

Chlorohydrins

The reaction of hypochlorous acid with lipids involves the electron-rich double bonds in
unsaturated fatty acids (218), phospholipids and cholesterol (228, 229). In a slow reaction
hypochlorous acid forms chlorohydrins by an addition reaction across the double bond (218,
230, 231). Formation of chlorohydrins involves two distinct steps (Reaction 1.27). Firstly, one
molecule of hypochlorous acid is added to one carbon in the double bond. The Cl+ moiety of
hypochlorous acid then electrophilically attacks the double bond to form a chloronium anion.
The second step involves addition of water, via nucleophilic attack of OH– on the carbenium
ion to yield the chlorohydrin (232, 233).
Reaction 1.27

Mono- and poly-unsaturated fatty acids and cholesterol all react at similar rates (234). The
second-order rate constants for the reaction of hypochlorous acid with 3-pentenoic acid and
sorbate were 8.7 M–1s–1 (235) and 2.3 M–1s–1, respectively (236). Both compounds have two
double bonds, yet their rates are consistent with those approximated for the reaction of
hypochlorous acid with unsaturated fatty acids (5-50 M–1s–1) (233). If more than one double
bond is available for reaction in a fatty acid, addition of more than one molecule of
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hypochlorous acid is possible (218, 237), which means there is potential for many positional
and stereo-isomers (229). As the formation of chlorohydrins is relatively slow they are not
considered a major product of the reactions of hypochlorous acid (235). Analysis of LDL,
showed that chlorohydrins were only detectable at concentrations of hypochlorous acid well in
excess of physiologically relevant concentrations, and above those required for modification of
the protein (228).
1.6.3

Hypochlorous acid & antioxidants

According to Halliwell, an antioxidant can be defined as “any substance that, when present at
low concentrations compared to those of an oxidisable substrate, significantly delays or
prevents oxidation of that substrate” (238). Thus, antioxidants act to limit the oxidation of
biological molecules. This is accomplished by either reduction, neutralisation or quenching of
harmful oxidants. Accordingly, antioxidants are often reducing agents which have relatively
rapid rates of reaction with hypochlorous acid, with chief examples including thiols or phenols.
Scavengers of hypochlorous acid within the neutrophil include taurine, ascorbic acid, and the
tri-peptide glutathione (γ-Glu-Cys-Gly), known as GSH.
Taurine, or 2-aminoethanesulfonic acid, is present at 20 mM in the cytoplasm of neutrophils
(239). At this high concentration taurine may play a role in self-defence of the neutrophil
against its own barrage of oxidants during phagocytosis, especially by protecting important
enzymes from oxidative inactivation. Taurine and hypochlorous acid react together to form a
stable chloramine. Even so, taurine chloramine is still reactive, and has recently been shown to
modulate cell-signalling pathways and is a key regulator in inflammation (240-242).
Reduced glutathione is also believed to play a key role in the regulation of cellular damage by
hypochlorous acid. The second-order rate constant for reaction of the oxidant with GSH is
about 3×108 M–1s–1. The oxidation of GSH results in dimerization of two GSH molecules to
form glutathione disulfide (GSSG). On addition of greater amounts of hypochlorous acid the
specific products glutathione sulfonamide (152, 243), a further oxidation product of glutathione
disulfide known as 5-hydroxy butyrolactam (244) and dehydroglutathione are formed.
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Hypochlorous acid & DNA

The reaction of hypochlorous acid with DNA is slow, but chlorination of amino moieties
within the nucleotides to form chloramines is likely (245-247). Decomposition of the
chloramines leads to the disruption of the hydrogen bonds between DNA base pairs, causing
dissociation of the opposing strands so the DNA integrity is lost (246, 248).
1.7

Staphylococcus aureus

Staphylococcus aureus bacteria are commonly used to assess the phagocytic and killing abilities of
human neutrophils. In order for neutrophils to effectively kill S. aureus bacteria, they require a
functional NADPH oxidase and associated reactive oxygen species (84). Latest research has
indicated that S. aureus generate antioxidants which are stored in their membrane and appear to
act as a defence to neutrophil-derived oxidants.
S. aureus are members of the genus Staphylococcus in the bacterial family Micrococcaceae.
Staphylococci cells divide successively in three perpendicular planes resulting in the formation
of irregular clusters, often described as resembling a bunch of grapes. The name Staphylococcus
was derived by Ogston in 1881 from this unusual arrangement, derived from the Greek word
“staphyle” meaning a bunch of grapes, and “kokkos”, meaning berry (249).
In 1884, Rosenbach was the first to describe two different pigmented types of staphylococci
and proposed the appropriate nomenclature: Staphylococcus aureus (Latin: golden) and
Staphylococcus albus (Latin: white) (250). The latter species is now named Staphylococcus epidermidis.
Although more than 20 species of Staphylococcus are described in Bergey's Manual (2001),
Staphylococcus aureus and Staphylococcus epidermidis are the only species which maintain significant
interactions with humans. S. epidermidis is solely an inhabitant of the skin. S. aureus mainly
colonizes the nasal passages, but it may be found in most other anatomical locations, including
the skin, oral cavity and the gastrointestinal tract.
1.7.1

Microbiology

S. aureus are gram-positive spherical bacteria (cocci) about 1 µm in diameter (Figure 1.7). When
grown on nutrient agar, S. aureus form a characteristic circular, smooth yellow or orange colony.
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The bacteria grow preferentially on blood agar, and due to the presence of hemolysin, cause the
blood agar to lose colour around each colony due to hemolysis of the red blood cells.
Additionally, S. aureus are catalase-positive so are able to break down extracellular hydrogen
peroxide to innocuous water and oxygen.

Figure 1.7

S. aureus.

From Methicillin-Resistant Staphylococcus aureus (MRSA). Magnification 9560×(251).

Like other gram-positive organisms, the surface of S. aureus consists of a cell membrane
surrounded by a relatively thick cell wall. The cell wall is a mesh-like layer made primarily of
peptidoglycan and teichoic acid. Peptidoglycan is a polymer consisting of the alternating sugars
of N-acetyl-D-glucosamine-1,4-β linked to N-acetylmuramic acid. Attached to the Nacetylmuramic acid is a peptide chain of three to five amino acids, consisting of largely Lys
residues. The peptide chain is usually cross-linked to the peptide chain of another strand
resulting in the 3D mesh-like layer (Figure 1.8).
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Teichoic acid

Peptidoglycan

Plasma
membrane

Figure 1.8

Diagram of S. aureus cytoplasmic membrane and cell wall.

From Palaeos: Eubacteria (252).

1.7.2

Role in disease

S. aureus normally colonises the skin and mucous membranes of about half of the population.
Between 10-20% of the population are permanently colonised by this bacterium in their nasal
passages, while 30-50% are colonised sporadically and the rest of the population never become
colonised. Colonisation causes no adverse effect on a healthy individual as they usually live in a
commensal relationship without causing disease.
However, S. aureus can be opportunistic and take advantage of a weakness in the host’s
anatomical barriers, tissue resistance or immunity. As a result, S. aureus is one of the leading
causes of human skin diseases. These range from superficial skin infections, through to more
serious illnesses such as pneumonia, meningitis and urinary tract infections, to serious invasive
infections such as septicaemia and endocarditis (253). In particular, individuals with weakened
immune systems, impaired circulation and surgical wounds are most at risk (254). As a result, S.
aureus is the principal cause of hospital acquired infection of surgical wounds, as well as medical
implants and devices throughout the world. S. aureus can also cause food poisoning and toxic
shock syndrome through release of toxins either into food or the blood stream, respectively.
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S. aureus is generally the first bacterial pathogen recognized in cultures from the respiratory
secretions of young patients with cystic fibrosis (CF), which is the most common fatal
hereditary disease in populations of European ancestry (255). The disease is caused by defects in
the CF transmembrane conductance regulator (CFTR) protein, which is an essential component
of epithelial chloride transport in many organs. Death most often results from devastation of
the airways caused by repeated infection and inflammation. S. aureus is initially the only
recognized bacterial pathogen, but later becomes associated with Pseudomonas aeruginosa (256).
1.7.3

Microbial resistance to the human innate immune system

Due to the close relationship between S. aureus and humans throughout evolution, S. aureus
have continually developed ways to resist the innate immune system (257). In addition, S. aureus
are increasingly becoming resistant to most available antibiotics. Consequently other strategies
need to be developed to curb the increase in infection rates from this highly adaptable
pathogen. A clear understanding of the defence mechanisms of the innate immune system and
the opposing resistance mechanisms of S. aureus, should allow the bacterial resistance
mechanisms to be exploited.
Staphylococci actively try to prevent being phagocytosed by either avoiding contact with
phagocytes, inhibiting phagocytic engulfment (protein A) or killing phagocytes before ingestion
through secretion of extracellular enzymes. If neutrophils manage to overcome these strategies
and engulf the staphylococci, the bacteria exhibit an array of methods to inhibit the neutrophil
antimicrobial machinery. They attempt to inhibit fusion of proteolytic granules or the NADPH
oxidase with the vacuole after engulfment (258, 259) or endeavour to escape from the
phagosome (260). The survival of S. aureus within neutrophils appears to be regulated by a
global gene regulator called sar (91, 261). In similarity to Group A Streptococcus, sar upregulates
genes involved in virulence, oxidative stress and cell wall biosynthesis during phagocytosis by
neutrophils (91, 262). Treatment of S. aureus with hydrogen peroxide, hypochlorous acid and
azurophilic granule proteins also results in upregulation of gene regulation gene-transcripts and
general stress response elements (263).
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Microbial resistance to cationic antimicrobial peptides

As described earlier, cationic antimicrobial peptides, such as defensins and the cathelicidins,
have an affinity for anionic bacterial cell surfaces. These peptides generally have a hydrophobic
region which allows them to integrate into bacterial membranes, disrupting the integrity of the
cell. S. aureus combat these peptides by trapping and cleaving them extracellularly to prevent
association of the peptides with the bacterial membrane. S. aureus may also alter their cell
surface charge by insertion of cationic polymers on their outer membrane to reduce the
electrostatic affinity for the positively charged antimicrobial peptides. Neutralisation of the
bacterial cell surface charge has been demonstrated to lessen the successful attachment and
attack of the hydrolytic enzyme phospholipase on the bacterial membrane (264).
1.7.3.2

Microbial resistance to hydrolytic enzymes

Alteration of bacterial cell surface molecules can reduce the success of neutrophil hydrolytic
enzymes. For example, lysozyme usually cleaves the polymer of peptidoglycan between the
alternating sugars of N-acetyl-muramic acid and N-acetyl-glucosamine. To defend against this
assault, S. aureus acetylate the muramic acid molecule so that lysozyme no longer recognises the
structure and has no effect (265).
1.7.3.3

Microbial resistance to neutrophil respiratory burst

As described previously, products derived from the activated NADPH oxidase are particularly
effective antimicrobials upon phagocytosis of an invading pathogen. One method bacteria use
to defend themselves involves decreasing the anionic charge of the bacterial membrane to
preventing binding of enzymes onto the exterior of the microbe (266). Staphylococci also
produce enzymes which are capable of degrading reactive oxygen and nitrogen species. When
S. aureus are exposed to neutrophils, at least 25 stress response genes are upregulated within 30
minutes. These include the antioxidant genes for catalase, thioredoxin, superoxide dismutase,
alkyl hydroperoxide reductase, glutathione peroxidase and Met sulfoxide reductase (91).
A defining feature of S. aureus is its distinctive golden colouration. This pigmentation is due to a
mixture of carotenoid molecules incorporated into its cell membrane, one of which is called
staphyloxanthin. It has been demonstrated only very recently that staphyloxanthin has

Chapter One.

Introduction

41

antioxidant properties, which protect S. aureus from toxic oxidative species, compared to
mutants without this pigment (267, 268). Blockage of the staphyloxanthin biosynthesis pathway
also reduces the ability of these pathogens to cause infection in mice (269).
1.8

STAPHYLOXANTHIN

As early as 1882, Ogston connected the yellow appearance of pus with the colour of the
infecting microbes (270). The orange pigmentation of S. aureus is usually visible after 24 hours
of growth at 37ºC, but intensifies further after growth of up to 48 hours (271). It was first
recognised more than 25 years ago that the orange colouration of S. aureus, when grown under
the appropriate conditions, was due to a number of related carotenoids, including
staphyloxanthin (272). Some naturally occurring strains of S. aureus have differing levels of
colour, ranging from white through yellow through to bright orange. These reflect differences
in the nature or quantity of carotenoid content. Carotenoids are present in only a handful of
bacterial species other than S. aureus including the non-photosynthetic Streptococcus species (273,
274) and the photosynthetic heliobacteria (275, 276). Halobacillus halophilus has also been
discovered to produce staphyloxanthin (277).
Carotenoids are organic pigments that are naturally occurring in plants, algae and
microorganisms. There are more than 600 known carotenoids, all of which belong to a large
group of isoprenoid products, derived from the organic compound isoprene (C5H8). The most
common example is β-carotene, the orange pigment found in carrots.
1.8.1

Structure and biosynthesis

The fundamental carotenoid pathway in bacteria usually starts with the synthesis of the
common tetraterpenoid (C40) carotenoids beginning with formation of phytoene (278). In
pioneering studies it was discovered that S. aureus were particularly unusual as they did not have
the carotenoid C40 chain, but instead an alternative triterpenoid (C30) structure (272). Marshall
and Wilmoth identified 17 similar carotenoids in S. aureus (279). It was proposed that the
triterpenoid carotenoids might constitute sequential steps in the formation of the major
pigment, staphyloxanthin. A multi-step biosynthetic pathway for carotenoids in S. aureus has
since been confirmed (Figure 1.9), which requires a minimum of 18 hours incubation at 37ºC to
develop (280).
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Proposed pathway for staphyloxanthin formation.

The initial elucidation of the genes involved in the production of the S. aureus carotenoids characterised
crtM and crtN which were involved in biosynthesis of the yellow carotenoid 4,4’-diaponeurosporene
(280). Three further genes were then revealed called crtO, crtP, and crtQ (281). All of these genes are in
the same orientation and form an operon (crtMNOPQ) with a σB –dependent promoter upstream of
crtO and a termination region downstream of crtN. Taken from (281).

Staphyloxanthin is a bacterial secondary metabolite, therefore not critical for the growth and
replication of S. aureus (268). Constituting 70-80% of the pigment of S. aureus, the chemical
name for staphyloxanthin is β-D-glucopyranosyl 1-O-(4,4’-diaponeurosporen-4-oate) 6-O-(12methyltetradecanoate). The structure includes the core 4,4’-diponeurosporenoic acid, a
triterpenoid carotenoid carboxylic acid, which is esterified to glucose, which is also linked to a
C15 fatty acid (272, 281). Structural variations of staphyloxanthin in S. aureus include variation in
the sugar moieties from the usual glucose to another hexose sugar such as mannose or
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galactose. The length of the fatty acid chain could also differ, such that either C15 or C17 chains
are possible (272). Additionally, there are also isomers which differ in the position of the ester
linkages between the sugar and the diaponeurosporenoic acid and fatty acid, as well as cis/trans
isomers.
1.8.2

Role in protection against oxidative stress

Carotenoids have the ability to scavenge free radicals, singlet oxygen, hydrogen peroxide and
hypochlorous acid (282, 283). In 1974, Krinsky provided the first demonstration that
neutrophils were able to kill a colourless mutant of strain of the usually yellow bacteria Sarcina
lutea more successfully than the carotenoid-containing strain (284). This provided suggestive
evidence that oxidants were active in the process of bacterial killing inside the neutrophil
phagosome, and that carotenoids had the ability to protect bacteria. In 1979 Rosen and
Klebanoff showed that a yellow strain of S. lutea was about 100 times more resistant to the
acetaldehyde-xanthine oxidase system (which generates superoxide, hydrogen peroxide,
hydroxyl radical and possibly singlet oxygen) compared to a white, carotenoid-deficient mutant
strain (93A) (285). Similarly, Dahl and colleagues reported that colourless mutant strains of S.
lutea and S. aureus were more readily killed by singlet oxygen in the gas phase (286). Addition of
a variety of carotenoids into E. coli also enhanced the resistance of these bacteria to singlet
oxygen (131, 287).
Staphyloxanthin is located in the hydrophobic bi-lipid membrane of S. aureus, where it is likely
to have a role in maintaining membrane stability (267). Evidence for this includes the increase
in synthesis of the carotenoid on insertion of long chain unsaturated fatty acids into the
bacterial membrane (288). Since fatty acids increase membrane fluidity, staphyloxanthin appears
to alleviate this effect (289, 290).
Oxidation of lipid molecules also causes the destabilisation of membrane structures, which is
believed to be cytotoxic to target microbes. As staphyloxanthin is located in the membrane it
will be exposed to oxidants directed at the bacterium in the neutrophil phagosome. On this
basis, staphyloxanthin has been proposed to serve as an antioxidant that protects the membrane
lipids from oxidative insult (267, 271, 285). This theory was tested by comparing the ability of
white, isogenic crtM mutant of S. aureus to withstand treatment with a range of oxidants
compared to orange, wild-type S. aureus (268). The mutant S. aureus grew normally, but in vitro
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were killed more easily by singlet oxygen and hydrogen peroxide (1.5%) compared to the wildtype (267, 268). The mutant was also more susceptible to treatment with superoxide generated
by the xanthine oxidase system, and four-fold more sensitive to hypochlorous acid generated by
myeloperoxidase (267). Ex vivo the mutants were more susceptible to killing by human
neutrophils and whole blood of normal mice or human donors (267, 268). Inhibition of the
oxidative burst of neutrophils by addition of DPI eliminated the difference in susceptibilities
between the wild-type and mutant S. aureus, indicating staphyloxanthin was only protective
under oxidative conditions (268). In a mouse model of infection, the crtM mutant formed
smaller skin lesions compared to the wild-type, suggesting that staphyloxanthin is important for
virulence in vivo. Infection of a CGD mouse model with wild-type and mutant S. aureus resulted
in abscess lesions of similar size, strengthening the argument for the protective effect of
carotenoids against reactive oxygen species (268).
1.8.2.1

Reactivity of carotenoids with hypochlorous acid

The most important structural feature of staphyloxanthin and carotenoids in relation to
antioxidant function is their systems of conjugated double bonds. Extensive delocalisation of
the polyene π-electrons enables these compounds to absorb UV and visible light. In addition,
carotenoids are susceptible to attack by electrophilic reagents, and react efficiently with singlet
oxygen, hydroxyl radicals (291) and peroxyl radicals (292). Carotenoids have also been
proposed to promote detoxification of reactive oxygen species such as superoxide, hydrogen
peroxide and hypochlorous acid (267, 268). Double bonds and lipid chains favour reaction with
one-electron oxidants (radicals) however, hypochlorous acid reacts fairly rapidly with
conjugated polyenes, thus the ability of staphyloxanthin to be a biological scavenger of
hypochlorous acid is, as yet, unclear.
1.9

SUMMARY AND AIMS

Neutrophils are the first line of defence against invading pathogens, so it is important to
understand the mechanisms they use to protect us from infection. They contain a range of
mechanisms to eliminate a target microorganism, particularly after phagocytosis. Since the
pioneering discovery of the enzyme myeloperoxidase and it ability to generate the antimicrobial
hypochlorous acid more than 40 years ago, this oxidant has been proposed to maintain an
important role in bacterial killing by human neutrophils (85, 97). As myeloperoxidase
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constitutes such a large proportion of neutrophil granule proteins (25%) it seems valid to
conclude that neutrophils should produce chlorinated oxidants as a primary oxygen metabolite
(293). Generation of hypochlorous acid in the neutrophil phagosome has been determined at
somewhere between 9.5% (294) and 70% (3) of the oxygen consumed during the respiratory
burst. This is supported by mathematical modelling of reactions in the phagosome, which
estimated production of hypochlorous acid, in optimum conditions to be as high as 89% (85).
The model predicts that myeloperoxidase dismutates the majority of superoxide generated and
most of the hydrogen peroxide is converted to hypochlorous acid unless the concentration of
chloride falls below 20 mM (85). Thus, it is clear that hypochlorous acid as one of the major
oxidative products of the neutrophil respiratory burst. It is a strong antimicrobial agent and
oxidises an array of biological molecules. Therefore it is likely to be a major candidate for the
key steps in microbial killing by neutrophils.
Evidence for generation of hypochlorous acid in the phagosome has relied upon detection of
chlorinated proteins. The first confirmation came in 1996 when Hazen and colleagues found
that erythrocyte ghosts containing free L-tyrosine were chlorinated in the neutrophil
phagosome, forming 3-chlorotyrosine (143). The following year Jiang and Hurst showed that
fluorescein-coated latex beads were chlorinated after being engulfed by neutrophils. It was
estimated that 11% of the hydrogen peroxide formed during the respiratory burst was
measured as hypochlorous acid trapped by these beads (294). As recently as 2002, the first
verification of hypochlorous acid production inside neutrophils phagocytosing bacteria was
reported. Chapman and colleagues revealed that isotopically labelled tyrosine residues in the
proteins of S. aureus were chlorinated inside the neutrophil phagosome, with chlorination
detectable within 5 minutes of initiation of phagocytosis (3). Other investigators have also
demonstrated chlorination of proteins during phagocytosis of E. coli (295) and P. aeruginosa
(296).
However, debate as to the relevance of hypochlorous acid in neutrophil killing persists.
Palazzolo and colleagues have recently demonstrated that exposure of E. coli expressing green
fluorescent protein (GFP) to human neutrophils resulted in extensive loss of GFP fluorescence
(297). Myeloperoxidase-generated hypochlorous acid was the only oxidant which could quench
bacterial fluorescence in vitro. As the amount of hypochlorous acid required for quenching in
vitro was considerably greater than required to kill the bacterium, these results implied that
microbicidal amounts of hypochlorous acid are formed within the neutrophil phagosome.
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In contrast, the chlorination of S. aureus measured by Chapman and colleagues was not as high
as expected for direct reaction with hypochlorous acid. Remarkably, neutrophil proteins
accounted for 94% of the total chlorinated tyrosine residues. This finding was supported by the
discovery that the majority of iodinated proteins in a phagocytosing neutrophil are of
neutrophil origin, in particular, specific and azurophil granule constituents (298, 299). In
addition, the recent proposal by Segal and colleagues that myeloperoxidase may function merely
to prevent oxidative inactivation of granule enzymes by removing hydrogen peroxide, suggests
that hypochlorous acid may only be a by-product of this role and not directly responsible for
death of the bacteria (51, 293, 299). It is therefore important to understand the reactions of
hypochlorous acid with neutrophil proteins, and determine if chlorinated proteins are important
in the bactericidal activity of human neutrophils. Thus, the overall objective of this thesis was to
consider how oxidative and non-oxidative processes, generally considered separately by other
investigators, may act together rather than independently.
Summary of Chapter Objectives
Neutrophil proteins are extensively chlorinated during phagocytosis (3). It is presumed that the
reaction of hypochlorous acid with neutrophil proteins occurs in the neutrophil phagosome;
however this has not been determined. It is important to understand where this oxidation
occurs, as this may provide insight as to whether oxidised proteins play a role in the process of
bacterial killing. Thus, initial investigations sought to determine the location of chlorination and
general oxidation of neutrophil proteins (Chapter Three).
Chlorination of neutrophil proteins generally results in the loss of their enzymatic activity, due
to alteration or loss of the active site or by fragmentation of the protein at high doses of
hypochlorous acid. Myeloperoxidase is the likely target for much of the hypochlorous it
generates purely due to its close proximity. Accordingly, the effect of chlorination on the
bactericidal capability of myeloperoxidase was assessed in detail (Chapter Four).
In the phagosome, the primary reaction of hypochlorous acid with proteins and peptides is
predicted to result in generation of chloramines and dichloramines. These species are generally
short-lived; so much of this thesis is focussed on the stability of a range of related chloramine
and dichloramine amino acids and dipeptides. Chloramines have also been shown to have
bactericidal properties, thus the ability of these species to kill S. aureus was also investigated.
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Previous analysis of products of chloramine and dichloramine decomposition has found that
aldehydes and nitriles are the primary products, yet the active bactericidal component is not
clear. In particular, little attention has been paid to the significance of protein dichloramines in
bacterial killing. Consequently, the link between dichloramine formation and bacterial killing
was elucidated (Chapter Five).
S. aureus have recently been hypothesised to protect themselves from neutrophil-derived
oxidants by production of the carotenoid staphyloxanthin in their membrane under stress
conditions. Staphyloxanthin was isolated from S. aureus and its reactivity with hydrogen
peroxide, hypochlorous acid and the inorganic chloramines NH2Cl, NHCl2, was evaluated. A
range of clinical isolates of S. aureus were utilised to assess the significance of staphyloxanthin to
protect bacteria from hypochlorous acid. Also, oxidation of this antioxidant was monitored in
S. aureus phagocytosed by neutrophils to determine if this may be a potential marker of the
reaction of hypochlorous acid with these bacteria (Chapter Six).

CHAPTER TWO
METHODS
2.1
2.1.1

MATERIALS
Chemicals

Sodium heparin was from CP Pharmaceuticals Ltd. (Wrexham, UK). Ficoll-PaqueTM Plus was
from GE Healthcare (Buckinghamshire, UK). Columbia sheep blood agar plates were from
Fort Richards Laboratories Ltd. (Auckland, New Zealand). Staphylococcus aureus ATCC 27217
(502a) were obtained from the New Zealand Communicable Disease Centre (Porirua, New
Zealand). Hypochlorous acid was purchased as commercial chlorine bleach from Household
and Body Care (Auckland, New Zealand). Dextran, trypticase soy broth, paraformaldehyde,
diphenyleneiodonium (DPI), phorbol 12-myristate 13-acetate (PMA), butylated hydroxyanisole
(BHA), biotin hydrazide and streptavidin-FITC were from Sigma-Aldrich (St. Louis, MO,
USA). Diff-Quik stain was from Dade Behring AG (Dudingen, Switzerland). Hexadecyltrimethylammonium chloride was from Acros (NJ, USA). Dinitrophenylhydrazine (DNP) was
from Aldrich (Milwaukee, WI, USA). Streptavidin-HRP, DakoCytomation TMB Chromatin
reagent and propidium iodide were obtained from DakoCytomation supplied by Med-Bio
(Christchurch, NZ). 3,3’-5,5’-tetramethylbenzidine, dihydrorhodamine 123 and boron
trifluoride (BF3) in propanol were from Fluka AG (Buchs, Switzerland or Steinheim, Germany).
Bovine serum albumin (BSA) was from Gibco-BRL supplied by Invitrogen (Auckland, NZ).
Human serum albumin (CSL ‘Albumex’) was from CSL Ltd. (Victoria Australia).
Trifluoroacetic anhydride (TFA) was from Pierce (Rockford, IL, USA). C18 Extract-Clean™
SPE columns were from Grace Davison Discovery Sciences (formally Alltech; Deerfield, IL,
USA). Sodium azide was from Fisons Scientific Apparatus (Leics, England). Hydrogen peroxide
(30% solution; LabServ Pronalys brand) was purchased from Biolab Ltd (Auckland, New
Zealand). Dynabeads® Protein A magnetic beads were from Invitrogen Dynal® (Oslo, Norway).
Complete™ protease inhibitor cocktail tablets were purchased from Roche (Mannheim,
Germany). Amino acids and peptides were from Sigma-Aldrich (St. Louis, MO, USA), Pierce
(Rockford, IL, USA) and Merck (Darmstadt, Germany). Acetone was from Mallinckrodt
Chemicals (Phillipsburg, NJ, USA). Tris was from Roche Diagnostics (Mannheim, Germany).
40% acrylamide/bis solution 37.5:1 and Bio-Rad Dc protein assay kit were from Bio-Rad
Laboratories (Hercules, CA, USA). BenchmarkTM pre-stained and Mark12TM unstained standard
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protein ladders were from Invitrogen (Auckland, NZ). Hybond-PTM PVDF membrane and
ECLTM Plus western blotting detection system were GE Healthcare Amersham Biosciences
(Buckinghamshire, UK). Silver nitrate was from Johnson Matthey Ltd. (Auckland, NZ). All
other chemicals were from BDH Laboratory Supplies (Poole, England)/MERCK Ltd
(Palmerston North, New Zealand) and Sigma-Aldrich (St Louis, MO, USA).
2.1.2

Enzymes and antibodies

Myeloperoxidase was supplied by Planta Natural Products (Vienna, Austria). An antidibromotyrosine (DiBrY) monoclonal antibody was generously supplied by Associate Professor
Yoji Kato of School of Human Science and Environment, University of Hyogo. FITCconjugated goat anti-rabbit IgG antibody and goat anti-rabbit phosphatase (GARP) were from
Sigma-Aldrich (St Louis, MO, USA). Biotinylated anti-DNP-KLH rabbit IgG antibody was
from Molecular Probes, Invitrogen (Oregon, USA). Streptavidin-biotinylated horseradish
peroxidase complex was from Dako (Glostrup, Denmark).
2.1.3

Buffers and solutions

Phosphate-buffered saline (PBS): 10 mM sodium/potassium phosphate in 137 mM NaCl and
2.7 mM KCl, pH 7.4.
Hank’s balanced salt solution (HBSS): PBS containing 1 mM CaCl2, 0.5 mM MgCl2 and 5.6 mM
glucose.
Extract buffer: 50 mM sodium chloride, 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM
ethyleneglycoltetraacetic acid (EGTA), in 40 mM 4-2-hydroxyethylpiperazine-N’ -2ethanesulfonic acid (HEPES) buffer, pH 7.4.
Sample buffer: 62.5 mM Tris-HCl, pH 6.8, 20% (vv) glycerol, 2% (w/v) sodium dodecyl sulfate
(SDS). Reducing sample buffer also contained 5% (v/v) β-mercaptoethanol added.
All solutions were prepared in deionised water.
2.2
2.2.1

PREPARATION OF OXIDANTS
Hydrogen peroxide

Hydrogen peroxide (H2O2) stock concentration was determined by measuring the absorbance
of diluted H2O2 in 10 mM PBS, pH 7.4 at 240 nm using the extinction coefficient of H2O2 (ε240
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= 43.6 M–1cm–1) (300). Before use the stock solution was diluted accordingly in the appropriate
buffer.
2.2.2

Hypochlorous acid

Hypochlorous acid (HOCl) concentration was determined by measuring the absorbance of
diluted HOCl in 200 mM potassium hydroxide, pH 12, at 292 nm using the extinction
coefficient of the hypochlorite anion (_OCl) (ε240 = 350 M–1cm–1) (301). Before use the stock
was neutralized to pH 7.4 and diluted accordingly in the appropriate buffer.
2.3
2.3.1

CHLORAMINE PREPARATION
Amino acid and peptide chloramines

Amino acid and peptide monochloramine species (1 mM) were prepared by adding
hypochlorous acid dropwise while vortexing to the respective amino compounds in 10 mM
phosphate buffer, pH 7.4, 22°C. The amine was always at least in 5-fold excess compared to
hypochlorous acid. Dichloramine species (10 mM) were prepared similarly, in 100 mM
phosphate buffer, pH 7.4 with a 2-fold excess of hypochlorous acid. Formation of
dichloramine was confirmed by measuring its absorbance at 304 nm (ε304 370 M–1cm–1) (172).
For mass spectrometry analysis, when higher concentrations of hypochlorous acid were used,
the pH of hypochlorous acid was adjusted to 7.4 before reacting with the amine. Note that
solutions of Asp, Glu and Gln were prepared in 5 mM hydrochloric acid to assist the dissolving
of the amino acids.
2.3.2

Ammonia chloramines

Ammonia monochloramine (NH2Cl) (1 mM) was prepared by dropwise addition of
hypochlorous acid to 10 mM ammonium chloride and 100 mM NaCl in 50 mM phosphate
buffer, pH 7.4. The amine was always in 10-fold excess to hypochlorous acid. Ammonia
dichloramine (NHCl2) (10 mM) was prepared similarly, by addition of hypochlorous acid in 2fold excess to amine at pH 5.0. Formation of NH2Cl and NHCl2 were confirmed by measuring
their absorbance at 252 nm (ε252 429 M–1cm–1) (172) and 294 nm (ε294 272 M–1cm–1) (301),
respectively. Solutions were checked for unreacted hypochlorous acid by demonstrating that the
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solutions could not oxidize dihydrorhodamine (DHR) unless iodide was present (302). In this
method, iodide catalyses the reaction of chloramines with dihydrorhodamine (DHR),
generating a fluorescent product, while hypochlorous acid can catalyse the reaction directly. The
DHR developing reagent contained 30 µM dihydrorhodamine and 100 µM potassium iodide in
400 mM acetate buffer, pH 5.4 with 10 % dimethylformamide. After 10 minutes DHR
fluorescence was measured in a BMG POLARStar Galaxy plate reader (BMG LABTECH,
Offenburg, Germany) using a 485 nm excitation filter and a 520 nm emission filter.
2.4

ASSESSMENT OF CHLORAMINE STABILITY

Monochloramines and dichloramines were prepared as described 2.3.1 and incubated in 10 or
100 mM phosphate buffer, pH 7.4, respectively. Dichloramines were diluted 10-fold in 10 mM
phosphate buffer before analysis. Stability of the chloramines was assessed immediately after
preparation by monitoring their spectral changes and reactivity.
UV spectra were monitored in the range between 190 nm and 400 nm for 30 minutes at room
temperature in an Agilent 8453 UV-visible diode array spectrophotometer. The stability of
monochloramines and dichloramines were followed at 254 nm (ε254 429 M–1cm–1) and 304 nm
(ε304 370 M–1cm–1) (172), respectively. A stopped-flow apparatus (SFA-12 Rapid Kinetic
Accessory, Hi-Tech Scientific Ltd, Salisbury, UK) was attached to the spectrophotometer to
measure the decay kinetics of Glu-amide dichloramine.
It is not possible to differentiate between amino acid chloramine derivatives on the basis of
their absorption spectra as this is unaffected by the structure of the R-moiety. The extinction
coefficients and the wavelength maximums for chloramines are independent of pH and are
shown in Table 2.1.
The stability of the chloramines was also determined over 30 minutes by reacting them with
yellow 5-thiobis-2-nitrobenzoic acid (TNB) (ε412 13,100 M–1cm–1) to form colourless 5,5’dithiobis(2-nitrobenzoic acid) (DTNB), as described for detection of protein chloramines. Halflives of chloramines were calculated with linear or exponential (2 or 3 parameter) fits to decay
curves using SigmaPlot 7.0 software.
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Characteristic absorbances of reactive chlorine species.

pH 12 b(301) c(168) *(303) provide approximate wavelength maxima, as there is variation depending on

the amino acid (165).

Molar Extinction Coefficients
N-Cl

Wavelength

Extinction

derivative

maximum

Coefficient

(nm)

(M–1cm–1)

OCl

292

350a

NH2Cl

242

429b

NHCl2

294

272c

RNHCl

~252*

429b

RNCl2

~300*

370b

_

2.5

MODIFICATION OF MYELOPEROXIDASE WITH OXIDANTS
(OXIDATIVELY-MODIFIED MYELOPEROXIDASE)

2.5.1

Oxidation with hydrogen peroxide

A 75-fold excess of hydrogen peroxide (30 nmoles) was added dropwise while vortexing to
myeloperoxidase (0.4 nmoles) in 10 mM PBS, pH 7.4. The concentration of the
myeloperoxidase stock was determined per heme group by measuring its absorbance at 430 nm
(ε430 89,000 M-1cm-1) (304). Samples were incubated for 10 minutes at 37ºC, and then used
immediately. At this time all of the hydrogen peroxide should have been converted to
hypochlorous acid, which would have reacted with the enzyme.
2.5.2

Oxidation with hypochlorous acid

Hypochlorous acid, up to a 100-fold excess, was added dropwise while vortexing to
myeloperoxidase (0.02 nmoles) in 10 mM phosphate buffer, pH 7.4. Samples were incubated
with hypochlorous acid for 5 minutes at room temperature, and then used immediately. At this
time all of the hypochlorous acid should have reacted with the enzyme.
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Analysis of protein chloramines on oxidatively-modified
myeloperoxidase

Chloramines on oxidatively-modified myeloperoxidase were measured using the method of
Kettle and Winterbourn (301). A standard curve of taurine chloramine was generated by adding
known concentrations of hypochlorous acid dropwise into 5 mM taurine in PBS, pH 7.4, while
vortexing. A 50-fold molar excess of taurine over hypochlorous acid was used to ensure that
only taurine chloramine (i.e. no taurine dichloramine) was formed. TNB was reacted with
oxidatively-modified myeloperoxidase to assay for chloramines. In this reaction, yellow TNB is
oxidised to colourless DTNB. In a flat bottomed 96 well microtitre plate 20 µL of 2 mM TNB
was reacted with 100 µL aliquots of the standards and samples. The reaction was carried out for
5 minutes at room temperature in the absence of light. Following this, the loss of absorbance
was read at 412 nm (TNB ε412 = 14,100 M–1cm–1) in a microtitre plate spectrophotometer
(SpectraMax 190, Molecular Devices, Sunnyvale, CA, USA) and the number of chlorine groups
relative to amine groups determined. As one chloramine oxidises two TNB molecules the
concentration of chloramine measured is equivalent to twice the concentration of TNB lost.
2.5.4

Myeloperoxidase activity assay of oxidatively-modified
myeloperoxidase

Myeloperoxidase enzyme activity was determined by measuring the oxidation of
3,3’,5,5’-tetramethylbenzidine (TMB), and was based on that described by Bozeman et al. (302,
305). A 1 µM stock of myeloperoxidase (prepared in water containing 0.03% CETAC) was
diluted in 20 mM phosphate buffer, pH 6.5, containing 100 mM sodium chloride and 5 mM
taurine to generate a calibration curve. Aliquots of oxidatively-modified myeloperoxidase (20
µL or 0.02 nmoles) were also diluted in the same buffer. The reactions were started by adding
hydrogen peroxide with vortexing and stopped at the desired time by adding 20 µg/mL of
catalase. Aliquots (200 µL) of the reactions were then mixed with 50 µL of the TMB working
reagent into a 96 well microtitre plate (2 mM TMB, 100 µM sodium iodide, and 10%
dimethylformamide in 400 mM acetate buffer, pH 5.4). The blue colour of the oxidised TMB
was allowed to develop for 5 minutes, after which the absorbance was measured on a
SpectraMAX 190 plate reader (Molecular Devices Ltd, Victoria, Australia) at 650 nm. The
myeloperoxidase standard curve was used to calculate the myeloperoxidase activity in the
samples.

Chapter Two.
2.6

Methods

54

HUMAN SERUM

Human serum for opsonisation of S. aureus was prepared from peripheral blood of healthy
donors. Blood was collected in sterilised glass test tubes and left to clot at room temperature
(22°C) for approximately two hours, transferred to Eppendorf tubes and centrifuged at 10,000
g to pellet the clot and any contaminating erythrocytes. The supernatant was filtered through a
0.22 µM filter unit and used immediately or stored in aliquots at -20°C.
2.7

ISOLATION OF NEUTROPHILS

Informed consent was obtained from healthy human donors before 20-150 mL of peripheral
blood was collected into 50 mL sterile Falcon tubes containing 100 units of sodium heparin.
Neutrophils were isolated from the blood according to a method based on that described by
Boyum (306). The blood was diluted 1:2 in PBS, layered onto Ficoll-PaqueTM Plus and
centrifuged at 1,000 g for 20 minutes. The supernatant and interface layer were removed and
the pellet containing red blood cells and neutrophils was resuspended in 5% Dextran solution
(5% (w/v) Dextran in 0.9% (w/v) sodium chloride). The red blood cells were allowed to
sediment for 30 minutes. The upper layer containing the neutrophils was transferred to fresh
tubes and centrifuged at 500 g for 5 minutes. The pellets were resuspended in 10 mL PBS
before contaminating red blood cells were lysed by the addition of 20 mL sterile water. After 2
minutes, isotonicity was restored by adding 10 mL 2.7 % (w/v) sodium chloride and 10 mL
PBS. The cells were pelleted at 500 g for 5 minutes, and then washed once in PBS before
resuspending the final pellet in HBSS. Cell count was determined using a haemocytometer. The
studies and procedures carried out in this thesis which used neutrophils were approved by the
New Zealand Upper South B Regional Ethics Committee.
2.8
2.8.1

PREPARATION OF S. aureus
Culture

Staphylococcus aureus strain 502a (ATCC 27217) were obtained from the New Zealand
Communicable Disease Centre (Porirua, NZ). The 502a strain is coagulase positive, of low
virulence, susceptible to penicillin and incapable of being induced to produce β-lactamase. S.
aureus were stored at -80°C in solution containing 3% (w/v) trypticase soy broth and 15% (v/v)
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glycerol. Periodically, a sample of the stored suspension was streaked onto a Columbia sheep
blood agar plate, incubated overnight at 37°C, then stored at 4°C for up to 1 month. When
required, approximately 5 mL of sterile 3% (w/v) trypticase soy broth was inoculated with a
single colony from the plate and incubated with shaking (200 rpm) at 37°C overnight (18
hours). Bacteria were harvested and washed at least twice by centrifugation at 1,500 g for 4
minutes followed by resuspension in HBSS or 10 mM phosphate buffer, pH 7.4. The density of
S. aureus was measured at 550 nm using a Cary 1E UV-Visible Spectrophotometer (Varian, Palo
Alto, CA, USA). The bacterial concentration was estimated using the optical density at 550 nm
(A550) based on a standard curve previously established by relating the optical density to the
number of colony forming units (A550 of 0.12 was approximately equal to 1×108 bacteria per
mL).
2.8.2

Opsonisation

Bacteria diluted in HBSS were opsonised with 10% (v/v) autologous or pooled human serum,
and slowly rotated end-over-end for 20 minutes at 37°C in glass test tubes immediately before
addition to neutrophils at defined ratios.
2.8.3

S. aureus clinical isolates

Twelve clinical isolates of S. aureus were kindly provided by David Murdoch and Paul Huggins
of the Canterbury District Health Board. Two of the isolates were methicillin resistant (MRSA)
strains. These were stored and incubated as outlined above for S. aureus 502a.
2.9

ASSESSMENT OF S. aureus VIABILITY FOLLOWING OXIDANT
TREATMENT

2.9.1

Incubation of S. aureus with hydrogen peroxide, hypochlorous acid,
ammonia chloramines, myeloperoxidase and oxidatively-modified
myeloperoxidase

S. aureus (1×108) were pre-warmed in 10 mM PBS for 10 minutes at 37ºC. For treatment with
myeloperoxidase, 0.4 nmoles of the enzyme were added prior to hydrogen peroxide (30
nmoles). For treatment with oxidatively-modified myeloperoxidase, the enzyme and hydrogen
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peroxide were pre-incubated for 10 minutes, prior to addition of S. aureus. The reactions were
started by the dropwise addition of hydrogen peroxide, hypochlorous acid, ammonia
chloramines (at specified concentrations as described in the Figure legends) to S. aureus while
vortexing to make a total volume of 1 mL. Samples were incubated at 37ºC for 20 minutes with
end-over-end rotation at 6 rpm. Following incubation, samples were placed on ice and 2 mM
Met was added to quench any remaining hypochlorous acid or chloramines. To determine
bacterial viability, a 10 µL aliquot of bacteria was removed and diluted in 10 mM PBS to give an
estimated final concentration of 104/mL. Bacteria were then plated (20 µL) in duplicate on
Columbia sheep blood agar plates and incubated overnight at 37°C. Colonies were counted the
following morning for assessment of bacterial viability compared to untreated bacteria.
Approximately 200 per colonies were equivalent to 100% viability. Remaining bacteria were
pelleted by centrifugation at 13,200 rpm at 4ºC. The supernatant was removed and the bacterial
pellet washed two times with 10 mM PBS. The bacterial pellet and supernatant containing
myeloperoxidase were stored at -80ºC for assessment of protein chlorination by GC/MS.
2.9.2

Incubation of S. aureus with amino acid and peptide chloramines

S. aureus grown overnight were pelleted by centrifugation at 1,700 g and washed twice with 10
mM phosphate buffer, pH 7.4. The concentration of bacteria was determined by absorbance at
550 nm. Bacteria were then diluted in 10 mM phosphate buffer, pH 7.4 to approximately
106/mL, mixed by vortexing with varying concentrations of hypochlorous acid or chloramines
(immediately after preparation) and incubated at 37°C for 1 hour. After incubation, bacteria
were diluted and plated to assess exact cell numbers for untreated bacteria and the viability of
those that were treated with oxidants.
2.10
2.10.1

STIMULATION OF NEUTROPHILS
PMA stimulation of neutrophils

Neutrophils were stimulated with PMA to assess where halogenated Tyr residues were
generated within the cell. Neutrophils were suspended in HBSS at 5×106/mL and preincubated at 37ºC for 10 minutes. PMA was then added at 100 ng/mL and the cells were
incubated for a further 30 minutes at 37ºC. They were put on ice, prior to further analysis.
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Phagocytosis of S. aureus

Neutrophils were incubated with S. aureus in order to assess bacterial viability, bacterial
chlorination and to assess where halogenated residues were generated within the cell.
Neutrophils suspended at 5×106/mL in HBSS containing 10% serum were pre-warmed to
37°C and where appropriate, pre-treated with an enzyme inhibitor (10 µM DPI or 1 mM azide)
for 10 minutes. Opsonised bacteria were added to neutrophils to give a final ratio of 20 bacteria
per neutrophil. The tubes were incubated at 37°C with end-over-end rotation at 6 rpm for 20 or
30 minutes.
2.10.3

Phagocytosis of magnetic beads

Neutrophils were incubated with magnetic beads so that neutrophil phagosomes could be
isolated to assess chlorination of neutrophil proteins. Magnetic beads conjugated with protein A
(Dynabeads®, 2.8 µm diameter) were prepared by washing three times in 0.1 M sodium
phosphate buffer, pH 8.1 then suspending in HBSS supplemented with 10% (v/v) autologous
serum to bind human IgG for 20 minutes at room temperature with gentle intermittent mixing.
Neutrophils suspended at 5×106/mL in HBSS containing 10% autologous serum were prewarmed to 37°C and where appropriate, pre-treated with an enzyme inhibitor (10 µM DPI or 1
mM azide) or an alternate substrate for myeloperoxidase (5 mM thiocyanate) for 10 minutes.
Opsonised magnetic beads were added to give a final ratio of 5 beads per neutrophil. The tubes
were incubated at 37°C with end-over-end rotation at 6 rpm. After the desired amount of time,
reactions were diluted 2-fold with ice-cold PBS and the neutrophils pelleted by centrifugation at
90 g for 5 minutes at 4°C.
2.10.4

Visual assessment of phagocytosis

After incubation of neutrophils with opsonised S. aureus or magnetic beads, the cells were
analysed by microscope to determine the extent of phagocytosis. A control tube containing
neutrophils only was prepared to compare visual changes in protein halogenation. Aliquots of
50 µL were diluted into 950 µL of ice-cold PBS at selected times. Neutrophil pellets were
obtained by centrifugation at 4,000 rpm for 4 minutes and then resuspended in 100 µL PBS and
cytocentrifuged for 5 minutes at 250 rpm (Cytospin 3, Shandon Scientific Ltd., Runcorn,
England) on to high-binding microscope glass slides. The cell spots were then fixed with 4%
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(w/v) paraformaldehyde (pH 7.4) for 30 minutes, before the slides were washed with PBS three
times and left to air dry. Slides were then stained with Diff-Quik (hematoxylin and eosin stain),
left to air dry and then cover slips were placed on top of the cell spot with mounting media.
The numbers of S. aureus or magnetic beads phagocytosed by each neutrophil were counted at
40× magnification.
2.11

ISOLATION OF NEUTROPHIL CELL FRACTIONS TO MEASURE
CHLORINATED TYR RESIDUES

2.11.1

Isolation of bead-containing phagosomes

After neutrophil phagocytosis of magnetic beads, reactions were diluted 2-fold with ice-cold
PBS and the neutrophils pelleted by centrifugation in glass test tubes at 90 g for 5 minutes at
4°C. Pellets were resuspended in disruption buffer (100 mM KCl, 3 mM NaCl, 3.5 mM MgCl2,
10 mM HEPES, pH 7.3) containing 1× Complete™ protease inhibitor. Neutrophils were lysed
by nitrogen cavitation (4635 Cell Disruption Bomb with 1831 Nitrogen filling connection, Parr
Instrument Company, IL, USA) at 375 psi for 20 minutes on ice (307, 308). Beads with
surrounding phagosomes were collected from the neutrophil cavitate using a magnet. The bead
pellet was gently washed three times in disruption buffer, and then resuspended in disruption
buffer containing 0.03% CETAC (cetyltrimethylammonium chloride). Complete™ protease
inhibitors were not added as these cause interference in the protein carbonyl measurements.
Soluble phagosomal proteins were released from the phagosomes by sonication on ice (two
bursts for 30 seconds at 25% power) using an Omni Ruptor 4,000 Ultrasonic Cell
Homogenizer fitted with a 5/32" micro-tip (Omni International, Marietta, GA, USA). The
phagosome sample was centrifuged (400 g, 10 minutes, 4°C) to remove insoluble debris.
2.11.2

Isolation of the neutrophil granules and cytosol

Upon removal of beads with surrounding phagosomes, the neutrophil membrane and nuclear
debris fraction was pelleted by centrifugation at 500 g for 10 minutes at 4°C (309). This was
followed by removal of neutrophil granules by centrifugation of the supernatant at 16,100 g for
20 minutes at 4°C. The remaining supernatant was the neutrophil cytoplasm. Fractions were
analysed immediately or stored at -80°C. The 500 g and 16,100 g pellets and whole cell
neutrophil lysates were dispersed by sonication as described for bead-containing phagosomes.
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The samples were then analysed for protein concentration, myeloperoxidase activity, protein
carbonyls and chlorotyrosine levels.
2.12

IMMUNOFLUORESCENCE ANALYSIS OF HALOGENATED TYR
RESIDUES IN STIMULATED NEUTROPHILS

The location of halogenated Tyr residues in stimulated neutrophils was analysed by
immunofluorescence. After neutrophil stimulation, 50 µL aliquots were diluted into 950 µL of
ice-cold PBS at selected times. Neutrophil pellets were obtained by centrifugation (4,000 rpm, 4
minutes), resuspended in 500 µL of paraformaldehyde for 30 minutes to permeabilise the cells,
and then washed with PBS three times. If the cell nuclei were to be stained, neutrophils were
incubated with either 30 µg/mL propidium iodide (PI) or 10 µg/mL of Hoescht for 10 minutes
with rotation, and then washed with PBS three times. Neutrophils were cytospun for 5 minutes
at 250 rpm (Cytospin 3, Shandon Scientific Ltd., Runcorn, England) on to high-binding
microscope glass slides. In one experiment, PMA-treated cells labelled with PI, while control
neutrophils were not. Stimulated and unstimulated neutrophils were cytospun onto the same
microscope slide. Cell spots were air dried and then blocked with 5% (w/v) BSA in Tris
buffered saline (20 mM Tris, 130 mM NaCl pH 7.6) containing 0.1% (v/v) Tween 20 (TBST20)
for one hour with gentle rocking at room temperature. Subsequently, slides were washed three
times with TBST20. Cells spots were coated with 100 µL of the primary DiBrY monoclonal
antibody diluted 50-fold in TBST20, covered with a cover slip and incubated overnight in a
humidifying chamber at 4°C. The following day the slides were washed three times with
TBST20 before incubation with a 100-fold dilution of FITC-conjugated goat anti-rabbit
immunoglobulin G in TBST20 for one hour in the dark at room temperature. Again slides were
washed three times, and then air dried in the dark. Cover slips were mounted with an anti-fade
medium and the slides examined by fluorescence microscopy.
The neutrophils were then visualised by fluorescence microscopy with a 40× objective lens on a
Zeiss Axio Imager fluorescence microscope (Carl Zeiss MicroImaging GmbH, Göttingen,
Germany). Three excitation filters were used (Semrock BrightLine®; Semrock, Rochester, NY,
USA): standard DAPI (blue), FITC (green) and Texas Red (red) and differential interference
contrast (DIC) microscopy. Images were captured using AxioVision software (Carl Zeiss).

Chapter Two.
2.13

Methods

60

PROTEIN QUANTIFICATION

Protein concentration was measured using a Bio-Rad DC Protein Assay kit (Bio-Rad
Laboratories, Hercules, CA, USA) according to the manufacturer’s directions. Each sample (5
µL) was placed in a well of 96 well Falcon plate and incubated with 25 µL of reagent kit A΄ and
200 µL of reagent kit B. Absorbance was measured at 750 nm and a BSA standard curve was
used to calculate the protein concentration in the samples. BSA standards were prepared in the
same buffer as the samples to minimise any effect of buffer components (e.g. detergents or
protease inhibitors).
2.14
2.14.1

ELECTROPHORESIS AND WESTERN BLOTTING
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis

Electrophoresis was undertaken to analyse the purity of separated neutrophil fractions, isolated
phagosome fractions following phagocytosis of magnetic beads and myeloperoxidase (0.01
nmoles) after treatment with reagent hypochlorous acid. Sodium dodecyl sulphatepolyacrylamide gel electrophoresis (SDS-PAGE) was carried out based on the method of
Laemmli (310) using a Bio-Rad Mini-PROTEAN® 3 system (Bio-Rad Laboratories, Hercules,
CA, USA). Protein (10 µg) from neutrophil whole cell extracts or cellular fractions was
precipitated using trichloroacetic acid (TCA). The protein sample was incubated with 0.80
volumes of ice cold 28% (w/v) TCA on ice for 10 minutes. The precipitated protein was then
pelleted by centrifugation (13,000 g, 10 minutes, 4°C) and washed twice in ice-cold acetone.
After air drying, the pellets were resuspended in 15 µL non-reducing SDS sample buffer (63
mM Tris-HCl, pH 6.8, 20% (v/v) glycerol, 2% (w/v) SDS, 0.025% (w/v) bromophenol blue)
or reducing buffer which had additional 5% (v/v) β-mercaptoethanol. The samples were loaded
onto a 12% resolving gel with a 3% stacking gel. BenchmarkTM pre-stained and Mark12TM
unstained standard protein ladders (Invitrogen, Auckland, NZ) were included in each gel to
estimate molecular weight. SDS-PAGE was carried out at 200 V in a electrode running buffer
(40 mM Tris, 192 mM Gly, 0.1% (w/v) SDS, pH 8.3) for 45 minutes, or until the dye front had
reached the bottom of the gel.
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Silver staining

Silver staining was used to visualise the proteins following SDS-PAGE. Gels were fixed in a
50% ethanol and 10% acetic acid solution for 30 minutes with gentle rocking. Gels were then
washed with deionised water three times for 5 minutes. Gels were incubated in 1.3 mM sodium
thiosulfate for 2 minutes to oxidise the proteins, and then washed again before incubation in 12
mM silver nitrate solution with 0.075% (v/v) formaldehyde for 30 minutes. The gels washed
again and then developed in a solution of 0.6 M sodium carbonate, 0.26 mM sodium thiosulfate
and 0.05% (v/v) formaldehyde to visualise the proteins. Once proteins were visible the reaction
was stopped with 20 g/L EDTA. Images of the stained gels were captured on a BioRad Fluor-S
MultiImager using Quantity One 4.6.1 software (Bio-Rad Laboratories, Hercules, CA, USA).
2.14.3

Carbonyl western blotting of isolated phagosome fractions

Following phagocytosis of magnetic beads, isolated phagosome fractions were analysed for
protein carbonyls (311, 312). Protein (10 µg) from neutrophil whole cell extracts or cellular
fractions were prepared as for SDS-PAGE, but resuspended in 5 µL of PBS. The proteins were
derivatised by incubation with 5 µL of 12% SDS and 10 µL of 0.1 mM 2,4dinitrophenylhydrazine (DNP) in 10% TFA for 30 minutes at room temperature after thorough
vortexing. Samples were neutralised by addition of 10 µL of a 2M Tris/30% glycerol solution.
An equal volume of reducing sample buffer was added and proteins were separated by SDSPAGE. Following electrophoresis, the proteins were transferred onto Hybond-PTM PVDF
membrane for 45 minutes at 100 V (220-270 mA) in 4°C western blotting buffer (25 mM Tris,
192 mM Gly, 20% methanol, pH 8.3). The membranes were then blocked for 1 hour with PBS
containing 0.1% Tween 20 (PBST20) at room temperature with gentle rocking and then probed
with biotinylated anti-DNP-KLH rabbit IgG antibody at a 1:1,000 dilution in PBST20 for 1 h at
37°C. The membranes were washed three times with PBST20 for 5 minutes, after which they
were incubated with streptavidin-biotinylated horseradish peroxidase complex at 1:10,000
dilutions in PBST20 for 1 hour in the dark at room temperature. Blots were washed three times
with deionised water for 30 minutes and developed using the ECL western blotting detection
system, following the manufacturer’s instructions. Proteins were detected by a BioRad
Molecular Imager® FX (BioRad Laboratories, Hercules, CA, USA) at excitation 488 nm,
emission 530 nm. The images were captured using the Quantity One Imaging software.
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GC/MS ANALYSIS OF PROTEIN 3-CHLOROTYROSINE

Following phagocytosis, isolated neutrophil fractions were assessed for chlorinated Tyr
residues. Chlorination of S. aureus proteins after incubation with native and oxidatively-modified
myeloperoxidase was also assessed. Stable isotope dilution gas chromatography/mass
spectrometry (GC/MS) was used for analysis of protein 3-chlorotyrosine. The method was an
adaptation of the method used by Hazen et al. (220) as previously carried out in our laboratory
(3, 213). Briefly, samples containing ~40 µg of protein were desalted using Micro Bio-Spin 6
size exclusion columns (BioRad Laboratories, Hercules, CA, USA). Samples were transferred
into borosilicate glass (Kimble) tubes and internal standards were added. [13C9]-Tyr (6 nmoles)
and [13C9]-chlorotyrosine (6 pmoles) were added as internal standards to account for losses
during hydrolysis. [13C6]-Tyr (6 nmoles) was added to account for any artefactual chlorination
during sample preparation for GC/MS. The samples were dried under vacuum and then acidhydrolysed in 4 M methanesulfonic acid supplemented with 1% phenol. The aromatic amino
acids were concentrated using C18 Extract-Clean™ solid phase extraction columns and then
derivatised under nitrogen with boron trifluoride-propanol and trifluoroacetic acid anhydride to
acylate the amino and phenol groups, yielding volatile species able to be detected by GC/MS.
Samples were dissolved in 100 µL ethyl acetate and 2 µL was injected into a Hewlett Packard
6890 Gas Chromatograph equipped with a 30 m DB17 capillary column and interfaced to a
Hewlett Packard 5973 mass spectrometer. GC/MS analysis was carried out in negative-ion
chemical ionisation mode with selective-ion monitoring.
2.16

ELISA ANALYSIS OF PROTEIN CARBONYLS IN ISOLATED
NEUTROPHIL FRACTIONS

The extent of protein oxidation in isolated neutrophil fractions was determined by
measurement of protein carbonyls. Protein carbonyl concentrations were determined by an
enzyme-linked immunosorbent assay (ELISA) based on the method previously used in our
laboratory (311) but with the small protein concentration modifications as specified in Inder et
al. (312). Oxidized protein standards of human serum albumin and quality controls of human
heparinised plasma were prepared by reaction with hypochlorous acid and diluted with native
human serum albumin or human plasma to give standards between 0 and 1 nmol carbonyls/mg
protein. Neutrophil samples containing 20 µg protein were incubated with 0.80 volumes of ice
cold 28% (w/v) TCA on ice for 10 minutes. The precipitated protein was then pelleted by
centrifugation (13,000 g, 10 minutes, 4°C) and washed twice in ice-cold acetone. After air

Chapter Two.

Methods

63

drying, the pellets were resuspended in 5 µL PBS. The samples, protein standards and quality
controls were derivatised with 15 µL of 0.1 mM DNP in 6 M guanidine hydrochloride for 45
minutes. Samples were diluted to 1 mL with PBS and 200 µL aliquots of these solutions were
added to the wells of the ELISA microtitre plate and incubated overnight at 4°C. The ELISA
plate was washed three times with PBS and blocked with 200 µL of PBST20 for 30 minutes at
room temperature. The plate was washed three times with PBS and the adsorbed protein
probed with 200 µL of biotinylated anti-DNP antibody at a 1:1,000 dilution in PBST20 for 1
hour at 37°C. The plate was washed three times with PBS followed by incubation with 200 µL
of streptavidin-linked horseradish peroxidase at a 1:1,000 dilution in PBST20 for 1 hour at room
temperature. The plate was washed three times with PBS and then the adsorbed protein treated
with 200 µL of Chromatin reagent for approximately 4 minutes until positive wells developed a
blue colour. The reaction was stopped by addition of 100 µL of 2.5 M sulphuric acid resulting
in a colour change from blue to yellow and the absorbance read immediately on a SpectraMAX
190 plate reader at 450 nm. The oxidized protein standard curve was used to calculate the level
of protein carbonyls in the neutrophil samples.
2.17

SELECTED ION FLOW TUBE MASS SPECTROMETRY

Measurement of volatile ammonia chloramines released from amino acid and peptide
chloramines was conducted using Selected Ion Flow Tube Mass Spectrometry (SIFT-MS) with
the assistance of Senti Senthilmohan and Sunny Hu. The SIFT-MS instrument used is known as
the Voice100 (Syft Technologies Ltd, Christchurch, NZ) and has been described previously
(313). Monochloramine (1 mM) and dichloramine (10 mM) species of amino acids and small
peptides were prepared as described in 2.3.1 with continuous mixing in a volume of 5 mL and
sealed in 125 mL screw-top vials with TFE/silicone liners. The volatile substances ammonia
(NH3) (17 m/z), ammonia monochloramine (NH2Cl) (51, 53 m/z) and ammonia dichloramine
(NHCl2) (85, 87, 89 m/z) were monitored continuously by SIFT-MS from the headspace above
the liquid samples at 22oC, as previously described (314), prior to addition of hypochlorous acid
and for a minimum of 10 minutes after the addition of hypochlorous acid. Samples of
hypochlorous acid, NH2Cl and NHCl2 (1 mM) were also tested as controls. The samples were
mixed continuously by stirring.
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Ion-molecule reactions of chloramines with O2+ and H3O+.

Table derived from (314). The reagent ions O2+ and H3O+ react with the volatile chloramines in the
flow tube reactor to form specific product ions. The ions are then detected by mass in the quadrupole
mass filter allowing the volatile chloramines to be identified.

Chloramine

Reagent ion

Product ions

m/z

Abundance
ratio

NH2Cl

O 2+

H2NCl35+

51

0.75 (3)

37+

H2NCl
NH2Cl
NHCl2

H3O

+

O 2+

53

0.25 (1)

35+

H2NHCl

52

0.75 (3)

H2NHCl37+

54

0.25 (1)

HNCl235+

85

0.56 (9)

87

0.38 (6)

89

0.06 (1)

HNHCl

86

0.56 (9)

HNHCl235Cl37+

88

0.38 (6)

HNHCl237Cl37+

90

0.06 (1)

HNCl235Cl37+
37
2

37+

HNCl Cl
NHCl2

H3O

+

35+
2

In the SIFT-MS, volatile compounds in air are identified by soft chemical ionisation reactions
occurring in a flow tube reactor. O2+ and H3O+ reagent ions (Table 2.2) were selected using a
quadrupole mass filter into the flow tube and then reacted with volatile compounds introduced
from the headspace of samples at approximately 1.94 TorrLs–1. Reagent and product ions were
carried along the reactor by a stream of helium and argon against a pressure gradient by utilizing
a venturi orifice (315). The ion reagents and products were analyzed by a second quadrupole
mass filter and counted by a continuous dynode type particle multiplier. Henry’s Law Constant
(H, distribution coefficient) was used to calculate the concentration of NH2Cl ([kH/(mol L-1
atm-1)] = 94) and NHCl2 ([kH/(mol L-1 atm-1)] = 29 ) in solutions containing the chlorinated
amino acids and peptides (316).
2.18

LC/MS DETECTION OF CHLORAMINE DECAY PRODUCTS

The products of the decay of Glu-Val-Phe dichloramine were separated by reverse phase-high
pressure liquid chromatography (RP-HPLC) on a Thermo Corp. Hypercarb column (particle
size 5 µm, 100 × 2.1 mm) (Phenomenex, Torrance, CA) using a Surveyor HPLC Pump
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(Thermo Corp., San Jose, CA). The column was maintained at 30°C. The products were eluted
at a flow rate of 200 µL/min using a linear gradient of two solvents: solvent A (0.1% formic
acid) and solvent B (50% acetonitrile, 50% isopropanol, 0.1% formic acid). The gradient was as
follows: 0–20 minutes, increased solvent B from 0 to 100%; 20–21 minutes, maintained solvent
B at 100%; 21–30 minutes, decreased solvent B to 0%. The injection volume was 20 µL.
Breakdown products of Asp-Phe-methyl ester dichloramine were separated on a Jupiter proteo90A column (particle size 4 µm, 150 × 2.0 mm) (Phenomenex, Torrance, CA) using a Surveyor
HPLC Pump (Thermo Corp., San Jose, CA). The column was maintained at 30°C. The
products were eluted at a flow rate of 200 µL/min using an isocratic elution with 35%
acetonitrile, 0.1% formic acid. The injection volume was 10 µL. The HPLC was coupled to an
ion-trap mass spectrometer (ThermoFinnigan LCQ Deca XP Plus, Thermo Corp.) equipped
with an electrospray ionisation source. The mass spectrometer was operated with positive
ionisation using full scan mode (scan range 100-1,000 m/z) and selected ion monitoring. The
electrospray voltage was set at 5.0 kV. The capillary temperature was 275°C. Nitrogen was used
as the sheath gas and set at 47 instrument units. The collision gas was helium. Selected ion
monitoring was performed with collision energy of 35%. Breakdown products of Glu-Val-Phe
dichloramine (10 mM) were also analysed by direct infusions of the solutions into the mass
spectrometer. The solutions were diluted 100 fold and injected at a flow rate of 5 µL/min into a
200 µL/min stream of 50% acetonitrile, 0.1% formic acid.
The products of the decay of Asn monochloramine and dichloramine were separated on a Luna
CN 100A column (particle size 5 µm, 150 × 2.0 mm) (Phenomenex, Torrance, CA) using a
Surveyor HPLC Pump (Thermo Corp., San Jose, CA). The column was maintained at 22°C.
The products were eluted at a flow rate of 200 µL/min using an isocratic method: 95% solvent
A (10 mM ammonium acetate, pH 6.8) and 5% solvent B (acetonitrile). The injection volume
was 20 µL.
The HPLC was coupled to an ion-trap mass spectrometer (ThermoFinnigan LCQ Deca XP
Plus, Thermo Corp.) equipped with an electrospray ionisation source. The mass spectrometer
was operated with positive ionisation using full scan mode (scan range 100-1,000 m/z) and
selected ion monitoring. The electrospray voltage was set at 5.0 kV. The capillary temperature
was 275°C. Nitrogen was used as the sheath gas and set at 35 instrument units. Selected ion
monitoring was performed with collision energy of 28%.
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ISOLATION OF CAROTENOIDS FROM S. aureus
Culture of S. aureus for carotenoid purification and assessment

For purification of staphyloxanthin, approximately 500 mL of sterile 3% (w/v) trypticase soy
broth was inoculated with a single colony of S. aureus strain 502a and incubated with shaking
(200 rpm) at 37°C for 40 hours to allow time for development of the carotenoid. For
experiments where staphyloxanthin content of S. aureus was analysed, 5 mL volumes were
prepared. As described previously in section 2.8.1, bacteria were harvested and washed three
times by centrifugation at 1,500 g for 4 minutes followed by resuspension in HBSS.

2.19.2

Initial purification of staphyloxanthin after hypochlorous acid
treatment of S. aureus

S. aureus 502a (2×108) were vortexed with various concentrations of hypochlorous acid in a
volume of 1 mL and incubated for 5 minutes at room temperature. After incubation,
thiodiproponoic acid (100 µmol) was added to scavenge hypochlorous acid, then a 10 µL
aliquot was removed and bacteria were diluted and plated to assess viability.
Total bacterial carotenoids were extracted using chloroform/methanol. Remaining bacteria
were pelleted at 1,700 g for 4 minutes. A 1:2 mixture of chloroform (CHCl3)/methanol
(MeOH) was added (2 mL) and the pellet transferred to a tapered end glass tube. The sample
was vortexed, before addition of 1 mL 100 mM magnesium chloride (MgCl2) and further
vortexing. The mixture was centrifuged at 800 g for 2 minutes at 4ºC to separate the organic
and aqueous layers (Figure 2.1). The upper aqueous layer was discarded.

MeOH/MgCl2
Lipid/protein
Carotenoid in
CHCl3

Figure 2.1

Chloroform/methanol extraction of staphyloxanthin.

Chapter Two.

Methods

67

The organic layer was transferred to a new tube to separate from bacterial proteins, which were
between the aqueous and organic layers, and the chloroform/methanol and salt wash step
repeated. The organic layer was washed again with 100 mM magnesium chloride, separated and
then dried under vacuum. The samples were resuspended in 0.5 mL chloroform and the
carotenoids content analysed by UV/visible spectroscopy in the range between 250 and 650 nm
in an Agilent 8453 UV-visible diode array spectrophotometer.
2.19.3

Purification of staphyloxanthin and 4,4’-diaponeurosporenoic acid

A large culture (~400 mL) of S. aureus was prepared and then bacteria were pelleted in 50 mL
Falcon tubes by centrifugation at 1,500 g for 20 minutes at room temperature. The supernatant
was decanted off and bacterial pellets washed twice with 10 mM PBS, pH 7.4 (30 mL). Total
carotenoids were extracted using the chloroform/methanol method described above. To
extract all the carotenoids a further 4 mL of the 1:2 mixture of chloroform/methanol was
added to the protein layer, vortexed, washed with 2 mL 100 mM magnesium chloride,
centrifuged and the wash step repeated again. All the organic layers containing the extracted
carotenoids were combined and 200 µL of 10% (w/v) butylated hydroxyanisole (BHA) was
added to prevent oxidation of the bacterial carotenoids. The extract was then dried in the dark,
under vacuum at the lowest temperature setting. Carotenoids were dissolved in a small volume
of acetone and stored under nitrogen at 4°C, in the dark until required.
The carotenoid extract was initially purified by chromatography with a silica 60 column in a
method based on that of Pelz et al. (281). Silica (50 g) was pre-wet with ethyl acetate and loaded
into a glass chromatography column covered with foil to minimise exposure to light. The
column was conditioned with 40 mL of ethyl acetate, and then the carotenoid extract loaded in
ethyl acetate supplemented with 10% petroleum ether. Non-polar compounds were washed
from the column by a total addition of 25 mL of ethyl acetate: petroleum ether (80:20). Polar
carotenoids, including staphyloxanthin were eluted into separate fractions by addition of ten 5
mL volumes of ethyl acetate. Fractions were dried in the dark, under vacuum at the lowest
temperature setting.
Staphyloxanthin and 4,4’-diaponeurosporenoic acid were then further purified by a method
based on that of Pelz et al. (281). The carotenoid fractions were separated by RP-HPLC on an
analytical reverse-phase Develosil RP-Aqueous C30 column (particle size 5 µm, 250 × 4.6 mm)
(Phenomenex, Torrance, CA) using a Water 2690 HPLC attached to a Waters 996 photodiode
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array with UV detection between 350 and 600 nm. The products were eluted at a flow rate of
0.8 mL/min using a linear gradient of two solvents: solvent A (90% acetone) and solvent B
(100% acetone). The gradient was as follows: 0–30 minutes, increased solvent B from 0 to
100%; 30–35 minutes, maintained solvent B at 100%; 35–36 minutes, decreased solvent B to
0%; 36–45 minutes, re-conditioned column with 100% solvent A. The injection volume was
100

µL.

The

major

carotenoid

peaks

representing

staphyloxanthin

and

4,4’-

diaponeurosporenoic acid (as determined by comparison to known UV spectra) were manually
collected. 4,4’-Diaponeurosporenoic acid eluted at 12.5 minutes and staphyloxanthin eluted at
16.5 minutes. Carotenoids were dried in the dark, under vacuum at the lowest temperature
setting and stored in a small volume of acetone under nitrogen at 4°C, in the dark.
2.20
2.20.1

ANALYSIS OF CAROTENOIDS FROM S. aureus
LC/MS confirmation of staphyloxanthin and 4,4’-diaponeurosporenoic acid

Staphyloxanthin and 4,4’-diaponeurosporenoic acid were separated on a Develosil RP-Aqueous
C30 column (particle size 5 µm, 250 × 4.6 mm) (Phenomenex, Torrance, CA) using a Surveyor
HPLC Pump (Thermo Corp., San Jose, CA). The column was maintained at room temperature.
The products were eluted at a flow rate of 0.8 mL/min using a linear gradient of two solvents:
solvent A (90% acetone) and solvent B (100% acetone). The gradient was as follows: 0–25
minutes, increased solvent B from 0 to 100%; 25–35 minutes, maintained solvent B at 100%;
35–37 minutes, decreased solvent B to 0%; 37–45 minutes, re-conditioned column with 100%
solvent A. The injection volume was 50 µL.
The HPLC was coupled to an ion-trap mass spectrometer (ThermoFinnigan LCQ Deca XP
Plus, Thermo Corp.) equipped with either an atmospheric pressure chemical ionisation source
(APCI) or an electrospray ionisation source (ESI). For APCI the mass spectrometer was
operated with positive ionisation using full scan mode (scan range 100-1,000 m/z) and selected
ion monitoring. The corona discharge needle was set at 3.0 kV. The capillary temperature was
375°C. Nitrogen was used as the sheath gas and set at 45 instrument units. Selected ion
monitoring was performed with collision energy of 35%. For ESI the mass spectrometer was
operated with positive ionisation using full scan mode (scan range 100-1,000 m/z) and selected
ion monitoring. The electrospray voltage was set at 4.5 kV. The capillary temperature was
300°C. Nitrogen, the sheath gas, was 45 in units. The collision gas was helium. Staphyloxanthin
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was also analysed by direct infusions into the mass spectrometer. The solutions were diluted
100 fold and injected at a flow rate of 5 µL/min into a 200 µL/min stream of 90% acetone.
Tandem mass spectrometry was performed with varying collision energies (CE) in order to
obtain the optimal signal.
2.20.2

Determination of extinction coefficients of staphyloxanthin and 4,4’diaponeurosporenoic acid in acetone

As HPLC analysis of carotenoids was conducted in acetone, the extinction coefficient of
staphyloxanthin and 4,4’-diaponeurosporene in acetone was determined, as this has not been
previously published in the literature. The extinction coefficients for 1% solutions of
staphyloxanthin and 4,4’-diaponeurosporene in petroleum ether are ε462 = 1 920 cm–1 and ε435 =
3 905 cm–1, respectively (280). The absorbance of stock solutions of staphyloxanthin (MW 818.3
gmol-1) and 4,4’-diaponeurosporenoic acid (MW 432.3 gmol-1) in petroleum ether and acetone
were compared in order to calculate the extinction coefficients of the carotenoids in acetone.
Using Beer’s Law, the concentration of stock solutions of both staphyloxanthin and 4,4’diaponeurosporene in petroleum ether were calculated from the average of three different
dilutions (1%, 4% and 6% solutions). The carotenoid stock solutions were then diluted similarly
in acetone and the absorbances measured. Shifts in the baseline readings at 370 nm between
petroleum ether and acetone were also recorded and taken into account for extinction
coefficient calculations. Using the known concentrations of the carotenoid stock solutions, the
extinction coefficients in acetone were back-calculated. Extinction coefficients for
staphyloxanthin and 4,4’-diaponeurosporene in acetone were determined to be ε465 = 306,000
M–1cm–1 and ε455 = 301,000 M–1cm–1, respectively.
2.21
2.21.1

OXIDATION OF STAPHYLOXANTHIN
Determination of second-order rate constants between
staphyloxanthin and hypochlorous acid

For staphyloxanthin, stock was stored in acetone. The concentration was calculated from the
extinction coefficient of staphyloxanthin (Methods section 2.20.2). Reactions were monitored
in 10 mM PBS, pH 7.4, 22ºC, with 10% acetone in a final volume of 20 µL at 465 nm (Implen
Nanophotometer

UV-visible

spectrophotometer

with

1

mm

path

length).

Stock

staphyloxanthin in acetone was diluted in PBS to give a final concentration of 5 µM. Reactions
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were begun by adding hypochlorous acid dropwise while vortexing to staphyloxanthin at final
concentrations between 0.8 and 16 µM. Decay curves of the observed loss in staphyloxanthin
absorbance were recorded at 465 nm.
2.21.2

Treatment of staphyloxanthin with oxidants

Staphyloxanthin (6 pmoles or 60 nM) was reacted with varying concentrations of hypochlorous
acid, NH2Cl, NHCl2 and hydrogen peroxide by dropwise addition of the oxidants while
vortexing in 10 mM PBS, pH 7.4, 22ºC, with 10% acetone in a total volume of 100 µL. The
reactions were incubated at room temperature for 20 minutes. A two-fold excess of Met was
added to stop the reactions with the reactive chlorine species. The reactions with hydrogen
peroxide were stopped by addition of 5 µL of 20 mg/mL catalase. The reaction mixtures were
separated by RP-HPLC as described in 2.19.3 and the percentage peak area of staphyloxanthin
(465 nm) determined for each compared to control.
2.21.3

Treatment of S. aureus with oxidants

S. aureus (2×109) cultured for staphyloxanthin assessment were reacted with varying
concentrations of hypochlorous acid, NH2Cl, NHCl2, hydrogen peroxide, taurine
monochloramine, taurine dichloramine, Gly-Asp monochloramine and Gly-Asp dichloramine
by dropwise addition of the oxidants while vortexing in 10 mM PBS (pH 7.4) in a total volume
of 1 mL. The reactions were incubated at 37ºC for 20 minutes. A two-fold excess of Met was
added to stop the reactions with the reactive chlorine species. The reactions with hydrogen
peroxide were stopped by addition of 100 µL of 20 mg/mL catalase. After incubation, a 10 µL
aliquot of bacteria was diluted and plated to assess viability, as described previously. Remaining
bacteria were pelleted by centrifugation and the carotenoids extracted with chloroform and
methanol. Samples were separated by RP-HPLC as described in 2.19.3 and the percentage peak
area of staphyloxanthin (465 nm) and 4,4’-diaponeurosporenoic acid (455 nm) determined
compared to control.
2.21.4

Treatment of S. aureus clinical isolates with hypochlorous acid

S. aureus clinical isolates (12) were obtained from Canterbury District Health Laboratories with
the assistance of Professor David Murdoch, HOD Pathology, University of Otago,
Christchurch. The staphyloxanthin content of S. aureus clinical isolates was determined by RP-
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HPLC as described in 2.19.3. The isolates were then treated with a single dose of reagent
hypochlorous acid to determine if there was a relationship between staphyloxanthin content
and viability. S. aureus clinical isolates (2×109) cultured for staphyloxanthin assessments were
reacted with 100 µM hypochlorous acid by dropwise addition of the oxidant while vortexing in
a total volume of 1 mL. The reactions were incubated at 37ºC for 20 minutes. A two-fold
excess of Met was added to stop the reactions. After incubation, a 10 µL aliquot of bacteria was
diluted and plated to assess viability, as described previously. Remaining bacteria were pelleted
by centrifugation and the carotenoids extracted with chloroform and methanol. Samples were
separated by RP-HPLC as described in 2.19.3 and the percentage total carotenoid peak area
(465 nm) determined compared to control bacteria of each isolate.
2.21.5

Bacterial phagocytosis by neutrophils

Control tubes containing neutrophils or bacteria only were prepared for comparison of peaks
detected by RP-HPLC on assessment of staphyloxanthin and to account for any bacterial
growth over the incubation period.
For assessment of bacterial viability, 10 µL aliquots were diluted into 990 µL of ice-cold PBS.
Neutrophils and bacteria were pelleted by centrifugation at 1,500 g for 4 minutes and then
washed twice more with 1 mL PBS. The final neutrophil and bacteria pellet was lysed by
resuspending in 2.5 mL of room temperature water adjusted to pH 11 with a drop of NaOH.
After 5-10 minutes, resuspended pellets were vortexed vigorously for 5-10 seconds to release
ingested bacteria from the lysed neutrophil debris. The resuspended pellet (containing ingested
and un-ingested bacteria) were diluted as required in pH 11 water and plated onto sheep blood
agar. Colonies that grew overnight at 37°C were counted.
For assessment of the staphyloxanthin content of bacteria, carotenoids were extracted and
separated by RP-HPLC as described in 2.19.3. The percentage peak area of staphyloxanthin
(465 nm) was determined by comparison to DPI treated neutrophils.
2.22

STATISTICS

Data presented throughout are given as means ± standard error of the mean (SEM) unless
otherwise specified. Differences between two groups were compared by using paired or
unpaired Student's t-tests. Multiple comparisons were performed by using analyses of variance
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(ANOVA). The Bonferroni adjustment was used for post hoc testing of differences among
groups within each analysis. In instances where comparisons between multiple sets of paired
data was required, but the data sets contained a different number of values, multiple paired ttests were carried out instead of an ANOVA for repeated measures. Analyses were carried out
using the SigmaStat software package from Jandel Scientific (SPSS Science, Chicago, IL) or the
statistical software included in SigmaPlot 11.0 software (Systat Software, San Jose, CA, USA).
The differences were considered statistically significant when the p-value was <0.05.

CHAPTER THREE
LOCATION OF OXIDATION & CHLORINATION INSIDE THE
PHAGOCYTOSING NEUTROPHIL
3.1

BACKGROUND

One of the main goals of researchers within this field has been to determine whether the potent
antimicrobial agent hypochlorous acid is responsible for the demise of ingested
microorganisms. The chlorinating ability of phagocytosing neutrophils was first demonstrated
in 1975, by the incorporation of 36Cl during and after the engulfment of bacteria (317). Progress
since has been slow and complicated, mainly due to the inaccessibility of the phagosomal
compartment and the high reactivity of hypochlorous acid. However, due to advances in
chemical analysis techniques within the last 15 years, several studies have been able to provide
direct evidence for the reaction of hypochlorous acid with substrates contained within the
neutrophil phagosome (3, 143, 294-296).
These analyses have been possible due to the discovery of specific and stable products formed
from the reaction of hypochlorous acid with Tyr residues, 3-chlorotyrosine and 3,5dichlorotyrosine (Figure 3.1) (221). Both of these chlorinated compounds are excellent
biomarkers for hypochlorous acid as they are formed specifically after treatment with this
oxidant, despite being minor products of the reaction of hypochlorous acid with proteins (318).
Other potential marker compounds are carbonyls, Met sulphoxide, cysteic acids and di-Tyr.
However these can be produced by a range of oxidants and so cannot be used specifically to
detect reactivity of hypochlorous acid. 3-Chlorotyrosine and 3,5-dichlorotyrosine can be
detected using a highly sensitive and accurate stable isotope dilution gas-chromatography-mass
spectrometry assay. This analysis has the ability to detect low quantities of both chlorinated Tyr
residues, to an accuracy of as low as approximately ten per million Tyr residues (220).
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3,5-dichlorotyrosine

Chemical structures of chlorinated Tyr residues.

Of the five studies which have detected hypochlorous within the neutrophil phagosome, three
of these have utilised analysis of 3-chlorotyrosine in order to quantify the reaction of
hypochlorous acid with various phagocytosed microorganisms (S. aureus (3), E. coli (295) and P.
aeruginosa (296)). All three studies detected similar levels of bacterial Tyr chlorination. To verify
that the 3-chlorotyrosine measured was of bacterial origin, Chapman and Painter grew bacteria
in media containing [13C6] isotopically labelled Tyr to distinguish bacterial proteins from [12C6]Tyr residues from neutrophil proteins. However only one group attempted to determine if the
extent of chlorination was the same as if hypochlorous acid were the only agent responsible for
bacterial killing (3). The results showed that only half the amount of chlorination was detected
in bacteria compared to that required for complete killing by reagent hypochlorous acid.
In a second twist, the same study revealed that neutrophil proteins are also extensively
chlorinated upon phagocytosis of S. aureus (3). In fact, neutrophil proteins were found to be the
primary target for hypochlorous acid, with 94% of the chlorination occurring on neutrophil
proteins, and only 6% on bacterial proteins. This was not due to the preferential reaction of
hypochlorous acid with neutrophil proteins as bacterial proteins were chlorinated approximately
twice as efficiently. Formation of chlorotyrosines was dependent on a functional NADPH
oxidase and myeloperoxidase, and was unaffected by extracellular scavengers of hypochlorous
acid. These findings suggested that intracellular chlorination of the neutrophil’s own
components is a significant consequence of bacterial phagocytosis. This discovery is consistent
with other studies investigating iodination by stimulated neutrophils where most of the
iodinated proteins were derived from the specific and azurophilic granules(298, 299). These
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results suggested that hypochlorous acid may not kill ingested bacteria directly; raising the
possibility that hypochlorous acid could interact with other neutrophil processes to allow for
effective bacterial killing.
The objective of this chapter was to delve deeper into the process of neutrophil protein
chlorination by identifying where protein chlorination occurs within the phagocytosing
neutrophil. It was hypothesized that if chlorination occurred in locations other than the
neutrophil phagosome, this would strongly indicate that chlorination of neutrophil proteins
may not simply be a result of excessive generation of hypochlorous acid in the phagosome.
Identification of the locales for general protein oxidation was also investigated in order to
determine if oxidants other than hypochlorous acid are likely to be significant products of the
neutrophil respiratory burst.
3.1

EXPERIMENTAL APPROACH

Initially, a new antibody for dihalogenated Tyr residues (3,5-dichlorotyrosine, 3,5dibromotyrosine and 3,5-diiodotyrosine) (Methods 2.12) was utilised to gain a visual impression
of the location of halogenation reactions in neutrophils stimulated with PMA as well as with S.
aureus (319).
To further probe the location of chlorination and oxidation reactions in the neutrophil, it was
necessary to separate the cytoplasm from intact phagosomes and neutrophil granules.
Traditionally this was accomplished by placement of cells in a pressurised nitrogen cavitation
apparatus to lyse the neutrophil plasma membrane, without disruption of the granule and
phagosomal membranes (Methods 2.11). As nitrogen enters the chamber the pressure increases
such that the nitrogen gas dissolves into the neutrophil cytoplasm under controlled high
pressure. When the pressure is suddenly released the cells leave the cavitation device via a valve
going from 375 psi to atmospheric pressure. This causes the nitrogen to come out of solution
through formation of nitrogen gas bubbles, resulting in a gentle, uniform breakage of the
neutrophil plasma membrane (307). The plasma membrane reseals into neutrophil plasma
vesicles, while the more robust phagosomal and granule membranes are unaffected as long as
the cavitation pressure does not exceed 380 psi (320).
Following this, a well-documented percoll or sucrose density gradient is often employed to
separate the neutrophil cell compartments by density fractionation (28). The percoll density
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gradient method was used to separate the neutrophil cell components prior to analysis of the
neutrophil fractions for levels of chlorination and general protein oxidation. However, the
percoll density gradient method was both lengthy and impractical due to the very large numbers
of neutrophils required to obtain a useful quantity of protein in each fraction for subsequent
assays. This was particularly an issue when multiple replicates and treatments were required to
analyse the effects of a range of inhibitors.
As an alternative, a method incorporating techniques designed by another two members of our
laboratory, Jessie Green and Rachel Wilkie, was used (Figure 3.2). Magnetic beads coated in
protein A, a protein found of the surface of S. aureus, were opsonised and then incubated with
neutrophils (Methods 2.10.3). Following nitrogen cavitation and lysis of the neutrophil plasma
membrane these beads enabled separation of magnetic bead-containing phagosomes from the
rest of the neutrophil by simple use of a magnet. The nuclear debris and granules were then
isolated from the remaining neutrophil lysate by a simple differential centrifugation procedure,
leaving the neutrophil cytoplasm in the supernatant (Methods 2.11).

Figure 3.2

Diagrammatic summary of method for isolating neutrophil
phagosomes.
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Each neutrophil fraction collected was assessed for levels of protein chlorination by an isotope
dilution gas chromatography-mass spectrometry assay for [12C6]-Tyr residues and [12C6]chlorinated Tyr residues (Methods 2.15). Comparison of the relative levels of chlorination in
each neutrophil fraction was used to determine which compartments had been exposed to the
greatest concentration of hypochlorous acid.
The amount of general protein oxidation in each cell compartment was also determined by
assaying for protein carbonyls by an enzyme-linked immunosorbent assay (ELISA) (Methods
2.16). Samples were treated with dinitrophenyl hydrazone (DNP), which reacts specifically with
aldehyde and ketone moieties, and then adsorbed onto an ELISA plate. Biotinylated anti-DNP
antibodies were bound to the carbonyl-DNP adducts and then visualised by use of streptavidinlinked horseradish peroxidase (311). Assessment of protein oxidation in comparison to sites of
hypochlorous acid generation, and assessment of oxidation of phagosomal proteins was made
via western blotting.
3.2
3.2.1

RESULTS
Visualisation of protein halogenation in PMA-stimulated neutrophils

Neutrophils were stimulated with the soluble stimulus PMA and subsequently incubated with a
monoclonal antibody to dihalogenated Tyr residues (319). This was followed by a secondary
antibody conjugated to fluorescein isothiocyanate (FITC) for visualisation of halogenated
proteins within the neutrophils.
Visual comparison and evaluation of the relative levels of fluorescence between microscope
slides can be difficult. Thus, to confidently assess the effect of PMA on the intensity of
fluorescence, the nuclei of PMA-treated neutrophils were stained with propidium iodide to
distinguish them from unstimulated neutrophils. Both PMA-treated and control neutrophils
were cytospun onto the same slide and then incubated with the antibodies (Figure 3.3).
As shown in Figure 3.3 (B), PMA-stimulated neutrophils showed visible red fluorescence in the
nuclear region due to the propidium iodide stain, clearly indicating their position and
differentiating them from unstimulated neutrophils. Under white light PMA-stimulated
neutrophils were also able to be distinguished from control neutrophils by their typically
condensed nuclei and compacted appearance (Figure 3.3 (D)) (321, 322).
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D

Figure 3.3

Immunofluorescence staining of di-halogenated Tyr residues in
PMA-stimulated neutrophils.

Isolated peripheral blood neutrophils were incubated in the presence or absence of 100 ng/mL of the
soluble stimulus PMA for 30 minutes at 37ºC, as described in Methods section 2.9.1, and then put on
ice. Subsequently, neutrophils were fixed with 4% paraformaldehyde and then PMA-treated cells were
incubated with 30 µg/mL propidium iodide (PI) to stain the nucleus, while control neutrophils were not.
Stimulated and unstimulated neutrophils were cytospun onto the same microscope slide. Cells were
incubated with an antibody to di-halogenated Tyr residues, followed by a secondary FITC-conjugated
antibody, and then visualised under a fluorescent microscope as described in the Methods section 2.12.
(A) Image showing green FITC fluorescence, indicating staining of dihalogenated Tyr residues in PMAstimulated neutrophils, whereas unstimulated neutrophils show negligible fluorescence. (B) Image
showing red PI fluorescence in the nucleus, indicating the position of PMA-stimulated neutrophils
compared to unstimulated neutrophils. (C) Merged image of (A) and (B) showing PMA-stimulated
neutrophils have both FITC and PI staining, whereas unstimulated neutrophils do not. (D) Image
captured from the same field under white light showing the PMA-stimulated neutrophils are more
condensed compared to unstimulated neutrophils. These photographs are representative of three
experiments.
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Propidium iodide-stained neutrophils displayed substantially brighter green FITC fluorescence
compared to the negligible fluorescence of unstimulated neutrophils. This was due to binding
of the primary antibody to dihalogenated Tyr residues. This indicates that neutrophil proteins
were substantially halogenated when the oxidative burst was initiated with PMA, but were not
under control conditions. Green fluorescence was not due to contamination by the red
fluorescence as the neutrophil nuclei did not appear green.

A

B

C

D

PMA

PMA
+
DPI

Figure 3.4

Immunofluorescence staining of di-halogenated Tyr residues in
PMA-stimulated neutrophils.

Isolated peripheral blood neutrophils were incubated with 100 ng/mL PMA for 30 minutes at 37ºC,
either in the presence or absence of 10 µM diphenyleneiodonium (DPI) and then put on ice.
Subsequently, they were treated with 4% paraformaldehyde and then incubated with 40 µg/mL blue
Hoechst dye to stain the nuclear regions. Cells were cytospun onto microscope slides and incubated
with an antibody to di-halogenated Tyr residues, as described in Figure 1.3. (A) Image captured under
white light showing the PMA-stimulated neutrophils. (B) Image showing blue Hoechst fluorescence,
indicating staining of the neutrophil nuclei. (C) Image showing green FITC fluorescence, indicating
localised regions of staining of dihalogenated Tyr residues in PMA-stimulated neutrophils, whereas
neutrophils stimulated in the presence of DPI show negligible fluorescence. (D) Merged image of (A),
(B) and (C). These photographs are representative of two experiments.

Formation of dihalogenated Tyr residues was dependent on a functional NADPH oxidase
enzyme and its oxidative burst (Figure 3.4). Neutrophils were pre-incubated with DPI, an
inhibitor of the NADPH oxidase, prior to the addition of the soluble stimulus PMA. Compared
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to neutrophils incubated only with PMA, in the presence of the inhibitor there was very little
detectable green fluorescence, consistent with inhibition of dihalogenated Tyr formation.
Interestingly, green fluorescence in PMA-treated cells showed a distinctive punctate
appearance, indicative of localised generation of hypochlorous acid within the cells (Figure 3.4).
3.2.2

Visualisation of protein halogenation in neutrophils incubated with
S. aureus

Incubation of neutrophils with serum-opsonised S. aureus also resulted in localised green
fluorescence, as illustrated in Figure 3.5. Fluorescence corresponded to regions within the
neutrophil cytoplasm where S. aureus has been ingested by the neutrophil, as indicated by colocalisation of bacterial nuclei stained with Hoescht dye with regions of green fluorescence.
This indicates that halogenation occurred around the bacteria, within the phagosomal
compartments. Green fluorescence was not due to contamination of the fluorescence channel
with the blue fluorescence of the Hoescht dye, as the neutrophil nuclei did not appear green.

A

Figure 3.5

B

C

Immunofluorescence staining of di-halogenated Tyr residues in
phagocytic neutrophils.

Isolated peripheral blood neutrophils were incubated with 20 S. aureus per neutrophil for 30 minutes at
37ºC, and then put on ice. Subsequently, the phagocytic neutrophils were prepared for visualisation
under a fluorescent microscope as described in Figure 3.4. (A) Image showing blue Hoechst
fluorescence, indicating staining of the nucleus of both neutrophils and S. aureus. (B) Image showing
green FITC fluorescence indicating dihalogenated Tyr residues in phagocytic neutrophils. (C) Merged
image of (A) and (B) showing co-localisation of the nuclei of S. aureus and dihalogenated Tyr residues,
whereas neutrophil nuclei have negligible green fluorescence. These photographs are representative of
five experiments.
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Incubation of neutrophils with magnetic beads

Neutrophils were incubated in the presence of magnetic beads opsonised with serum at a ratio
of five beads per cell. To assess the extent of phagocytosis during the incubation images of
phagocytic neutrophils were prepared via bright field microscopy. Although the ability of free
beads to adhere to the glass slide was not assessed, Figure 3.6 shows that neutrophils were able
to phagocytose magnetic beads within 5 minutes. Almost all beads appeared to be engulfed
within 10 minutes, and complete phagocytosis occurred inside 30 minutes, as no free beads
were visible. It was notable that neutrophils did not phagocytose equal numbers of magnetic
beads. Some cells remained void of beads even after a 30 minute incubation period, while
others contained up to a maximum of 15 magnetic beads.

A

Figure 3.6

B

C

Phagocytosis of magnetic beads by neutrophils with time.

Isolated peripheral blood neutrophils were incubated with five serum opsonised magnetic beads per
neutrophil for 30 minutes at 37ºC, as described in Methods section 2.9.3, and then put on ice.
Subsequently, the phagocytic neutrophils were cytospun onto microscope slides and stained with DiffQuik (hematoxylin and eosin stain). Cells were visualised under a bright field microscope at 40×
magnification as described in Methods section 2.10.4. After (A) 5 minutes a proportion of, but not all,
beads were phagocytosed. After (B) 10 minutes and (C) 30 minutes all magnetic beads were
phagocytosed. These photographs are from one experiment.

As shown in Figure 3.7 (B), electron microscopy of phagocytic neutrophils revealed magnetic
beads within phagosomes as circular, electron-dense objects. By comparison to control
neutrophils, the characteristic loss of granules from the cytoplasm in phagocytic neutrophils
was apparent due to degranulation into the phagosomal compartment (Figure 3.7 (A) and (B)).
Phagosomes containing magnetic beads were isolated following nitrogen cavitation using a
magnet. Figure 3.7 (C) shows an isolated phagosome with an intact membrane surrounding a
singular bead. Also contained within phagosomes were electron-dense clumps of flocculent
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material that seemed to be derived from fusion of neutrophil granules with the phagosome
(Figure 3.7 (B) and (C)).
3.2.4

Isolation of neutrophil phagosomes, granules and cytoplasm

A

B

C

Figure 3.7

Phagocytosis of magnetic beads by neutrophils and isolation of
intact phagosome.

Transmission electron microscope images of isolated peripheral blood neutrophils (A) before and (B)
after phagocytosis of serum opsonised magnetic beads at 37ºC. (C) Intact neutrophil phagosomes were
isolated by rupture of the plasma membrane of neutrophils by nitrogen cavitation and subsequent
removal of magnetic bead-containing phagosomes with a magnet. Samples were kindly prepared for
electron microscopy and images taken by Stephanie Neal, Department of Pathology, University of
Otago, Christchurch, New Zealand.

In order to analyse the phagosomes, granules and cytoplasm of neutrophils separately, the cells
were subjected to nitrogen cavitation. Inspection by light microscopy before and after nitrogen
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cavitation showed lysis of all neutrophils in several experiments using this method. Phagosomes
containing magnetic beads were separated using a magnet.
Electron microscopy of a sample of isolated phagosomes revealed that they contained magnetic
beads, and the majority were surrounded in an intact membrane (Figure 3.7 (C)). Studies by
another member of the laboratory showed that nearly all the membranes of isolated
phagosomes could be visualised using a membrane-specific fluorescent dye, DiO, also
indicating that the membrane of isolated phagosomes was undamaged and survived the process
of nitrogen cavitation (323).
In phagocytic neutrophils, phagosomes containing magnetic beads accounted for 10% (SD 4%,
n=7) of the total neutrophil protein content (Table 3.1). After removal of phagosomes, slow
speed centrifugation (500 g) of the remaining neutrophil cavitate was intended to pellet intact
cells, nuclei and cellular debris. This accounted for 17% (SD 7%, n=7) of the neutrophil
protein. Following this, high speed centrifugation (16,100 g) was employed to separate the
neutrophil granules, which accounted for 5.9% (SD 1.4%, n=7) of the total neutrophil protein.
The remaining supernatant proposed to contain mainly soluble cytosolic proteins, accounted
for the remaining 67% (SD 9%, n=7) of neutrophil proteins.
To assess the extent of separation of the neutrophil cytoplasm from the granules and
phagosomes, the proteins from all fractions were separated by SDS-PAGE. As shown in Figure
3.8, an extract from the whole nitrogen cavitation lysates, prior to further fractionation, shows
the entirety of proteins within the phagocytosing neutrophil. The cytoplasmic fraction displayed
a protein banding pattern which was clearly distinct from the granule and phagosome fractions.
This indicates that the cytoplasmic fraction which was isolated contained a different array of
proteins compared to the granules and phagosomes, as expected.
The granule and phagosome fractions showed comparable banding patterns, indicating that the
proteins contained within these two fractions were analogous. This was expected due to
injection of neutrophil granule contents into the phagosome during the process of
phagocytosis. A few protein bands were detected in the granule fraction, but not in the
phagosomal fraction (~150 kDa, 40-50 kDa, ~25 kDa and ~7 kDa), however these differences
were minor compared to the entire protein pattern.
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Figure 3.8

Proteins in neutrophil compartments.

Isolated peripheral blood neutrophils were incubated with five serum opsonised magnetic beads per
neutrophil (+Beads) or pre-treated for 5 minutes with 10 µM DPI (+DPI) prior to co-incubation with
magnetic beads for 30 minutes at 37ºC, as described in Figure 1.6, and then put on ice. Neutrophils were
ruptured by nitrogen cavitation, cell fractions separated, and sonicated in the presence of 0.03% CETAC
prior to loading 20 µg of each sample per lane onto a 12% reducing SDS-PAGE. Neutrophil fractions
were separated by electrophoresis and stained with silver nitrate (Methods 2.4.1 & 2.4.2). This is a
representative photograph of at least three experiments.

For further confirmation of the purity of separated neutrophil cell fractions, each were analysed
for active myeloperoxidase. It was hypothesised that if separation was successful, the cytoplasm
would contain little of the active enzyme, while the granules and phagosome would contain the
majority. As shown in Figure 3.9, 0.067 nmoles of myeloperoxidase activity per µg of protein
(SEM=0.024, n=3) was observed in the whole cell lysate of unstimulated neutrophils after
nitrogen cavitation. Neutrophils incubated with phagocytosable magnetic beads appeared to
have a lower mean level of active myeloperoxidase at 0.044 nmoles per µg protein (SEM=0.016,
n=3), however this was not statistically significant. This indicates that approximately one third
of myeloperoxidase was inactivated during the process of phagocytosis and the associated
respiratory burst.
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Protein and myeloperoxidase content in neutrophil
compartments.

Isolated peripheral blood neutrophils were incubated alone (PMN) or with five serum opsonised
magnetic beads per neutrophil (+Beads) for 30 minutes at 37ºC, and then put on ice. Neutrophils were
ruptured by nitrogen cavitation, leaving intact granules and phagosomes. Phagosomes containing
magnetic beads were isolated with a magnet, and granules were separated from the nuclear debris and
the cytoplasm by differential centrifugation. All samples were sonicated on ice, in the presence of 0.03%
CETAC prior to determination of protein content and myeloperoxidase activity (Methods 2.5.4 & 2.13).
The percentage means and SD are shown, and the number of experiments indicated.

PMN

PMN + Beads

% Protein

% MPO

% Protein

% MPO

(n=7)

(n=3)

(n=7)

(n=3)

Cytoplasm

75 ± 6

18 ± 3

67 ± 9

14 ± 4

Granules

5.8 ± 1.7

41 ± 22

5.9 ± 1.4

30 ± 11

-

-

10 ± 4

36 ± 4

20 ± 5

42 ± 24

17 ± 7

20 ± 7

Phagosomes
Nuclear Debris

As anticipated, the granule fractions of unstimulated neutrophils were enriched with
myeloperoxidase. The granules containing 41% (SD=22, n=3) of the cells’ total content of this
enzyme, showing approximately a 7-fold enrichment compared to the total protein content in
this cell fraction (Table 3.1). Enrichment of myeloperoxidase was also observed in the granules
of phagocytic neutrophils; however this was lower by comparison to control neutrophils with
only a 5-fold increase. This is consistent with the transfer of granule proteins, including
myeloperoxidase, to the phagosome via granule fusion, hence reducing the granule pool of
enzymes, particularly myeloperoxidase, following phagocytosis. Following from this
observation, the phagosomal sample contained 36% (SD=4, n=3) of total myeloperoxidase
(Table 3.1). This is approximately a 3.5-fold increase compared to the total protein content in
this cell fraction, and confirmation of reasonably reliable isolation of phagosomes. Thus, after
phagocytosis, a greater proportion of myeloperoxidase was found within the phagosomes
compared to the remaining unused granules within the cytosol.
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Figure 3.9

Myeloperoxidase activity in neutrophil compartments.

Isolated peripheral blood neutrophils were incubated alone (PMN) or with five serum opsonised
magnetic beads per neutrophil (+Beads) or pre-treated for 5 minutes with 10 µM DPI (+DPI) or 1 mM
azide (+Azide) prior to co-incubation with magnetic beads for 30 minutes at 37ºC, and then put on ice.
Neutrophil samples were prepared prior to determination of myeloperoxidase activity as described in
Table 3.1. The means and SEM of three experiments are plotted, except for treatments with DPI and
azide which are from one experiment.

The neutrophil cytoplasmic fraction contained means levels of detectable myeloperoxidase
between 14% (SD=4, n=3) and 18% (SD=3, n=3) (Table 3.1). This indicated depletion of
myeloperoxidase in this cell fraction, confirming reasonable isolation and purification of the
neutrophil cytosol. However, this also suggested that contamination with granule proteins was
unable to be avoided using the centrifugation method. In unstimulated neutrophils, the
remaining 42% (SD=24, n=3) of myeloperoxidase was lost in the initial slow speed
centrifugation step designed to remove intact cells, nuclei and cellular debris. Loss of
myeloperoxidase in phagocytic neutrophils at this step also occurred, however was about half
compared to resting cells at 20% (SD=7, n=3). Again this suggests contamination of this
fraction with granule proteins.
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When myeloperoxidase activity was considered relative to total protein content in each cell
compartment, both the granules and phagosomes were enriched in this enzyme, while the
cytoplasmic fraction contained relatively little active myeloperoxidase (Figure 3.9). Thus, while
myeloperoxidase was detected in all cell fractions and hence the isolation of neutrophil granules
was not comprehensive, the differential centrifugation method was efficient and produced
acceptable separation of neutrophil cell compartments for the purposes of this study.
Based on the results of a single experiment, pre-treatment of cells with the NADPH oxidase
inhibitor DPI caused little effect on myeloperoxidase activity in the fractions. Addition of the
heme enzyme inhibitor azide reduced myeloperoxidase activity in whole cells as well as both the
granule and phagosome fractions. This indicates that azide had the ability to pass through the
granule membrane to intracellular pools of myeloperoxidase, where it could have an inhibitory
effect on the enzyme.
3.2.5

Chlorination of neutrophil proteins after phagocytosis of magnetic
beads

To investigate which regions within the neutrophil were exposed to hypochlorous acid
generated by active myeloperoxidase, the neutrophil fractions were assayed to determine their
relative levels of protein chlorination. Resting neutrophils had detectable, but very low levels of
chlorination, with 3-chlorotyrosine at a level of 0.15 per 1,000 Tyr residues (SEM=0.01, n=6)
(Table 3.2, Figure 3.10). Neutrophils incubated with serum-opsonised magnetic beads for 30
minutes had significantly increased protein chlorination in all fractions, as expected. 3Chlorotyrosines throughout the entire neutrophil were measured at 2.77 per 1,000 Tyr residues
(SEM=0.24, n=5), an increase of 20-fold over unstimulated neutrophils (Table 3.2, Figure
3.10). The chlorination of neutrophil proteins was dependent on a functional NADPH oxidase.
Addition of the inhibitor DPI prior to the ingestion of magnetic beads decreased neutrophil
protein chlorination throughout the entire cell significantly, bringing the levels close to those
seen in resting neutrophils (Table 3.2, Figure 3.10).
Chlorination was detected predominantly in the granule and phagosomal fractions, with no
significant difference between the two. In the granules, 5.01 3-chlorotyrosines per 1,000 Tyr
residues (SEM 0.34, n=7) were detected compared to 4.42 (SEM 0.37, n=7) in the phagosomes.
Chlorination of cytoplasmic proteins was approximately 10-fold lower at 0.46 3-chlorotyrosines
per 1,000 Tyr residues (SEM 0.04, n=7) (Table 3.2, Figure 3.10). Thus, generation of
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hypochlorous acid was detected in neutrophil cell compartments containing active
myeloperoxidase, as expected.
Table 3.2

Protein chlorination in neutrophil compartments.

Isolated peripheral blood neutrophils were incubated alone (PMN) or with five serum opsonised
magnetic beads per neutrophil (+Beads) or pre-treated for 5 minutes with 10 µM DPI (+DPI), 1 mM
azide (+Azide) or 5 mM SCN– (+SCN–) prior to co-incubation magnetic beads for 30 minutes at 37ºC,
and then put on ice. Neutrophil samples were prepared as described in Table 3.1, prior to determination
of protein 3-chlorotyrosine by gas chromatography-mass spectrometry (Methods 2.14). The data are the
means and SEM of at least four experiments, as indicated, in mmol Cl-Tyr/mol Tyr.

+Beads (n=4)
PMN

+Beads
+DPI

+Azide

+SCN–

Whole Cells

0.15 ± 0.01
(n=6)

2.77 ± 0.24
(n=5)

0.23 ± 0.03

7.40 ± 0.52

2.44 ± 0.47

Cytoplasm

0.10 ± 0.00
(n=7)

0.46 ± 0.04
(n=7)

0.11 ± 0.01

1.44 ± 0.20

0.44 ± 0.05

Granules

0.33 ± 0.01
(n=7)

5.01 ± 0.34
(n=7)

0.49 ± 0.04

14.5 ± 1.5

3.85 ± 0.50

Phagosomes

-

4.42 ± 0.37
(n=7)

0.87 ± 0.20

12.2 ± 1.1

4.36 ± 0.57

To determine the contribution of myeloperoxidase to the formation of 3-chlorotyrosine, the
heme enzyme inhibitor azide was added to neutrophils prior to phagocytosis. As shown
previously, azide dramatically enhanced the levels of neutrophil protein chlorination, by
approximately 3-fold in every fraction (3), despite inhibiting myeloperoxidase activity (Figure
3.9). Chlorination in granule compartments was measured at 14.5 chlorotyrosines per 1,000 Tyr
residues (SEM=1.5, n=7) compared to 12.2 (SEM =1.1, n=7) in the phagosomes (Table 3.2,
Figure 3.10). Thiocyanate (SCN–), an alternative substrate to chloride for myeloperoxidase, that
might be expected to decrease protein chlorination, did not have a significant effect. This
indicates that the majority of chlorination occurred in intracellular compartments inaccessible to
this substrate.
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Figure 3.10 Protein chlorination in neutrophil compartments.
Isolated peripheral blood neutrophils were incubated alone (PMN) or with five serum opsonised
magnetic beads per neutrophil (+Beads) or pre-treated for 5 minutes with inhibitors (+DPI, +Azide,
+SCN–) as described in Table 3.2. Neutrophil samples were prepared as described in Table 3.1 prior to
determination of protein 3-chlorotyrosine by gas chromatography-mass spectrometry. The means and
SEM of at least four experiments are plotted. * indicates a statistically significant difference (p<0.001)
for a comparison between neutrophils incubated alone (PMN) and neutrophils incubated with magnetic
beads (+Beads), as determined with the Student’s t-test. # indicates a statistically significant difference
(p<0.001) for comparison between neutrophils incubated with magnetic beads (+Beads) and those pretreated with inhibitors as determined with the Bonferroni t-test.

3.2.6

Carbonylation of neutrophil proteins after phagocytosis of magnetic
beads

To investigate which regions of the neutrophil are oxidised during phagocytosis, each of the
neutrophil fractions was assessed for relative protein carbonylation. Resting neutrophils had
0.83 nmoles of reactive carbonyls per mg of protein (SEM=0.04, n=6) in whole cells (Figure
3.11). Neutrophils incubated with magnetic beads had significantly increased protein oxidation
in all fractions. Detectable carbonyls were more than double in whole cell lysates at 1.8 nmoles
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per mg protein (SEM=0.1, n=6) (Figure 3.11). This indicates that phagocytosis and the
associated respiratory burst result in oxidation of neutrophil proteins.
The basal level of neutrophil protein carbonyls detected appears high and may have been
generated by the sample processing procedure. Rupture of the granules and phagosomes, to
release their protein contents, required sonication in the presence of the ionic detergent
cetrimethylammonium chloride (CETAC). When testing variations in the sample processing
procedure, it was found that sonication and addition of CETAC resulted in a mean increase in
measured carbonylation of 0.5 nmoles per mg protein (SD=0.2, n=8), compared to the same
samples untreated (data not shown). This increase was not associated with release of
carbonylated proteins from neutrophil granules and phagosomes, thus was purely an artefact of
sample processing. In order to keep the conditions of the assay consistent, every sample was
processed similarly, including the cytoplasmic fractions, by sonication in the presence of
CETAC. This implies that the relative increase in neutrophil protein carbonyls after
phagocytosis is greater than appears in Figure 3.11.
The carbonylation of neutrophil proteins was dependent on a functional NADPH oxidase.
Addition of the inhibitor DPI significantly decreased neutrophil protein oxidation, throughout
all regions of the cell, bringing the levels back to those observed in resting neutrophils (Figure
3.11). Both azide and thiocyanate decreased the mean level of carbonylation throughout the
neutrophil, but the difference was not statistically significant. It is also notable that there was
little variation in measured carbonyls between neutrophil fractions. This indicates that general
protein oxidation occurred throughout the cell and was not localised to any particular cellular
fraction.

Protein Carbonyls (nmol/mg protein)
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Figure 3.11 Protein carbonyl formation in neutrophil compartments.
Isolated peripheral blood neutrophils were incubated alone (PMN) or with five serum opsonised
magnetic beads per neutrophil (+Beads) or pre-treated for 5 minutes with inhibitors (+DPI, +Azide,
+SCN–) as described in Table 3.2. Neutrophil samples were prepared as described in Table 3.1 prior to
determination of protein carbonyls by ELISA (Methods 2.16). The means and SEM of at least five
experiments are plotted. * indicates a statistically significant difference (p<0.001) for a comparison
between neutrophils incubated alone (PMN) and neutrophils incubated with magnetic beads (+Beads),
as determined with Student’s t-test. # indicates a statistically significant difference (p<0.05) for
comparison between neutrophils incubated with magnetic beads (+Beads) and those pre-treated with
inhibitors (+DPI, +Azide, +SCN–) as determined with Bonferroni t-test.

3.2.7

Carbonylation of neutrophil phagosomal proteins

As there was a significant increase in protein carbonyls in all fractions of the neutrophil during
phagocytosis, it was of interest to explore whether this reflected general protein oxidation, or if
there was selective targeting. The phagosomal fraction was chosen for this analysis due to its
direct role in bacterial killing with the aim of potentially identifying targeted proteins of interest.
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Figure 3.12 Protein carbonyl formation in the neutrophil phagosome.
Isolated peripheral blood neutrophils were incubated alone (PMN) or with five serum opsonised
magnetic beads per neutrophil (+Beads) or pre-treated for 5 minutes with inhibitors (+DPI, +Azide,
+SCN–) as described in Table 3.2. Neutrophil samples were prepared as described in Table 1.1 prior to
derivitisation of carbonyl moieties with diphenylhydrazine (DNP) (Methods 2.13.3) and loading 20 µg of
each sample per lane onto a 12% reducing SDS-PAGE. Neutrophil phagosomal fractions were
separated by electrophoresis and (A) stained with silver nitrate, (B) or western blotted with biotinylated
anti-DNP antibody at a 1:1,000 dilution, followed by streptavidin-linked horseradish peroxidase at a
1:10,000 dilution. Protein carbonyls detected in each sample loaded on this particular gel and blot were
(nmoles/mg protein): +Beads 1.48; +DPI 0.37; +Azide 0.68, +SCN– 0.85. Proteins which appear to be
carbonylated are indicated by red arrows, while a prominent protein which does not appear carbonylated
is indicated by a black arrow. The gel and blot are representative of three experiments where similar
results were observed.

Separation of phagosomal proteins by reducing SDS-PAGE, followed by analysis of DNPderivatised phagosomal proteins by carbonyl western blot showed that the majority of
phagosomal proteins appeared to be oxidised after 30 minutes (Figure 3.12). The specific
reactivity of the biotinylated anti-DNP antibody to carbonylated proteins was verified by
control carbonyl western blots with DNP-derivatised oxidised and reduced bovine serum
albumin run simultaneously with experimental samples (data not shown).
In agreement with the ELISA assay, the NADPH oxidase inhibitor DPI caused a decrease in
visible carbonylation of neutrophil phagosomal proteins compared to when no inhibitor was
present (+Beads) (Figure 3.12 B). Thiocyanate (0.85 nmoles per mg protein) also reduced the
intensity of carbonylated proteins visible on the blot, but not to the same extent as DPI (0.37
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nmoles per mg protein), consistent with the levels of carbonylation as measured by ELISA
(Figure 3.12 B). The heme enzyme inhibitor azide did not cause a visible decrease in
carbonylated proteins, despite ELISA results detecting much lower carbonyl levels (0.68 nmoles
per mg protein) compared to when no inhibitor was present (1.48 nmoles per mg protein). This
anomaly was not due to unequal protein loading (Figure 3.12 A). Nor was it due to loss of
highly oxidised and aggregated proteins as no high molecular weight proteins could be detected
trapped in the loading wells of any phagosomal samples (data not shown). Small molecular
peptides may have run off the bottom of the gel; however it is unlikely that these were highly
oxidised and abundant enough to account for the difference in detected carbonyl levels.
Interestingly, a difference in DNP-derivatised proteins is detectable by eye between phagosomal
samples formed in the presence of DPI (0.37 nmoles per mg protein) and azide (0.68 nmoles
per mg protein), yet the difference in carbonyl levels measured by ELISA is smaller than
between samples formed in the presence of azide and no inhibitor. In combination, this
indicates that an upper limit in detectable carbonyls may exist (between 0.68 and 1.48), above
which an increase in carbonylated proteins may not be detectable by eye on western blot, given
the conditions used.
The distribution of carbonyls did not differ considerably from the distribution of proteins,
therefore no phagosomal proteins appeared to be selectively oxidised (Figure 3.12). One
protein band appeared to not be specifically carbonylated, as indicated by the black arrow at
approximately 65 kDa (Figure 3.12). Overall, this suggests that generation of protein carbonyls
in the neutrophil phagosome occurs uniformly as a result of neutrophil stimulation. The six
major protein bands appeared to be clearly oxidised, as detected by dark bands on the western
blot (Figure 3.12 B) and indicated by the red arrows. The two most abundant proteins were
approximately 75 and 50 kDa in size, and appeared darkest on the carbonyl blot. The 50 kDa
band is consistent with the molecular weight of the heavy α-subunit of myeloperoxidase (95,
103). The 75 kDa band is consistent with the molecular weight of lactoferrin (324).
Interestingly, the addition of DPI caused a decrease in the apparent carbonylation of the 75
kDa protein band, though it still appeared comparatively oxidised. The same phenomenon was
observed with the protein at ~11 kDa, which may be cathelicidin antimicrobial peptide 11
(325). Carbonylation of these proteins in the presence of DPI probably explains the carbonyls
detected by ELISA in this sample. Carbonyls on these proteins in the presence of DPI may be
generated during the preparation process of the samples, but this is unlikely as all proteins
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should be oxidised to the same extent. It is a more likely possibility that these proteins are
oxidised in unstimulated neutrophils, however the reason for this is unclear.
3.3

DISCUSSION

Chlorination of neutrophil proteins upon phagocytosis of S. aureus has been observed
previously. In fact, neutrophil proteins were found to be the primary target for hypochlorous
acid, with 94% of the chlorination occurring on neutrophil proteins, and only 6% on bacterial
proteins (3). In order to understand neutrophil protein chlorination further, the objective of
this chapter was to identify where protein chlorination occurs within the phagocytosing
neutrophil. The major finding was that neutrophils chlorinate their own proteins in several
intracellular sites, particularly in fractions isolated as phagosomes and granules. Results suggest
that chlorination in both compartments was highly comparable indicating they were exposed to
equivalent concentrations of hypochlorous acid relative to protein content (Figure 3.10). The
cytoplasmic fraction was clearly not a major site of hypochlorous acid reactivity, with 10-fold
lower levels of relative protein chlorination.
When analysing the results of this chapter there are some qualifications to be aware of. Even
though nitrogen cavitation is a reliable and efficient means of disrupting the plasma membrane
of cells, the procedure can result in modest damage to neutrophil nuclei, which may cause
cross-contamination between isolated fractions (28). Separation of neutrophil membranes,
nuclei and debris by slow speed centrifugation, followed by high speed centrifugation to
separate the neutrophil granules from the cytosol may not have cleanly separated each
neutrophil compartment from each other. Locales containing myeloperoxidase may have been
contaminated with proteins from other parts of the neutrophil, and likewise, myeloperoxidase
may have contaminated other isolated fractions.
Assessment of the fractions for active myeloperoxidase showed that relative to protein content,
both the granule and phagosome fractions were enriched in this enzyme (Figure 3.9). However,
in unstimulated neutrophils the granule fraction contained only 41% of the total
myeloperoxidase activity, whereas theoretically it would be expected to contain most of the
detectable myeloperoxidase. This result was due to loss of myeloperoxidase to other fractions.
It was particularly notable that 42% of active myeloperoxidase was detected in the nuclear
debris fraction of unstimulated neutrophils. This suggests that lysis of the nuclear membrane
occurred during nitrogen cavitation and that either intact azurophil granules had the ability to
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stick to DNA or lysed anionic nuclear proteins; or that lysis of the azurophilic granule
membranes occurred allowing cationic peptides, proteins, and protein aggregates formed from
oxidised proteins, to adhere to anionic DNA via electrostatic interactions (308). Analysis of one
nuclear debris sample demonstrated significant chlorination of 2.3 3-chlorotyrosines per 1,000
Tyr residues (data not shown). This indicates that cross-contamination may have taken place as
the nucleus is unlikely to be exposed to enough hypochlorous acid to generate this level of
chlorination. In support of lysis of the neutrophil granules, the cytoplasmic fraction contained
approximately 15% of the active myeloperoxidase, although this may also be a result of
insufficient centrifugation causing some granules not to pellet and be isolated from the
cytoplasm (Table 3.1).
Contamination of the phagosomal fraction is less likely due to the nature of removal of these
from neutrophil lysates by use of a magnet. Nevertheless, there was a possibility that other
proteins could stick to the phagosome surface, and efforts were made to reduce this by
performing two washing steps with buffer. There was also potential for rupture of the
phagosomal membrane during nitrogen cavitation and subsequent loss of phagosomal protein
to any of the other fractions, but the majority of phagosome membranes were determined to be
intact by microscopy. The phagosomal fraction was enriched for myeloperoxidase with about
one-third of the total measurable active myeloperoxidase (Table 3.1). This value is comparable
to other reports in the literature (326, 327). Reeves and colleagues found that 24% of
myeloperoxidase in the granules migrated to bacteria-containing vacuoles upon initiation of
phagocytosis with 25 S. aureus per cell (51). This compares well with the observed decrease in
myeloperoxidase content of the granule fraction from 40% down to 30% (Table 1.1).
Another point to consider is the limitation of detecting hypochlorous acid using 3chlorotyrosine as a marker. Hypochlorous acid has low reactivity with Tyr (rate constant of 44
M–1s–1 (146)); hence chlorination of Tyr does not usually occur directly (221). Instead
hypochlorous acid reacts almost exclusively with Cys and Met residues, followed by amine
groups. Intramolecular chlorine transfer from preferentially formed chloramines is believed to
be the major mechanism for generation of chlorinated Tyr residues (221).
Winterbourn and colleagues determined the diffusion distance for hypochlorous acid to react
with amines at ~0.1 µm (85). Bearing in mind that the typical diameter of a bacterium is in the
order of 1 µm, the width of a bacterium-containing phagosome is estimated at 1.5 µm (85). This
leaves about 0.25 µm for hypochlorous acid to react with neutrophil proteins in the space
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between the bacterial and phagosomal membranes. This is similar to the estimated 0.3 µm
diameter of the azurophil granules (328). The magnetic beads used for this study had a diameter
of 2.8 µm, approximately 30-fold larger than a typical bacterium, thus it would be estimated that
the phagosomal space surrounding a single bead would be even greater in volume. This makes
it unlikely that hypochlorous acid produced in either the phagosome or the azurophil granules
would diffuse beyond these into the cytoplasm, but instead generate a range of oxidised amino
residues, particularly chloramines.
Chloramines can be relatively stable and unreactive, so those with longer half-lives have the
ability to travel some distance away from their site of generation before releasing their chlorine
to a Tyr residue. In general, the reaction rates of chloramines are between 5- and 25-fold slower
than hypochlorous acid (164), so it is possible that uncharged chloramines may be able to
diffuse from the phagosome and granule compartments. As a consequence, chlorotyrosines
could theoretically be detected in the surrounding cytoplasm, however formation of 3chlorotyrosine is also dependent on the nature of the chloramine and where it is situated
relative to the receptive Tyr residue. The second order rate constants for reaction between
chloramines and Tyr are very slow and have been calculated between 5.0×10–4 and 6.4 M–1s–1
(329). However, when Lys chloramine is separated from Tyr in a short peptide by four amino
acids or less, then up to 20% incorporation of chlorine from hypochlorous acid into
chlorotyrosine occurs in only 30 minutes (223). As a consequence, 3-chlorotyrosine is a minor
product of the reaction of proteins with hypochlorous acid. Its cellular location may not
necessarily reflect the original site of hypochlorous acid generation within the neutrophil,
although it seems most likely that chlorotyrosines are generated on the peptide or protein which
the original chloramine is formed. Despite these caveats, 3-chlorotyrosine and 3,5dichlorotyrosine are widely-used, specific markers of hypochlorous acid.
Overall, caution must be used on investigation of the locales of protein chlorination in the
neutrophil and subsequent inferences about the sites of hypochlorous acid reactivity within the
phagocytosing neutrophil. In particular, detected loss of myeloperoxidase from the granules to
the nuclear debris and cytoplasm, and the potential for detection of 3-chlorotyrosine at sites
distant to the initial hypochlorous acid generation, means that the levels of myeloperoxidase
activity and chlorination detected in the granules may be underestimates, while those in the
cytoplasm may well be overestimates.
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Initial experiments in this chapter showed that di-halogenated Tyr residues could be detected
visually for both phagocytic and PMA-stimulated neutrophils. Fluorescence was seen
surrounding bacterial nuclei indicating halogenation most likely occurred within the
phagosome. Treatment of neutrophils with PMA resulted in a positive signal for di-halogenated
Tyr residues (Figures 3.3 & 3.4), which was inhibitable by the NADPH oxidase inhibitor DPI.
Interestingly, fluorescence in PMA-treated cells often had a punctate appearance indicating that
halogenation occurred in discrete compartments, potentially neutrophil granules (Figure 3.4).
This is the first time that halogenated proteins have been visualised inside a neutrophil
undergoing a respiratory burst, although intracellular chemiluminescence of luminol, a reaction
largely dependent on myeloperoxidase, has been shown in the presence of PMA (330, 331).
Visualisation of halogenated Tyr residues also provides additional support for previous work
which has shown that PMA generates significant levels of chlorinated Tyr residues within the
neutrophil (3).
When investigating the locations of chlorination in the neutrophil, chlorination of neutrophil
phagosomal proteins is expected, as this is the site where bacterial proteins are recognised to be
exposed to hypochlorous acid (3, 295, 296). Neutrophil granules are known to fuse with
ingested particles very soon after the initiation of phagocytosis, as their proteins aid in the
proteolysis and killing of the ingested microorganism (47). This is shown in Figure 3.7, where
granule contents appear to be clearly identifiable as discrete clumps within the vacuole. Similar
observations have been made by other researchers (51, 332, 333). Thus, it is also likely that the
chlorinated neutrophil phagosomal proteins will be of granular origin.
By definition, the isolated granules were those which had not fused with the phagosome on
ingestion of the magnetic beads (on the basis that the majority of phagosomes remained intact
during the experimental procedure). Thus, it is noteworthy that hypochlorous acid reactivity
could be detected in these compartments. This indicates that hypochlorous acid may have been
generated in the granule compartments, separate to the phagosomes. Although, it would have
been very interesting to analyse chlorination in each of the neutrophil granule subpopulations
(gelatinase, specific and azurophil) individually, this was not possible due to limitations in the
percoll separation technique.
There are several possibilities for how chlorination of neutrophil granule proteins may occur, all
of which require intracellular generation of hypochlorous acid outside of the phagosome.
Neutrophils can be stimulated without engulfment of a particle and formation of a phagosome
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by soluble stimuli such as PMA. As PMA-stimulated neutrophils are efficient at producing
superoxide extracellularly, as detected by reduction of cytochrome c, it was originally believed
that PMA led to production of oxidants solely on the neutrophil plasma membrane into the
extracellular milieu. Once Lundqvist and colleagues showed that most of the PMA-induced
oxidase activity was not scavenged by SOD and catalase, it became clear that some of the
oxidants must be produced in an inaccessible compartment within the neutrophil (330). As the
specific granules contain about 85% of the neutrophil’s supply of membrane components of
the NADPH oxidase (28), generation of superoxide can occur on the membrane of the specific
granule, as well as on the plasma membrane, and does not require ingestion of a particle. Many
researchers have now shown that PMA promotes formation of reactive oxygen species,
particularly superoxide, in intracellular sites (36, 334-336). One study by Kobayashi and
colleagues showed via electron microscopy that production of superoxide by neutrophils
stimulated with PMA occurred in two distinct intracellular compartments (29).
For intracellular generation of hypochlorous acid, components from both the specific and
azurophil granules are required. Consequently, for chlorination of granule proteins there are
two possibilities. Either hydrogen peroxide or hypochlorous acid may diffuse from outside of
the cell or from the phagosome through the neutrophil cytoplasm to myeloperoxidase in the
azurophil granules. Or the specific and azurophil granules must be in close contact for
superoxide or hydrogen peroxide to act as a substrate for myeloperoxidase.
Hypochlorous acid generated extracellularly by the NADPH oxidase on the neutrophil plasma
membrane could diffuse back through the membrane and the cytoplasm to the granule
compartments to then form 3-chlorotyrosine. However, this scenario is unlikely due to the
extreme reactivity of hypochlorous acid with cytoplasmic components along the way. In
addition, there is no evidence to suggest that hypochlorous acid exits the phagosome in
sufficient amounts to react with Tyr as the cytoplasm does not contain high concentrations of
chlorinated proteins.
There is also potential for hydrogen peroxide generated extracellularly or in the phagosomes to
diffuse to the granule compartments. Due to the high concentration of catalase in the
cytoplasm the chance of hydrogen peroxide traversing this and reaching the granule
compartments is low. Experimentally, Lundqvist et al. showed that the neutrophil cytosol from
2.5×106 neutrophils can consume 0.5 µmoles of hydrogen peroxide per second and concluded
that hydrogen peroxide could not diffuse through the cytosol would to reach the azurophil
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granules (330). Modelling of the known reactions occurring in the neutrophil phagosome also
indicates that most of the hydrogen peroxide should be consumed by myeloperoxidase, and not
diffuse out into the cytoplasm (85). Catalase, which is abundant in the cytoplasm, will consume
any hydrogen peroxide which does escape and degrade it to innocuous oxygen and water.
In fact, it is possible that fusion of neutrophil specific and azurophil granules occurs. This
scenario brings the NADPH oxidase and myeloperoxidase together in an intracellular
compartment which would be capable of forming hypochlorous acid. Other researchers have
proposed that neutrophil specific and azurophil granules may fuse with each other prior to
fusion with the vacuole or plasma membrane, or at least must be in very close contact (330,
331, 337). In combination with previously published work, the results in this chapter indicate
that some of the hypochlorous acid formed by neutrophils as a result of PMA stimulation
occurs intracellularly, and a proportion occurs in intracellular granules in the phagocytosing
neutrophil. Thus fusion of specific and azurophil granules seems likely.
In order to verify the contribution of myeloperoxidase to the formation of protein
chlorotyrosines, the heme inhibitor azide was used. Since azide is well known to irreversibly
inhibit the activity of myeloperoxidase in the presence of hydrogen peroxide (338), it would be
expected to decrease chlorination by inhibiting formation of hypochlorous acid. On the
contrary, even though azide inhibited myeloperoxidase activity, the chemical also caused a
considerable increase in chlorination of neutrophil proteins in every cell fraction. This
phenomenon has been observed in a previous study but is currently not understood (3).
Unfortunately, there are no absolutely specific and potent inhibitors of myeloperoxidase and a
myeloperoxidase-deficient individual was not available to obtain neutrophils for further
experiments.
The previous study which identified increased neutrophil protein chlorination in the presence
of azide, also noted the opposite effect with bacterial proteins, which had decreased
chlorination (3). In conclusion, Chapman and colleagues presumed that azide gained access to
the phagosomes reducing chlorination of bacteria in this compartment (3). This is supported by
the observation that myeloperoxidase activity in the phagosomal fraction was markedly
decreased (Figure 3.9). Conversely, Chapman presumed that azide may not gain access to the
neutrophil granules (3). However, other studies have shown that PMA stimulation for 30
minutes in the presence of 5 mM azide completely inhibits intragranular myeloperoxidase as
determined after percoll fractionation (338). In addition, azide decreases myeloperoxidase-
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dependent luminol chemiluminescence (330, 339, 340). Since PMA promotes predominantly
intracellular oxidant generation, this indicates that azide inhibits myeloperoxidase in the
granules as well as the phagosome. This is supported by this study as azide decreased
myeloperoxidase activity in all isolated neutrophil fractions, although did not inhibit activity
completely (Figure 3.9).
Given that azide does not result in complete loss of myeloperoxidase activity, in the presence of
superoxide or hydrogen peroxide the enzyme will still be capable of generating hypochlorous
acid. Enhanced neutrophil protein chlorination triggered by azide also points towards the
formation or existence of hydrogen peroxide in the neutrophil granules, separate to the
phagosomes, since hydrogen peroxide is required for inhibition of myeloperoxidase by azide
(338). Catalase, like myeloperoxidase, is a heme-enzyme so is also inhibited by azide. Thus,
azide may inhibit cytosolic catalase enough to allow any leaked phagosomal hydrogen peroxide
to diffuse from the phagosome to the granules, where it can act as a substrate for any remaining
active myeloperoxidase. Addition of azide also increases neutrophil oxygen consumption by
20% (341), which is similar to the increase observed with myeloperoxidase-deficient neutrophils
compared to normal neutrophils (342). These circumstances are not likely to be sufficient to
explain the increased neutrophil protein chlorination in the presence of azide, however further
explanation would require an in-depth study into the phenomenon.
Thiocyanate, an alternative substrate for myeloperoxidase did not significantly decrease
neutrophil protein chlorination. Myeloperoxidase has a selectivity constant for thiocyanate 730fold greater than for chloride. At thiocyanate concentrations above 1 mM, when chloride is a
140 mM, extracellular thiocyanate is oxidised by myeloperoxidase-containing leukocytes (343).
At 5 mM thiocyanate generation of hypochlorous acid should be greatly reduced. As
thiocyanate is charged it cannot easily pass through membranes, however there is potential for
it to move through anion channels. The results support the conclusion that thiocyanate did not
enter the neutrophil and reach the intracellular sites where hypochlorous acid was generated.
This is in agreement with Chapman et al. who found that neutrophil protein chlorination during
phagocytosis of S. aureus was not reduced in the presence of thiocyanate or catalase, an
extracellular scavenger of hydrogen peroxide (3). Chapman et al also found that chlorination of
neutrophil proteins in the presence of PMA was only reduced to a minor extent in the presence
of the extracellular scavengers of hypochlorous acid, Met and thiodipropionic acid (3). This
suggests a similarity between stimulation of intracellular granules in the presence of a
phagocytosable particle or a soluble stimulus such as PMA.
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Oxidation of proteins within the neutrophil compartments was universal, as measured by
protein carbonyls per mg of protein and required oxidants generated by the NADPH oxidase
(Figure 3.11). The distribution of protein carbonyls differed from protein 3-chlorotyrosines, as
it was not localised to any particular compartment, compared to protein chlorination, which
occurred predominantly in the phagosomal and granule fractions. Interestingly, azide did not
increase the amount of general protein oxidation, even though it increased detectable 3chlorotyrosine. Together, these results imply that myeloperoxidase-generated reactive chlorine
species may not have a direct role in the generation of aldehydes and ketones in the
phagocytosing neutrophil.
Although carbonyls can be created by decomposition of hypochlorous acid-generated
chloramines, carbonyls are also formed via several other mechanisms. Metal catalysed oxidation
to form carbonyls occurs on the side-chains of Lys (2-amino-adiphylsemialdehydes), Arg, Pro
(glutamylsemialdehydes) and His (Asn) residues (344, 345). The mechanism elucidated for
oxidation of Lys involves the binding of Fe(II) to the amino group which can then react with
hydrogen peroxide, generating a hydroxyl radical. The Lys moiety is then attacked by the radical
and converted into a semi-aldehyde (216). Similar mechanisms lead to the generation of
carbonyl derivatives on other amino acids (211). Carbonyls can also be formed by secondary
reactions of oxidised sugars (346) or lipids such as acrolein, malondialdehyde and 4hydroxynonenal with the imidazole moiety of His, and the ε-amino group of Lys residues (347349). Accordingly, the presence of protein carbonyls does not necessarily reflect direct
oxidation of amino acid residues.
On the other hand, investigations by other researchers have shown that lipid peroxidation of
the phagosomal membrane (and possibly neutrophil granule membranes) produces reactive
aldehydes that can lead to oxidation of the proteins contained in the cytoplasm (309).
Potentially, a mechanism whereby oxidation and chlorination of proteins in the neutrophil
phagosome and granules leads to oxidation of membrane lipids may result in oxidation of
cytosolic components. Thus, myeloperoxidase-generated reactive chlorine species may act
indirectly via lipid peroxidation to generate carbonyls, particularly on cytoplasmic proteins.
Hence, it is not surprising that the sites of protein carbonylation do not mirror protein
chlorination.
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Although a protein consistent with the molecular weight of lactoferrin appeared to be
specifically carbonylated in Figure 3.11, the protein was also carbonylated in the presence of
DPI. This suggests that oxidants generated via the NADPH oxidase were not responsible,
hence this protein was not investigated further. On the other hand, the protein of molecular
weight ~50kDa was consistent with the heavy chain of myeloperoxidase and did demonstrate a
decrease in carbonylation in the presence of DPI. As such, oxidation of myeloperoxidase was
studied in closer detail in the following chapter.
Overall, the evidence supports the conclusion that granule proteins are chlorinated and
phagosomes are not the only compartment in phagocytosing neutrophils where hypochlorous
acid is produced. This has important implications when considering if neutrophils produce
hypochlorous acid specifically to react with and kill ingested microorganisms. It has been
suggested that chlorination of neutrophil proteins may merely be a result of the abundant
neutrophil proteins present in the phagosomal environment, acting as a sink for excess
hypochlorous acid (299). On the other hand, it may not be a result of excessive generation of
hypochlorous acid, but may potentially play an integral role in the process of bacterial killing.
This will be elaborated on in further chapters.

CHAPTER FOUR
BACTERICIDAL ACTIVITY OF OXIDATIVELY-MODIFIED
MYELOPEROXIDASE
4.1

BACKGROUND

One of the main questions as to how bacteria are killed in the neutrophil phagosome is whether
sufficient hypochlorous acid is produced for it to have a major role in bacterial killing. Evidence
from some investigators has supported hypochlorous acid as the main mediator of bacterial
killing. Jiang and Hurst concluded that the level of intraphagosomal chlorination detected by
fluorescein-coated latex beads indicated formation of an adequate amount of hypochlorous acid
to kill engulfed bacteria (294). Using E. coli labelled with green fluorescent protein, Palazzolo
and colleagues demonstrated that phagocytosed bacteria lost their fluorescence, indicating that
enough hypochlorous acid was generated to be responsible for killing the microbe (297). On
the contrary, some evidence has indicated that hypochlorous may not be the prime mediator of
bacterial killing. Chapman et al. found that the level of bacterial chlorination was lower than
expected if hypochlorous acid was chiefly responsible for the neutrophil’s antimicrobial activity
(3).
In addition, Reeves and colleagues published a controversial report which suggested that the
“simple scheme” of reactive oxygen species and myeloperoxidase-catalysed halogenation was
“inadequate” and that “proteases are primarily responsible for destruction of the bacteria” (51).
Their results demonstrated that mouse knockouts of the major neutrophil proteases elastase
and cathepsin G were very susceptible to infection, even though they had a normal respiratory
burst and myeloperoxidase activity (51). Reeves et al. proposed that the NADPH oxidase was
primarily required to create suitable conditions for the optimal activity of granule enzymes.
Hypochlorous acid production was solely a means to remove hydrogen peroxide and protect
the granule enzymes from “oxidative denaturation” (51).
Several studies have demonstrated that myeloperoxidase is required for the majority of oxygendependent killing of bacteria (84, 350, 351). Under standard conditions myeloperoxidase
converts about 89% of all oxygen consumed during the respiratory burst to hypochlorous acid
(85). It is likely that hypochlorous acid will react with myeloperoxidase in the phagosome,
primarily because production of the oxidant occurs in the active site of the enzyme, therefore
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the enzyme will be the first available target for reaction of hypochlorous acid. In addition, the
high relative concentration of myeloperoxidase compared to other peptides and proteins will
also make the enzyme a prime target (92). Previous work from our laboratory has shown that
myeloperoxidase pre-incubated with hydrogen peroxidase was able to kill S. aureus. Under these
conditions, much of the hypochlorous generated would have reacted with the myeloperoxidase
enzyme prior to addition of the bacteria. This was most effective when hypochlorous acid was
at a 75-fold molar excess compared to the enzyme (results not published). Thus, it is possible
that an interaction between hypochlorous acid and neutrophil granule enzymes, particularly
myeloperoxidase, may be involved in the process of bacterial killing.
Consequently, the main objective of this chapter was to verify whether oxidatively-modified
myeloperoxidase is able to kill bacteria. This included determination of whether
myeloperoxidase is able to generate enough hypochlorous acid to transform itself into a
bactericidal protein and characterisation of the modifications to myeloperoxidase after
oxidation by hypochlorous acid. In addition, it was a major objective to determine the ability of
myeloperoxidase and its oxidatively-modified form to chlorinate S. aureus proteins compared to
reagent hypochlorous acid. Following from this, the bactericidal activity of the inorganic
chloramines NH2Cl and NHCl2 was assessed and related to their ability to chlorinate bacterial
proteins.
4.2

EXPERIMENTAL APPROACH

As illustrated diagrammatically in Figure 4.1, modified myeloperoxidase was generated by preincubation of the enzyme with hydrogen peroxide, so that the hypochlorous acid generated
could react with myeloperoxidase, prior to addition to S. aureus. The ability of oxidativelymodified myeloperoxidase to kill S. aureus was compared to when the enzyme was incubated
with hydrogen peroxide and S. aureus simultaneously. Bacterial viability was determined by
colony counting after plating and an overnight incubation at 37ºC.

Chapter Four.

Oxidatively-modified MPO

105

MPO/H2O2/Cl
• MPO generates HOCl in the presence of S. aureus.
MPO
HOCl

S. aureus

Modified MPO
• MPO generates HOCl and chlorinates itself.
• S. aureus are added when HOCl is consumed .
MPO

MPO-Cl

MPO-Cl
S. aureus

HOCl
Figure 4.1

Diagrammatic summary of the method for determining if
hypochlorous acid affects the ability of myeloperoxidase to kill
and chlorinate S. aureus.

Myeloperoxidase was treated with a range of mole ratios of hypochlorous acid. To determine
whether enzymatic activity of myeloperoxidase was compromised the ability of the oxidativelymodified protein to generate hypochlorous acid was assessed. The modified myeloperoxidase
was also analysed by protein electrophoresis to determine whether any major structural changes
to the protein could be detected. As one of the major products of the reaction of hypochlorous
acid with proteins is chloramines, their formation on the enzyme was also investigated to gauge
oxidative changes to the enzyme.
The ability of oxidatively-modified myeloperoxidase to chlorinate bacterial proteins was
analysed by measuring formation of chlorinated Tyr residues on S. aureus. Chlorination was
assessed by using stable isotope dilution gas chromatography-mass spectrometry (GC/MS) to
measure [12C6]-Tyr residues and [12C6]-chlorinated Tyr residues. This was compared to the
chlorinating ability of myeloperoxidase incubated with hydrogen peroxide in the presence of S.
aureus. In addition, these results were evaluated in relation to the bactericidal activity and
chlorinating ability of the inorganic reactive chlorine species hypochlorous acid, NH2Cl and
NHCl2.
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RESULTS
Bactericidal activity of oxidatively-modified myeloperoxidase

Previous work in our laboratory showed that pre-incubation of myeloperoxidase with hydrogen
peroxide at a ratio of 1:75 resulted in bacterial killing. Higher and lower ratios of hydrogen
peroxide to myeloperoxidase were less bactericidal. I repeated this experiment and compared
the bactericidal activity of oxidatively-modified myeloperoxidase, reagent hypochlorous acid
and hypochlorous acid generated by myeloperoxidase in the presence of S. aureus (Figure 4.2).
Addition of 30 µM hydrogen peroxide to PBS did not decrease bacterial viability. The same
concentration of reagent hypochlorous acid resulted in complete killing of all S. aureus. When
myeloperoxidase generated 30 µM hypochlorous acid in the presence of S. aureus, only 50% of
the bacteria were killed. However, all of the bacteria that survived were compromised, as the
resultant colonies were much smaller than those in the PBS buffer control. This indicates that
the bacteria experienced a period of stasis where reproduction was temporarily inhibited. With
further incubation the bacterial colonies were capable of continuing to grow in size, indicating
statis was short-lived.
The major finding in this experiment was that oxidatively-modified myeloperoxidase
demonstrated a similar ability to kill S. aureus as myeloperoxidase which generated hypochlorous
acid in the presence of the bacteria. Again, S. aureus that survived were compromised as
indicated by the small size of the bacterial colonies.
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Figure 4.2 Viability of S. aureus after treatment with oxidants.
108 S. aureus/mL were incubated for one hour at 37ºC, in the presence of either 30 µM hydrogen
peroxide, 30 µM hypochlorous acid, 400 nM myeloperoxidase and 30 µM hydrogen peroxide, or 400 nM
myeloperoxidase pre-incubated for 10 minutes with 30 µM hydrogen peroxide in 10 mM PBS containing
140 mM chloride (oxidatively-modified myeloperoxidase). Subsequently, a 10 µL sample of bacteria was
diluted and spread onto Columbian sheep blood agar plates and incubated overnight at 37ºC, prior to
colony counting the next day. The concentration of the myeloperoxidase stock was determined per
heme group by measuring its absorbance at 430 nm (ε430 89,000 M–1cm–1). The means and range of two
experiments, done in duplicate, are plotted.

4.3.2

Myeloperoxidase activity after incubation with reagent
hypochlorous acid

To determine the effect of hypochlorous acid on enzyme activity, myeloperoxidase was
incubated for 10 minutes with increasing mole ratios of reagent hypochlorous acid, up to a 100fold molar excess.
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Figure 4.3 Myeloperoxidase activity after treatment with reagent
hypochlorous acid.
0.02 nmoles of myeloperoxidase was treated with increasing mole ratios of hypochlorous acid and
incubated for 10 minutes at room temperature. The samples were then diluted 1,000-fold and tested for
ability to generate hypochlorous acid which was detected as taurine chloramine. The means and SEM of
three experiments are plotted.

As shown in Figure 4.3, the ability of the enzyme to generate hypochlorous acid decreased
when pre-incubated with increasing ratios of reagent hypochlorous acid. Nevertheless, even
after incubation with a 100-fold molar excess of hypochlorous acid, myeloperoxidase was still
capable of generating hypochlorous acid at approximately 20% the level of the native enzyme.
This indicates that myeloperoxidase is relatively resistant to attack by its own enzymatic product
and is capable of chlorinating itself even after reaction with more than a 100-fold molar excess
of hypochlorous acid. Consequently, the enzyme could conceivably chlorinate itself within the
neutrophil phagosome.
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Myeloperoxidase structure after incubation with reagent
hypochlorous acid

To investigate the effect of hypochlorous acid on the structure of myeloperoxidase, the enzyme
was incubated for 10 minutes with increasing mole ratios of reagent hypochlorous acid and
assessed by SDS-PAGE. As shown in Figure 4.4 A, the enzyme predominantly existed as two
bands at approximately 110 kDa and 140 kDa by non-reducing electrophoresis. The 110 kDa
band is consistent with the disulfide-linked heavy subunits of the enzyme (100), while the 140
kDa band represents dimeric myeloperoxidase made from the disulfide-linked heavy subunits
each joined to a light subunit. There was also a smaller band apparent at approximately 70 kDa,
which is equivalent to monomeric myeloperoxidase (one heavy subunit joined to a light
subunit).
Increasing doses of hypochlorous acid had very little effect on the electrophoretic mobility of
the enzyme (Figure 4.4 A). The only detectable changes were loss of the minor protein band at
70 kDa and formation of a new protein band at approximately 150 kDa. This suggests that
some aggregation of the enzyme had occurred.
Electrophoresis under reducing conditions revealed three bands for untreated myeloperoxidase
(Figure 4.4 B). The most prominent was approximately 55 kDa in size, which corresponded to
the heavy subunit of myeloperoxidase. The less prominent band at approximately 70 kDa was
consistent with monomeric myeloperoxidase, which had not been reduced completely to the
heavy and light subunits of the enzyme. A band at about 13 kDa was also apparent,
representing the light subunit of myeloperoxidase.
Increasing doses of hypochlorous acid had little effect on the electrophoretic pattern, apart
from a minor reduction in intensity of the 13 kDa band, consistent with modification by
hypochlorous acid (Figure 4.4 B). Although difficult to see in this image, a weak high molecular
weight band was also detected below the top of the gel when myeloperoxidase was treated with
a 100-fold molar excess of hypochlorous acid. This indicates a very small amount of
aggregation of the enzyme was beginning to occur at high rations of hypochlorous acid.
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Figure 4.4 Myeloperoxidase structure after treatment with reagent
hypochlorous acid.
0.01 nmoles of myeloperoxidase was treated with increasing mole ratios of hypochlorous acid and
incubated for 10 minutes at room temperature to allow all of the hypochlorous acid to react. The
samples (equivalent of 0.005 nmoles myeloperoxidase) were then loaded onto (A) non-reducing, and (B)
reducing 10% SDS-PAGE and separated by electrophoresis, followed by silver staining. The gels are
representative of three experiments where similar results were observed.

4.3.4

Formation of chloramines on myeloperoxidase treated with reagent
hypochlorous acid

Since hypochlorous acid readily reacts with amine groups on proteins, the formation of
chloramines on myeloperoxidase was measured after treatment with various doses of the
oxidant.
To understand whether dichloramines as well as monochloramines were generated on
myeloperoxidase, the number of reactive amino acid residues was calculated using the amino
acid sequence of the protein monomer. As illustrated in Figure 1.5, the monomer of
myeloperoxidase contains several nitrogenous moieties which would be reactive with
hypochlorous acid: two N-terminal amines, 14 Lys (K) amines and 6 His (H) imidazole
nitrogens. Myeloperoxidase also contains the reactive nitrogen moieties of 32 Trp (W) and 55
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Arg (R) residues; however these residues were not included in the analysis as they are unlikely to
be reactive with hypochlorous acid for the following reasons. Although the indole ring of Trp is
reactive with hypochlorous acid, it is hydrophobic and so liable to be buried within the protein
where it would be unavailable for reaction. The Arg guanidinium group, while hydrophilic, is
relatively unreactive based on its second order rate constant with hypochlorous acid (26 M–1s–1)
(146).

Light Chain (165 – 278)
VTCPEQ DKYRTITGMC
181 NNRRSPTLGA SNRAFVRWLP AEYEDGFSLP YGWTPGVKRN GFPVALARAV SNEIVRFPTD
241 QLTPDQERSL MFMQWGQLLD HDLDFTPEPA ARASFVTG
Heavy Chain (279 – 745)
301
361
421
481
541
601
661
721

PRIKNQADCI
GLLAVNQRFQ
REHNRLATEL
SYNDSVDPRI
GGIDPILRGL
AWRRFCGLPQ
LACIIGTQFR
NSYPRDFVNC

PFFRSCPACP
DNGRALLPFD
KSLNPRWDGE
ANVFTNAFRY
MATPAKLNRQ
PETVGQLGTV
KLRDGDRFWW
STLPALNLAS

GSNITIRNQI
NLHDDPCLLT
RLYQEARKIV
GHTLIQPFMF
NQIAVDEIRE
LRNLKLARKL
ENEGVFSMQQ
WREAS

VN
NALTSFVDAS
NRSARIPCFL
GAMVQIITYR
RLDNRYQPME
RLFEQVMRIG
MEQYGTPNNI
RQALAQISLP

CETSCVQQPP
MVYGSEEPLA
AGDTRSSEMP
DYLPLVLGPT
PNPRVPLSRV
LDLPALNMQR
DIWMGGVSEP
RIICDNTGIT

CFPLKIPPND
RNLRNMSNQL
ELTSMHTLLL
AMRKYLPTYR
FFASWRVVLE
SRDHGLPGYN
LKRKGRVGPL
TVSKNNIFMS

Figure 4.5 Amino acid sequence of human myeloperoxidase.
Amino acid sequence of human myeloperoxidase was obtained from the NCBI Protein database.
Reactive nitrogen residues are underlined and highlighted in colour: Lys (K) red and His (H) blue.

Thus, the moles of chloramines generated per amine were calculated using the total number of
reactive amines present on myeloperoxidase:
2 N-terminal + 14 Lys + 6 His = 22 reactive amine residues
As shown in Table 4.1, when myeloperoxidase was incubated with hypochlorous acid, up to a
75-molar excess relative to the enzyme, there was a proportional increase in detectable
chloramines. At a ratio of 75:1 approximately 44 moles of chloramine [n(Cl-amine)] were
detected per mole of myeloperoxidase [n(MPO)]. Additional hypochlorous acid gave no further
increase, indicating that the 75-molar excess resulted in maximum chlorination of all the
available amine residues. Approximately 0.6 moles of chloramines were formed for every mole
of hypochlorous acid added to myeloperoxidase (or 60%), up to a 75-fold molar excess of
hypochlorous acid. This indicated that hypochlorous acid reacted predominantly with amines to
generate chloramines, but also reacted with other moieties on the protein.
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Formation of chloramines per reactive nitrogenous moiety on
myeloperoxidase incubated with hypochlorous acid.

0.02 nmoles of myeloperoxidase was treated with increasing mole ratios of hypochlorous acid and
incubated for 10 minutes at room temperature to allow all of the hypochlorous acid to react. The
samples were then reacted with TNB and the presence of chloramines detected by loss in absorbance at
412 nm. Data are the mean and SEM of five experiments. Mole ratios of chloramines per amine on
monomeric myeloperoxidase were calculated using the potential reactive amine sites. 22 reactive amines:
N-terminal, Lys (K) and His (H).

n(HOCl)/n(MPO)

n(Cl-amine)

n(Cl-amine)

n(Cl-amine)

/n(MPO)

/n(HOCl)

/amine

0:1

0±0

0

0±0

25:1

14.5 ± 2.3

0.58

0.66 ± 0.10

50:1

29.5 ± 8.0

0.59

1.34 ± 0.36

75:1

43.8 ± 8.1

0.58

1.99 ± 0.37

100:1

44.3 ± 8.0

0.44

2.01 ± 0.37

When the moles of chloramine generated were calculated relative to the 22 available amine
residues on the protein, 75-fold and 100-fold molar excesses of hypochlorous acid resulted in
conversion of all available amines to dichloramines (Table 4.1). This is represented in Figure
4.6, which shows that chloramine moieties were detected on myeloperoxidase after incubation
with up to approximately a 40-fold molar excess of hypochlorous acid. With greater ratios of
hypochlorous acid relative to protein, Figure 1.6 indicates that dichloramines were produced,
with a maximum generated with a 75-fold molar excess of hypochlorous acid relative to
myeloperoxidase. Higher ratios of hypochlorous acid did not increase chloramines any further
as all possible dichloramines had been formed.
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Figure 4.6 Chloramine formation on hypochlorous acid treated
myeloperoxidase.
Plot of data from Table 4.1.

As shown in Figure 4.5, myeloperoxidase contains 18 Met and 14 Cys residues. Met and Cys are
highly reactive thiol residues and based on their second order rate constants with hypochlorous
acid

are expected to react with this oxidant preferentially (3.8×108 and 3.0×107 M–1s–1,

respectively) (147, 352). However, myeloperoxidase contains one intermolecular and six
intramolecular disulfide bonds, leaving only one Cys residue available for reaction (353). In
addition, one Met residue is involved in co-ordination of the heme. Therefore hypochlorous
will react with available Cys and Met initially, but will mostly react with reactive amines in
myeloperoxidase.
When hypochlorous acid was present at a 25-fold excess compared to myeloperoxidase (25:1),
the oxidant reacted with 66 ± 10% of the 22 available amines to form approximately 14
chloramine residues. When the relative concentration of hypochlorous acid was increased to a
75-fold excess, all of the 22 amines were converted to dichloramine residues. The remaining
hypochlorous acid, which was unaccounted for, could easily have been quenched by the Met,
Cys and Trp residues in the protein.
Overall, for every available amine residue on myeloperoxidase there were a maximum of two
chloramines formed. This data suggests that N-terminal amines, Lys and His residues react with
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hypochlorous acid to generate dichloramines on myeloperoxidase. This fits with the likely
reaction of amines with hypochlorous acid under the conditions of the experiment. Doses of
hypochlorous acid beyond a 75-fold molar excess to the enzyme are likely to have reacted with
less reactive residues.
4.3.5

Ability of oxidatively-modified myeloperoxidase to chlorinate
bacterial proteins

As shown in Figure 4.2, oxidatively-modified myeloperoxidase was as bactericidal as
myeloperoxidase incubated with hydrogen peroxide in the presence of S. aureus. Oxidativelymodified myeloperoxidase was expected to have less ability to chlorinate bacteria compared to
the native enzyme. Thus, bacterial protein chlorination was investigated after incubation with
reagent hypochlorous acid, myeloperoxidase incubated with hydrogen peroxide in the presence
of S. aureus and oxidatively-modified myeloperoxidase.
Very low, but detectable levels of chlorinated Tyr residues were measured on S. aureus proteins
after treatment with both PBS and hydrogen peroxide (Figure 4.7). Addition of reagent
hypochlorous acid (30 µM) resulted in formation of 4.2 ± 0.3 chlorotyrosines per 1,000 Tyr
residues on the bacteria, compared with 0.98 ± 0.11 chlorotyrosines per 1,000 Tyr residues
when myeloperoxidase (400 nM) converted hydrogen peroxide (30 µM) to hypochlorous acid in
the presence of the S. aureus. Thus, protein chlorination by active myeloperoxidase was
significantly less compared to reagent hypochlorous acid under these conditions (p=0.008).
By comparison, oxidatively-modified myeloperoxidase caused significantly less protein
chlorination with 0.26 ± 0.03 chlorotyrosines per 1,000 Tyr residues (p=0.024), compared to
myeloperoxidase incubated with hydrogen peroxide in the presence of S. aureus. When it is
considered that both oxidatively-modified myeloperoxidase and the native enzyme resulted in a
similar loss of bacterial viability (Figure 4.2), this indicates that chlorination of bacterial Tyr
residues does not necessarily correlate with bacterial killing.
Interestingly, the protein remaining in the supernatant after removal of bacteria was also
chlorinated. The supernatant protein would be a mixture of predominantly added
myeloperoxidase, as well proteins released from S. aureus during the incubation. High relative
protein chlorination of the supernatant was measured both with oxidatively-modified
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myeloperoxidase (1.7 ± 0.014 chlorotyrosines per 1,000 Tyr residues) and when
myeloperoxidase converted hydrogen peroxide to hypochlorous acid in the presence of the S.
aureus (1.9 ± 0.14 chlorotyrosines per 1,000 Tyr residues). This result confirms that
hypochlorous acid reacted with myeloperoxidase even when bacteria were present.
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Figure 4.7 Chlorination of S. aureus.
108 S. aureus/mL were incubated for one hour at 37ºC, in the presence of either 30 µM H2O2, 30 µM
HOCl, 400 nM myeloperoxidase (MPO) and 30 µM H2O2, or 400 nM MPO pre-incubated for 10
minutes with 30 µM H2O2 in 10 mM PBS containing 140 mM chloride. After removal of a 10 µL sample
for plating, remaining bacteria were immediately mixed with 5 mM Met to quench remaining reactive
chlorine species. Bacterial cells were then collected by centrifugation and analysed for relative
chlorinated Tyr residues by GC/MS. The supernatant containing myeloperoxidase was also analysed for
chlorination of protein Tyr residues. These results are the means and range of two experiments done in
duplicate.
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Comparison of the bactericidal and chlorination ability of reactive
chlorine species and myeloperoxidase

The demonstrated bactericidal activity of oxidatively-modified myeloperoxidase appears to be
correlated with the conversion of the enzyme’s amines to dichloramines. Chloramines have
been shown to have their latent oxidising ability released on addition of ammonium ions due to
the formation of NH2Cl (Reaction 1.22, Introduction) (172, 193). Thus, the aim of this section
of work was to investigate whether the reactive chlorine species NH2Cl and NHCl2 could be
responsible for the bactericidal and chlorination results observed with myeloperoxidase. Hence
the capacity of these species to kill and chlorinate S. aureus was assessed and compared to
myeloperoxidase and hypochlorous acid.
Low doses of hydrogen peroxide, incubated with myeloperoxidase in the presence of S. aureus,
had no effect on bacterial survival, yet a relatively linear increase in chlorination of the bacteria
was observed (Figure 4.8 A). Once the concentration of hydrogen peroxide exceeded 10 µM,
viability of S. aureus began to decline in a linear manner. A concentration of 20 µM hydrogen
peroxide, which completely killed 108 S. aureus, resulted in approximately 1.6 chlorotyrosines
per 1,000 Tyr residues.
Addition of reagent hypochlorous acid directly to S. aureus gave remarkably different results
(Figure 4.8 B). Again a threshold was observed before hypochlorous acid reached a
concentration which decreased viability of the bacteria. However, half the dose of oxidant was
required to reduce viability completely, compared with myeloperoxidase. Chlorination of S.
aureus showed a different pattern with reagent hypochlorous acid compared to
myeloperoxidase-generated hypochlorous acid. There was a threshold in chlorination followed
by a relatively linear increase once the concentration of hydrogen peroxide exceeded 10 µM.
Presumably this is a result of reaction of hypochlorous acid with myeloperoxidase itself, prior
to the bacteria, since the enzyme is the closest target for the produced oxidant. In addition,
reaction with thiol residues and amines prior to formation of chlorotyrosines could also explain
this phenomenon. At the point where all bacteria were dead, approximately 0.4 Tyr residues per
1,000 were chlorinated.
With NH2Cl, a lesser threshold in bacterial killing was observed with low doses of oxidant
compared to both the myeloperoxidase system and reagent hypochlorous acid. However, as for
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hypochlorous acid, a dose of 10 µM was enough to completely eradicate the bacteria. This was
associated with little chlorination of bacterial proteins, with only 0.06 chlorotyrosines detected
per 1,000 Tyr residues (Figure 4.9 A).
NHCl2 was the most bactericidal reactive chlorine species, requiring only about 6 µM to
completely kill S. aureus. However, NHCl2 contains 2-fold more oxidising equivalents compared
to both hypochlorous acid and NH2Cl. At 6 µM, NHCl2 chlorinated bacterial proteins to about
0.1 chlorotyrosines per 1,000 Tyr residues (Figure 4.9 B).
Comparison of the bactericidal and chlorinating activity of the myeloperoxidase system and the
three reactive chlorine species is summarised in Table 4.2. At the LD50 the myeloperoxidase
system required a greater amount of hydrogen peroxide to kill S. aureus compared to reagent
hypochlorous acid. This pattern was also observed in Figure 4.8 for complete bacterial killing.
Interestingly, similar concentrations of hypochlorous acid and NH2Cl were required for
bacterial killing, both at the LD50 (Table 4.2) and for complete killing (Figures 4.8 B and 4.9 A).
NHCl2 was the most bactericidal agent. Overall, the order of bactericidal activity of reactive
chlorine species from greatest to least: NHCl2 > NH2Cl = HOCl > myeloperoxidase system.
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Figure 4.8 Viability and chlorination of S. aureus upon treatment with the
myeloperoxidase system and reagent hypochlorous acid.
108 S. aureus/mL were incubated for one hour at 37ºC, in the presence of A) 400 nM MPO and H2O2 in
10 mM PBS containing 140 mM chloride or B) HOCl. Subsequently, a 10 µL sample of bacteria was
diluted and spread onto Columbian sheep blood agar plates and incubated overnight at 37ºC, prior to
determination of bacterial viability (black) the following day. Remaining bacteria were immediately
mixed with 5 mM Met to quench remaining reactive chlorine species. Bacterial cells were then collected
by centrifugation and analysed for relative chlorinated Tyr residues by GC/MS (white). Viability results
are means and SEM of two experiments done in duplicate. Chlorotyrosine results are from one
representative experiment of four repeats.
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Figure 4.9 Viability and chlorination of S. aureus upon treatment with
inorganic reactive chlorine species.
108 S. aureus/mL were incubated for one hour at 37ºC, in the presence of A) NH2Cl or B) NHCl2 in 10
mM phosphate buffer. Bacterial viability and chlorination were determined as described in Figure 1.8.
Viability results are means and SEM of at least four experiments. Chlorotyrosine results are from one
representative experiment of four repeats.

In terms of bacterial protein chlorination, reagent hypochlorous acid and myeloperoxidase had
comparable ability, chlorinating proteins to the same order of magnitude; whereas NH2Cl and
NHCl2 were clearly less efficient. This result was apparent whether considering the dose of
oxidant required for loss of 50% bacterial viability, or chlorination at 10 µM of the oxidants.
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Overall these results indicate that chlorination of bacterial proteins is not correlated with
bacterial killing, but is dependent on the reactive chlorine species involved.
Table 4.2

Concentration of reactive chlorine species and chlorination of
S. aureus at LD50.

108 S. aureus/mL were incubated for one hour at 37ºC, in the presence of HOCl, NH2Cl, NHCl2 or 400
nM MPO and H2O2 in 10 mM PBS containing 140 mM chloride. Bacterial viability and chlorination
were determined as described in Figure 1.8. The lethal dose to kill 50% of the bacteria was determined
and the relative chlorination of S. aureus. These results are the means and SEM of at least four
experiments, except for myeloperoxidase (n=2).

Treatment

4.4

HOCl

Oxidant
Concentration
at LD50 (µM)
7.0 ± 2.0

Chlorination
(Cl-Tyr/1,000 Tyr)
at LD50
0.36 ± 0.064

NH2Cl

7.1 ± 2.3

0.034 ± 0.028

NHCl2

4.7 ± 0.76

0.066 ± 0.026

MPO/H2O2/Cl–

11.1 ± 1.2

1.2 ± 0

DISCUSSION

Hypochlorous acid is clearly formed inside the neutrophil phagosome; however whether the
oxidant is present at great enough concentrations to be solely responsible for bacterial killing
has not be consistently verified (3, 299). As myeloperoxidase is required for the majority of
oxidant-dependent bacterial killing this raises the possibility that proteins oxidised with
hypochlorous acid may be at least partially responsible. Consequently, the most significant
finding of this chapter was that myeloperoxidase which was oxidatively modified prior to
addition of S. aureus, was as effective at killing the bacteria as native myeloperoxidase.
When myeloperoxidase was treated with up to a 100-fold excess of hypochlorous acid very little
change to the protein structure was observed by SDS-PAGE analysis. Small changes were seen
under reducing conditions as some loss of the light subunit was apparent. Under non-reducing
conditions, monomeric myeloperoxidase also decreased in intensity. This is consistent with a
small degree of protein degradation or aggregation occurring at the higher ratios of
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hypochlorous acid tested. It is also possible loss of these peptides was observed as a result of
oxidation, where oxidised peptides were unable to be stained Coomassie blue and silver stain.
This has been demonstrated previously when neutrophil elastase was treated with hypochlorous
acid (354). Loss of staining of polypeptides has also been shown when Lys residues were
exposed to high concentrations of hypochlorous acid (212).
Despite the protein appearing largely intact by SDS-PAGE, oxidatively-modified
myeloperoxidase had a reduced ability to generate hypochlorous acid. This suggests that
oxidation by hypochlorous acid only modified the heme or specific amino acids, thus altering
the enzyme’s conformation and affinity for hydrogen peroxide. The mechanism of protein
inactivation by hypochlorous acid usually occurs via oxidation of specific amino acid residues.
Studies of model systems indicate that the thiol and thioether groups of Cys and Met react most
rapidly with hypochlorous acid (K2: 3×107 M–1s–1 and 4×107 M–1s–1, respectively (146, 352)).
Myeloperoxidase contains highly reactive Met and Cys residues, therefore these two residues
will be the first targets when hypochlorous acid oxidizes the protein. Due to the low availability
of these residues however, the majority of hypochlorous acid would be expected to react with
the N-terminal amine, Lys, and His residues to form chloramines. One of the catalytic residues
in the myeloperoxidase active site is His 95, which if modified would compromise the enzyme’s
activity (103). Consequently, this His residue is a potential target for hypochlorous acid.
As a result, formation of chloramines on myeloperoxidase upon hypochlorous acid treatment
was assessed. As demonstrated in Figure 1.5, increasing doses of hypochlorous acid resulted in
increased chloramine formation on the myeloperoxidase protein. Once the hypochlorous acid
concentration exceeded myeloperoxidase by 75-fold, all amines on the enzyme were converted
to dichloramines. This is corroborated with the inability to detect further chloramines above
this concentration, most likely due to saturation of amine groups with chlorine atoms. It was
significant that maximal dichloramines were present on myeloperoxidase when the enzyme was
treated with a 75-fold molar excess of hypochlorous acid, as this ratio was previously found to
produce optimal bacterial killing by hypochlorous acid-treated myeloperoxidase (Cynthia
Bishop, unpublished). This suggests that dichloramines may play a significant role in the
antimicrobial activity of phagocytic neutrophils.
This is the first demonstration that oxidatively-modified myeloperoxidase is an effective
antimicrobial agent. It is clear that myeloperoxidase has the ability to chlorinate itself with a 75-
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fold molar excess of hypochlorous acid, as the enzyme still had the ability to generate the
reactive chlorine species even beyond this level. Thus, if this were to occur in the phagosome,
myeloperoxidase could conceivably form dichloramines on all its available amine residues in the
in vivo environment, and maintain antimicrobial activity. The ability of myeloperoxidase to
chlorinate itself to the level required for bactericidal activity in the neutrophil is also dependent
on the enzyme’s environment. The presence of alternative protein targets in the phagosome
may reduce the extent of chlorination of the enzyme. Thus, investigation of the extent of
chlorination of myeloperoxidase in the phagosome, or in an in vitro phagosome model, would
be helpful to assess the likelihood that chlorinated myeloperoxidase could be bactericidal in
phagocytosing neutrophils.
Despite killing bacteria with the same efficiency as native myeloperoxidase, the pre-incubated
enzyme had a reduced ability to chlorinate S. aureus. On the other hand, myeloperoxidase
contained in the supernatant (as well as protein released from the treated bacteria) was also
chlorinated after incubation with hydrogen peroxide and chloride. The total levels of
chlorinated Tyr residues in the supernatant were comparable whether or not S. aureus were
present during the initial incubation with hydrogen peroxide. However, the relative chlorination
of myeloperoxidase compared to S. aureus was highly dependent on the reaction conditions.
When myeloperoxidase was pre-incubated with hydrogen peroxide prior to addition of the
bacteria, the bacteria were found to have about 10-15% of total chlorinated Tyr residues, with
the remainder on myeloperoxidase and proteins in the supernatant. In contrast, when
myeloperoxidase converted hydrogen peroxide to hypochlorous acid in the presence of S.
aureus, the bacteria contained about 35-40% of total chlorinated Tyr residues.
Clearly, bacterial chlorination does correlate with bacterial killing; however the degree of
chlorination is dependent on the particular reactive chlorine species. Therefore, hypochlorous
acid itself is not the only myeloperoxidase-dependent species that can kill. This indicates that
other species dependent on myeloperoxidase for their formation may be required. Molecular
chlorine is a possibility, as this is more efficient at generating chlorinated Tyr residues compared
to hypochlorous acid (143). However, as chlorine is formed preferentially at acidic pH it is
unlikely to be generated in bactericidal quantities under the initially neutral conditions in the
phagosome. Other possibilities include the reactive chlorine species NH2Cl and NHCl2, which
could be formed by chlorine transfer to ammonia or via decomposition of protein chloramines.
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Thus there is potential for chloramines on pre-incubated myeloperoxidase to kill bacteria
directly or through production of these chemical species.
To investigate whether NH2Cl and NHCl2 may be responsible for bacterial killing, these were
assessed for their ability to kill S. aureus and chlorinate bacterial proteins compared to
hypochlorous acid and the myeloperoxidase system. At 50% bacterial viability, only
hypochlorous acid produced a similar amount of bacterial chlorination compared to
myeloperoxidase. Both NH2Cl and NHCl2 were less efficient at chlorinating bacterial Tyr
residues. When considering chlorination relative to reactive chlorine, at the same concentration
(10 µM) NH2Cl produced chlorotyrosine residues with approximately 10-15% of the efficiency
of hypochlorous acid, while NHCl2 chlorinated with about 35-40% efficiency. In terms of
bactericidal activity though, NH2Cl and NHCl2 were as good as, or better than reagent
hypochlorous acid.
These findings may also help explain why Chapman et al. found that S. aureus were chlorinated
in the neutrophil phagosome to lower levels than expected if they were killed primarily by direct
reaction of hypochlorous acid (3). Chapman showed that bacteria only experienced 6% of the
total chlorination that occurred in phagocytic neutrophils. Thus, it seems highly likely that the
phagosomal environment contains proteins and peptides which have already been exposed to
hypochlorous acid – potentially in the neutrophil granules prior to fusion with the phagosome
(3). This strongly indicates that myeloperoxidase which acts on engulfed bacteria may have
already reacted with hydrogen peroxide to generate hypochlorous acid, chlorinating itself and
other neutrophil granule proteins. Thus, bacterial chlorination observed in the phagosome may
be due directly to reaction of hypochlorous acid formed from pre-treated myeloperoxidase. Or
instead, hypochlorous acid may have an indirect bactericidal effect, possibly through protein
chloramines or a combination of many reactive chlorine species generated from chlorinated
neutrophil proteins.
Under the conditions assessed in these experiments, ~7 µM of NH2Cl, or ~5 µM of NHCl2
were required to reduce the viability of 108 S. aureus by 50%. By comparison, 400 nM of
oxidatively-modified myeloperoxidase, in which the amines were converted to dichloramines,
killed an equivalent amount of S. aureus. If oxidatively-modified myeloperoxidase killed S. aureus
through formation of NH2Cl or NHCl2, this could not be via decomposition of only the Nterminal dichloramines, as this would generate a maximum of 800 nM NH2Cl or 400 nM of

Chapter Four.

Oxidatively-modified MPO

124

NHCl2. However, if all of the available amines on myeloperoxidase are considered, then 8.8 µM
of NHCl2 could theoretically be formed. Even Lys dichloramine, which is generally considered
to be stable, could potentially liberate NH2Cl or NHCl2 following nucleophilic attack of the
associated carbon atom.
On the other hand, dichloramines on myeloperoxidase may have unrecognised bactericidal
activity or generate as yet unconsidered antimicrobial species. Alternatively, oxidative
degradation of myeloperoxidase may also result in the formation of cationic antibacterial
peptides that could promote bacterial lysis. In support of the role of oxidatively-modified
neutrophil proteins, Reeves found that both elastase and cathepsin G required an active
myeloperoxidase system to have a bactericidal effect (51). This is despite the reduced enzymatic
activity of cathepsin G after treatment with hypochlorous at concentrations similar to those
produced by stimulated neutrophils (355). Other researchers have demonstrated that the
antibacterial activity of cathepsin G is not due to its serine proteolytic activity but antibacterial
peptides contained within the full-length structure (53). This suggests that oxidative inactivation
of enzymes does not prevent them from having an important function, and may be necessary
for optimal antimicrobial activity, although further investigation is required.
Overall, the results of this chapter suggest that there is potential for hypochlorous acid to
indirectly kill bacteria in the neutrophil phagosome via oxidatively-modified neutrophil
proteins.

CHAPTER FIVE
PATHWAYS FOR THE DECAY OF ORGANIC
DICHLORAMINES AND LIBERATION OF ANTIMICROBIAL
CHLORAMINE GASES
5.1

BACKGROUND

Although hypochlorous acid modifies bacterial proteins inside the phagosome, the majority of
protein chlorination occurs on neutrophil rather than bacterial proteins (3). Therefore, it is
unlikely that hypochlorous acid acts directly as the toxic agent produced by myeloperoxidase
inside the phagosome (51). Instead, toxicity is expected to be mediated by reactive chloramines
and dichloramines (85, 356).
The link between bactericidal activity and the decomposition of α-amino acids as a result of
phagocytosis was first recognised by Zgliczynski and colleagues (155). It was subsequently
proposed that myeloperoxidase-generated hypochlorous acid reacted with free α-amino acids to
generate unstable chloramine intermediates, which spontaneously decomposed to their
respective aldehydes (154). This pathway was later partially verified when formation of a
chloramine on the α-amino moiety was directly demonstrated by NMR (181). Formation of
aldehydes was also confirmed, but the structural identity of an intermediate between the αmonochloramines and the related aldehydes was not established (181).
Thus, several related mechanisms for chloramine decomposition have been proposed, but in
general they decompose via an initial spontaneous decarboxylation to release carbon dioxide to
form an unstable imine (Reaction 5.1) (183, 357). The imine then undergoes rapid hydrolysis
and deamination, with resultant loss of ammonia, to create a carbonyl moiety on the α-carbon
(Reaction 5.2) (181, 358).
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Reaction 5.1

Reaction 5.2

Imine

Aldehyde

Much less is known about the stability and decay of α-amino acid dichloramines; however they
are believed to decompose in a similar manner to chloramines, though more rapidly (183).
Decarboxylation results in formation of a chlorimine species, rather than an imine, and
presence of the second chlorine atom results in elimination of HCl to generate a nitrile (Scheme
5.4, Dichloramine: 1,2-Elimination B) (183). Dichloramines of Gly have been found to
decompose to release the simplest nitrile, hydrogen cyanide (HCN) (Scheme 5.4, Dichloramine:
1,2 Elimination A) (185).
Formation of dichloramines in vitro has been observed on treatment of neutrophil granule
extracts with hydrogen peroxide to promote formation of hypochlorous acid (359).
Dichloramine formation is likely to occur in vivo as the rate constant for the reaction of
monochloramines to form dichloramines (9 M–1s–1) is similar to the rate of the reaction of Tyr
to form chlorotyrosine (44 M–1s–1). Both chlorotyrosines and dichlorotyrosines have been
detected in atherosclerotic lesions (360) and in phagocytosing neutrophils (3). Further evidence
for dichloramine formation in the phagocytosing neutrophil is the detection of HCN upon
phagocytosis of S. epidermis (361). It was found that N-dichloroglycyl residues within bacterial
peptidoglycan were the substrate responsible for generation of HCN, with greater amounts
generated if the bacteria were pre-treated with penicillin, indicating that free N-terminals of
peptides were required (361).
Chloramines retain some of the oxidising activity of hypochlorous acid (168), and depending on
their ability to penetrate cells have been shown to be cytotoxic (161, 362, 363). Thus,
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chloramines or their decomposition products should play a role in bacterial killing. Initially,
bacteria were thought to be killed by the formation of soluble aldehydes with microbicidal
activity (177, 179, 364) or else by the formation of structural aldehydes on the surface of
bacteria (365). Many aldehydes are known cytotoxins (366), including acrolein (367),
acetaldehyde (368) and formaldehyde (369). However, it has been shown that free aldehydes are
not toxic enough (364), nor produced in sufficient quantity to account for the observed
bacterial killing (370).
Little attention has been focused on the contribution dichloramines may make to oxidative
killing by neutrophils. However, dichloramines are more potent antimicrobial agents than
monochloramines (371). This is corroborated by the results in Chapter Four which demonstrate
that dichloramines formed on myeloperoxidase correlate with the bactericidal activity of the
oxidatively-modified enzyme. In addition, the unstable nature of dichloramines suggests they
may decompose to form further antimicrobial products (372). Thus, the objective of this
chapter was to investigate the stability and bactericidal activity of monochloramines and
dichloramines of small peptides, as models of neutrophil granule proteins.
5.2

EXPERIMENTAL APPROACH

The stability of α-amino acid and peptide chloramines and dichloramines was initially assessed.
Four classes of amino acids were studied as models of the N-terminal residues of major
neutrophil proteins discharged into the phagosome on engulfment of a foreign particle. Ala was
selected as it is the N-terminal amino acid of the neutrophil defensin HNP-1 (60) and
resembles that of the alkyl amino acids that are present on the N-termini of myeloperoxidase.
Asp is the N-terminal amino acid of HNP-3 (60). Glu and Gly were chosen to assess whether
subtle changes in the α-carbon substituent of Asp and Ala, respectively, impacted dichloramine
stability. N-α-acetyl Lys was chosen as a model of protein Lys residues, while taurine was
investigated because it is present in high concentration within the cytoplasm of neutrophils.
Initially the chemical stability of a range of monochloramines and dichloramines on α-amino
acids, N-terminal peptides, amino acid amides, as well as N-acetyl Lys and taurine were assessed
by measuring losses of both the characteristic UV maxima, as well as chloramine reactivity
(Methods 2.4). The bactericidal activity against S. aureus of a variety of N-terminal chloramines
was subsequently assessed, in order to gauge the ability of chloramines on peptides and proteins
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in the neutrophil phagosome to play a role in bacterial killing (Methods 2.9.2). The effect of
chloramine decomposition on bacterial killing ability was also determined. Since chloramines
are inherently unstable, all chloramine derivatives were used immediately after preparation to
avoid decomposition or rearrangement as much as possible.
Products of the decomposition of representative monochloramines and dichloramines of Nterminal peptides and amino acid amides were analysed, in order to understand how
dichloramines killed bacteria under the reaction conditions (Methods 2.18). The techniques of
HPLC and LC/MS were employed for this, both to identify decomposition products formed,
as well as the time-profiles of formation and decomposition. Assistance from Gus Maghzal
with initial experiments was greatly appreciated.
To determine whether antimicrobial inorganic NH2Cl and NHCl2 were produced as byproducts of the decay of organic chloramine species the low vapour pressure of both of these
molecules was utilised. Selected ion flow tube mass spectrometry (SIFT-MS) can identify and
quantify trace amounts of volatile organic substances (Methods 2.17). It has been used
previously to quantify volatile compounds in human breath (373), gases in the headspace above
liquids (374), as well as other applications. NH2Cl and NHCl2 have both previously been
detected using this method with a limit of detection approaching 10 parts per billion (ppb)
(314). With the technical assistance of Senti Senthilmohan and Wan Ping Hu, it was initially
confirmed that these volatile chloramines could be monitored in the headspace above pure
solutions. Consequently, it was then determined if these inorganic chloramines could be
detected as by-products of the decomposition of organic monochloramines and dichloramines.
5.3
5.3.1

RESULTS
Chemical stability of chloramines

The chemical stability of monochloramines and dichloramines of amino acids and short
peptides were assessed by measuring loss in their reactivity (Figure 5.1 A) and changes in
absorbance at their UV maxima, as well as the absorption spectra between 190 and 400 nm
(Figure 5.1 B,C). Half-lives for chloramine reactivity and UV stability are given in Table 5.1 and
are generally in agreement with previous studies (165, 181, 358). The stability of the
monochloramines and dichloramines varied widely, from being almost so fast that they were
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immeasurable (<0.3 minutes) to being relatively stable such that no change was observed over
the time-frame investigated (>>120 minutes). Yet, in all cases dichloramines were more
unstable than their corresponding monochloramines (Table 5.1).
In general, the stability of the chloramine chromophores matched that of the chloramine
reactivity (Table 5.1). Interestingly, the half-life of chloramine reactivity was consistently longer
than the half-life determined by decay at the UV maxima for all monochloramines studied, as
well as a few dichloramines (Ala methyl ester, Glu-amide and Gln) (Table 5.1). This suggested
that a formation of secondary chloramines may be a possible result of dichloramine decay.
The concordance between chloramine reactivity and loss in monochloramine or dichloramine
absorbance did not always hold. In some instances the decay of chloramines resulted in spectral
changes that masked their loss, while with other chloramines the rate of decrease in UV
absorbance was not matched by the loss in chloramine reactivity. Asn monochloramine and
dichloramine were the only species which exhibited an increase in the maximal absorbance over
the detection period. Both showed a small increase in absorbance at 252nm, due to formation
of a product that absorbed maximally at 273 nm (Figure 5.2 C), which occurred rapidly over 10
minutes.

Chapter Five.

Decay of organic dichloramines

130

Figure 5.1 Decay of dichloramines.
Dichloramines of taurine (●); Asp-Phe methyl ester (○) and Glu-Val-Phe (▼) were prepared at 10 mM,
diluted 10-fold into 10 mM phosphate buffer pH 7.4 and their stability recorded at 22°C. (A) Residual
chloramine reactivity was followed by determining their ability to bleach TNB, or (B) monitoring the
changes in their UV absorption spectrum as shown for 1 mM Glu-Val-Phe dichloramine, with spectra
recorded every minute for 10 minutes, or (C) monitoring the absorbance maximum for each of the
dichloramines (Methods 2.4).
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Stabilities of monochloramines and dichloramines of amino
acids and small peptides.

Monochloramine and dichloramine stabilities were assessed by reaction with TNB or by monitoring the
UV maxima as described in Methods section 2.4. Monochloramines and dichloramines were incubated
at 22ºC in 10 or 100 mM phosphate buffer, pH 7.4, respectively. Half-lives of chloramines were
calculated from their decay curves and presented as means ± SD (n=3). In some cases interference
resulted in unreliable determination of half-lives: § Phe absorption, ‡ broadening of 220 nm peak, *
increasing absorbance, † increasing absorbance to peak at 275 nm, ¥ formation of monochloramine
detectable at 252 nm. Half-life calculations: a linear fit, b exponential (2 parameter) fit, c exponential
(3 parameter) fit, e data extrapolated to determine fit.

Peptide
or
amino acid

Monochloramine Monochloramine Dichloramine Dichloramine
Half-life (min) Half-life (min) Half-life (min) Half-life (min)
TNB
UV
TNB
UV
(252-256 nm)
(300-304 nm)

Ala
Ala methyl ester
Ala-Phe

61.2 ± 3.9 be
90.8 ± 12.4 ae
>>120 ae

40.3 ± 0.2 be
73.9 ± 2.8 ae
§

<0.3 b
5.3 ± 2.0 b
36.3 ± 0.4 be

<0.3 b
4.3 ± 0.7 b
94.2 ± 11.4 be ‡

Asp
Asp-amide
Asp-Phe methyl ester
Asn

14.2 ± 0.4 b
>>120 ae
>>120 ae
11.0 ± 0.8 b

13.2 ± 1.0 b
*
>>120 ae *§
†

<0.3 b
34.9 ± 3.4 be
68.0 ± 3.0 ae
<0.3 b

<0.3 b
49.2 ± 1.7 ae *
71.2 ± 5.3 ae
†

Glu
Glu-amide
Glu-Val-Phe
Gln

37.5 ± 3.5 ae
53.0 ± 1.6 ae
84.9 ± 21.9 ae
36.6 ± 0.8 be

33.2 ± 1.8 ae
*
*§
35.7 ± 1.6 be

<0.3 b
3.6 ± 0.2 b
0.3 ± 0.03 cr
3.0 ± 0 b

<0.3 b
0.8 ± 0.1 b
1.7 ± 0.09 cr ‡
<0.3 b

Gly
Gly-Asp
Gly-Phe

>>120 ae
>>120 ae
>>120 ae

>>120 ae
>>120 ae
>>120 ae §

13.0 ± 6.9 b
85.0 ± 9.1 be
29.7 ± 1.5 a

2.2 ± 0.3 b ¥
>>120 ‡
>>120 ‡

N-α-acetyl Lys

>>120

>>120

>>120

>>120

Taurine

>>120 ae

>>120 ae

>>120 ae

>>120 ae

However, by assessment of chloramine reactivity, the half-life of Asn monochloramine was
11.0 ± 0.8 minutes (Table 5.1). The previously reported value for the half-life for Asn
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monochloramine was longer than 60 minutes, as this was determined by monitoring decay of
the monochloramine peak by UV(165).
The spectral changes of Ala-Phe dichloramine (Figure 5.2 A) indicated that as the dichloramine
decayed it formed products with strong UV absorbance. The peak at 220 nm associated with
absorbance of the peptide bond appeared to broaden, which delayed the apparent
decomposition of the dichloramine peak at ~300 nm. This phenomenon was also observed
with other dichloramines. It is likely that breakdown products underwent subsequent reactions
in these cases. The presence of the amino acid Phe in some dipeptides also caused issues in
determining monochloramine half-life by UV, as the aromatic ring absorbs maximally at 280
nm.
The decay of Gly dichloramine was also unusual. Gly dichloramine lost its absorbance at 305
nm with a half-life of ~2 minutes (Table 5.1) and a new maximum appeared at 255 nm (Figure
5.2 B). The half-life of ~13 minutes for its chloramine reactivity was much longer. These results
indicate that Gly dichloramine decayed to a monochloramine that subsequently decayed more
slowly than the parent. The same UV decay pattern was also observed with Glu dichloramine.
The other amino acid dichloramines decayed far too rapidly to observe this phenomenon.
To determine the role of the carboxyl moiety of amino acids in the decomposition of
chloramines, various analogues with blocked C-termini were investigated. These analogues
included amides, where the hydroxyl group is replaced by a primary amine; methyl esters, where
the carboxyl group is esterified to a methyl substituent; and short peptides, where the carboxyl
group is involved in the peptide bond between amino acids.

Monochloramines of amino acids decayed much faster than their analogues with a blocked Cterminus, which is in agreement with previous studies (182). This phenomenon was also
observed with dichloramine derivatives. For example, the dichloramines of the amino acids Asp
(t½<0.3 minutes) and Asn (t½<0.3 minutes) were at least two orders of magnitude less stable
than those of Asp-amide (t½=34.9 ± 3.4 minutes) and Asp-Phe methyl ester (t½=68.0 ± 3.0
minutes). These results indicated that the α-carboxyl moiety, which is available for reaction in
amino acids, is directly involved in the decomposition of amino acid monochloramines and
dichloramines.
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The presence of a carbon-based substituent on the α-carbon decreased the stability of all
chloramines. Both the monochloramines and dichloramines of the amino acids Ala, Asp, Asn,
Glu and Gln were much less stable than Gly monochloramine and dichloramine. The most
stable dichloramines were derived from taurine and N-α-acetyl-Lys, which lack both an αcarboxyl group and another substituent on the α-carbon.

Blocking the carboxyl group on the α-carbon of the compounds that contained Asp (Aspamide and Asp-Phe methyl ester) dramatically increased stability of both their
monochloramines and dichloramines. To determine if the carboxyl group on the Asp or Glu
substituents had any effect on the stability of either chloramine these were compared to Asn
and Gln, respectively, where the carboxyl group is converted to an amide. There was no
difference in stability of either chloramine on comparison between Asp and Asn. These results
indicated that the carboxyl moiety in the side chain of Asp did not influence chemical stability.
In contrast, the carboxyl group in the Glu substituent did affect the stability of the chloramines
of N-terminal Glu compounds. This is apparent from the equal half-lives for Glu-amide and
Gln, which were an order of magnitude less than that for Glu (Table 5.1).

Further investigation of the role of the carboxyl group on the Asp or Glu substituents was
made by altering the concentration of the amino acids. A 10-fold dilution of the
monochloramines of Glu and Gln did not alter their rate of decomposition. In contrast, when
both Asp and Asn were diluted 10-fold the half-lives approximately doubled (Table 5.2). This
indicates differences in the modes of decomposition of these chloramine species. Gluderivatives appear to decompose via an intramolecular mechanism, as the rate of decay is not
dependent on the concentration of the chloramine. In contrast, the decomposition of Asp
derivatives is consistent with an intermolecular mechanism.
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Figure 5.2 UV spectra of chloramines with unusual decay spectra.
Loss in chloramine absorbance with time at 22°C for A) Ala-Phe dichloramine, B) Gly dichloramine and
C) Asn monochloramine. Spectra recorded every minute for 10 minutes.
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Stabilities of monochloramines in relation to concentration.

Monochloramine stabilities were assessed by reaction with TNB. Monochloramines (1 mM or 100 µM)
were incubated at 22ºC in 10 mM phosphate buffer, pH 7.4. Half-lives of chloramines were calculated
from their decay curves and presented as means ± SD (n=3).

Amino
acid

Monochloramine

Amino

Half-life (min)

acid

TNB

Monochloramine
Half-life (min)
TNB

Asp

14.2 ± 0.4

Glu

37.5 ± 3.5

Asp (1/10)

29.9 ± 5.0

Glu (1/10)

39.8 ± 2.2

Asn

11.0 ± 0.8

Gln

36.6 ± 0.8

Asn (1/10)

33.3 ± 3.4

Gln (1/10)

41.6 ± 2.4

5.3.2

Comparative toxicities of monochloramines and dichloramines
against S. aureus

The aim in this section was to relate bactericidal activity of chloramines of small peptides back
to the chemical stability of each species. The unreacted amines alone showed no bactericidal
activity (data not shown). None of the monochloramines had bactericidal activity up to 10
nmoles per 105 S. aureus. This dose corresponded to 100 µM oxidant added to 105 bacteria in
100 µL. The majority of dichloramine species were bactericidal (Figure 5.3 A & Table 5.3).
Dichloramines killed 50% of the bacteria (LD50) at a dose of 2-7 nmoles per 105 S. aureus (20-70
µM).
At these concentrations some of the bacterial colonies were smaller than colonies of untreated
bacteria, indicating short-term growth-arrest. These stasis colonies were counted and included
in the data presented. However, this stasis effect implies the organic dichloramines had
additional toxicity to that required to kill 50% of the bacteria under the conditions used. All
killing assays were conducted at a fixed concentration of bacteria and it cannot be assumed a
higher concentration of bacteria would require a proportionally higher dose of oxidant.
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Figure 5.3 Bactericidal toxicity of Asp-Phe methyl ester chloramines.
(A) S. aureus (105) were incubated with varying concentrations of Asp-Phe methyl ester monochloramine
(●) and dichloramine (○) for 1 hour at 37°C as described in Methods section 2.8.2. Aliquots for each
sample were diluted and plated to assess viability. (B) Asp-Phe methyl ester dichloramine was incubated
for various times at 22°C, and then 50 µM (●) were added to S. aureus (105) in 100 µL. After an hour at
37°C bacteria were diluted and plated to assess viability. Data are means and standard deviations of two
experiments carried out in duplicate.

For comparison, the toxicities of hypochlorous acid, NH2Cl, and NHCl2 were 0.14 ± 0.04, 0.37
± 0.14, and 0.08 ± 0.02 nmoles per 105 S. aureus, respectively. Thus, the toxicities of organic
dichloramines were considerably less than these inorganic reactive chlorine species. Residual
hypochlorous acid present with organic dichloramines could not have been responsible for
killing the bacteria as not all dichloramines were bactericidal, indicating that there was no excess
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hypochlorous acid remaining. Additionally, free hypochlorous acid was undetectable as assessed
by its ability to promote oxidation of dihydrorhodamine (302) (data not shown).
Table 5.3

Antimicrobial activity of monochloramines, dichloramines and
hypochlorous acida

a

S. aureus (105) were incubated with varying concentrations of hypochlorous acid or chloramines for one

hour at 37°C (Methods 2.9.2). After incubation bacteria were diluted and plated to assess viability.
Results are presented as mean ± range.

b

Results are for two experiments done in duplicate, unless

otherwise stated. c Results are for three experiments done in duplicate. d Results are for five experiments
done in duplicate. e Not applicable.

Chloramine LD50s

α-carbon

(nmoles/105 S. aureus)b

substituent

Amine

Monochloramine

Dichloramine

Ala-Phe

>10

2.7± 0.2

-CH3

Asp-amide

>10

4.9 ± 3.6

-CH2-COOH

>10

2.2 ± 1.3

-CH2-COOH

Glu-amide

>10

2.3 ± 0.4

-CH2- CH2-COOH

Glu-Val-Phe

>10

7.4 ± 6.0c

-CH2- CH2-COOH

Gly-DL-Asp

>10

>10

-H

Gly-Phe

>10

>10

-H

N-α-acetyl Lys

>10

>10

-H

Taurine

>10

>10

-H

HOCl

0.14 ± 0.04d

NAe

NA

NH2Cl

0.37 ± 0.14

NA

NA

NHCl2

NA

0.08 ± 0.02d

NA

Asp-Phe

methyl

ester

The bactericidal activity of the dichloramines was dependent upon the presence of a substituent
on the α-carbon adjacent to the terminal amine group. Dichloramines containing a proton in
this position, such as taurine and N-terminal Gly peptides, did not kill the bacteria. The
dichloramine of N-α-acetyl Lys was also not bactericidal up to 10 nmoles per 105 S. aureus
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(Table 5.3). These results suggest that direct reaction of the dichloramines with the bacteria is
unlikely to explain their toxicity.
The longevity of the bactericidal activity of dichloramines was investigated by incubating AspPhe methyl ester dichloramine at 22°C for up to 2 hours before adding it to the bacteria. At a
dose of 5 nmoles per 105 S. aureus, Asp-Phe methyl ester dichloramine progressively lost its
bactericidal activity over 30 minutes (Figure 5.3 B). This is indicative of the killing agent being
short-lived under the conditions of these experiments.
5.3.3

Formation of volatile NH2Cl and NHCl2 from organic dichloramines

To assess how dichloramines killed bacteria under the reaction conditions, the kinetics of their
decay were investigated and the products formed analysed. As mentioned previously, the halflife of chloramine reactivity was consistently a little longer than the half-life determined by
decay at the UV maxima for all monochloramines studied, as well as a few dichloramines (Table
5.1). For the dichloramines, this was most pronounced with Glu-amide and Gln, where the
half-lives for chloramine reactivity were at least four-fold longer compared to the UV
dichloramine spectra (Table 5.1). Unlike Gly dichloramine (Figure 5.2 B) their spectral changes
did not indicate that they decayed to their respective monochloramines (Figure 5.4 A).
It was not possible to accurately measure the half-life of Gln dichloramine by its UV decay as
the dichloramine decayed so rapidly that it was not detectable within 10 seconds following
addition of two-fold molar excess of hypochlorous acid to the amino acid. Glu-amide
dichloramine on the other hand, decayed relatively rapidly but was able to be analysed by
stopped-flow kinetics. Even when the dichloramine absorbance had disappeared completely,
there was still approximately 50% chloramine reactivity remaining (Figure 5.4 B). These results
suggested that the dichloramine decayed to liberate another chloramine species, but not Gluamide monochloramine.
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Figure 5.4 Decay of Glu-amide dichloramine.
The dichloramine of Glu-amide was prepared as described in Figure 5.1 and its decay was monitored at
22°C by (A) following the changes in its UV absorption spectrum, which were recorded every minute
for 10 minutes. (B) Its decay was also followed by measuring the loss in dichloramine absorbance at 304
nm, as measured by stopped-flow (○) or by measuring residual chloramine reactivity using TNB (●).
Results are means and standard deviations of triplicate experiments.

Other possible chloramine species formed in the decay of dichloramines are NH2Cl and
NHCl2. To establish the existence of these volatile compounds, the headspace above solutions
of several amino acid and small peptide chloramines was examined during their decay using
SIFT-MS (316).
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Figure 5.5 Real-time responses of volatile NH2Cl and NHCl2 as detected by
SIFT-MS.
Detection of volatile gases of A) NH2Cl and B) NHCl2 in the headspace above 1 mM solutions as
described in Methods section 2.17. Insets show standard curve of volatile NH2Cl and NHCl2 as detected
by SIFT-MS determined from the maximum response. NH3, 17 m/z (○); NH2Cl, 51 m/z (●); NHCl2, 85
m/z (▼). Isotopes of these species were present at the expected ratios of 3:1 for NH2Cl (51 and 53
m/z), and 9:6:1 for NHCl2 (85, 87 and 89 m/z). This work was done in collaboration with Wan-Ping-Hu
of Syft Technologies Ltd.

Initially, it was confirmed that NH2Cl(g) could be detected in the headspace above a 1 mM
solution of this inorganic chloramine. Upon sampling the headspace there was a rapid increase
in the signal for NH2Cl(g), which was constant for at least 5 minutes. This indicated that the
NH2Cl(aq) was stable and rapidly equilibrated with the gas phase. The signal was directly
proportional to the concentration of NH2Cl(aq) formed in solution (Figure 5.5 A).
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When solutions of NHCl2(aq) were prepared, NHCl2(g) was also detected in the headspace. The
signal reached a maximum after a few seconds of sampling and then declined exponentially.
This suggests that NHCl2(aq) was unstable and therefore could not equilibrate with the gas phase.
The instability of NHCl2(aq) is consistent with observations of previous studies (200). The
maximum signal obtained for NHCl2(g) however was directly proportional to the initial
concentration formed in solution (Figure 5.5 B).

Next, the headspaces over solutions containing chloramines of taurine, Glu and Asp derivatives
were analysed. The amino acids and short peptides alone did not produce any volatile ammonia
derivatives. Small short-lived signals for NH2Cl(g) and NHCl2(g) were detected in the headspace
above the buffer to which hypochlorous acid was added. This formation could be explained by
the presence of trace amounts of ammonia dissolved in the buffer. These background signals
were weak compared to the response from pure solutions of NH2Cl and NHCl2. The total
amount of NH2Cl(g) and NHCl2(g) formed after addition of hypochlorous acid to buffer is shown
in Figure 5.6 B.

None of the monochloramines produced significant amounts of NH2Cl(g) and NHCl2(g).
Conversely, dichloramines of all Glu and Asp derivatives produced both NH2Cl(g) and NHCl2(g).
Of particular note, there was continuous formation of NH2Cl(g) observed from Glu-amide
dichloramine, which can be seen in Figure 5.6 A. The concentration of NH2Cl(g) detected in the
headspace above 10 mM Glu-amide dichloramine reached a plateau at approximately 2.5 ppm,
which was equivalent to that liberated from a 400 µM standard solution of NH2Cl. It was also
fascinating that NHCl2(g) appeared to be continually produced as well, especially considering
that this chloramine species has such a short detectable life-span after its formation. This
strongly pointed towards the continuous formation of both NH2Cl(g) and NHCl2(g) from Gluamide dichloramine during its decomposition.

Figure 5.6 B shows the total amount of volatile chloramines liberated into the headspace during
10 minutes for each amino acid derivative tested. Glu derived dichloramines liberated
predominantly NH2Cl(g) into the headspace, while Asp derived dichloramines favoured release
of NHCl2(g). Taurine dichloramine, which was found to be highly stable (Table 5.1) did not
liberate either NH2Cl(g) or NHCl2(g). These results demonstrate that unstable dichloramines can
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break down to liberate NH2Cl(g) and NHCl2(g). The yields of formation of these volatile
chloramines were not determined because their potential reactivity with other components in
solution and the instability of NHCl2 made any results prone to inaccuracies.

Figure 5.6 Liberation of NH2Cl(g) and NHCl2(g) from amino acid dichloramines.
The volatile substances ammonia (NH3) (17 m/z), NH2Cl (51, 53 m/z) and NHCl2 (85, 87, 89 m/z) were
monitored continuously by SIFT-MS in the headspace above 1 mM liquid samples at 22°C, both prior
to addition of hypochlorous acid to the amine and for a minimum of 10 minutes after addition of
hypochlorous acid. A) Real-time liberation of NH3 (dashed line), NH2Cl (solid line) and NHCl2 (dotted
line) from Glu-amide dichloramine. The arrow indicates addition of hypochlorous acid. B) Total amount
of volatile NH2Cl (black bars) and NHCl2 (grey bars) detected into the headspace above 1 mM solutions
of amino acid dichloramine derivatives over 10 minutes at 22°C.
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Analysis of products formed from the decomposition of Glu-Val-Phe
dichloramine

To identify additional decomposition products of dichloramines, solutions of chloramines were
analysed using infusion mass spectrometry, HPLC, and LC/MS. Characterisation of
decomposition products was necessary to identify other possible cytotoxic species and assist in
deducing the pathways for decay of chloramines. The chloramines of Glu-Val-Phe and AspPhe methyl ester were examined as they were most amenable to analysis by liquid
chromatography. The chemical structures of their observed breakdown products and their
molecular masses are listed in Table 5.4.
Initially, the correct mass of Glu-Val-Phe was confirmed by infusion mass spectrometry
([M+H]+ 394.0 m/z). This species was also apparent when Glu-Val-Phe monochloramine was
analysed by infusion mass spectrometry, due to the ten-fold excess of peptide upon treatment
with hypochlorous acid, as shown in Figure 5.7 A. The peak at ([M+Na]+ 416.2 m/z)
corresponded to the sodium adduct of Glu-Val-Phe. Glu-Val-Phe monochloramine itself was
also observed ([M+H]+ 450.1 m/z), along with its chlorine isotope ([M+H]+ 452.1 m/z), at the
expected ratio of 3:1.
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Chemical structures, designations and masses of
monochloramines, dichloramines and the products of their
decompositiona

a

Observed masses are indicated in bold font. Numbers in parentheses indicate observed chlorine

isotope ratios.

b

These masses were observed but not referred to in the text. Numbers in parentheses

indicate expected chlorine isotope ratios.

Designation

Chemical
Structure
H2 N

H

O

C

C

N R'
H

Parent Peptide

N R'
H

Monochloramine

Asp-Phe methyl ester

Glu-Val-Phe

H+

Na+

H+

Na+

295.0

317.0

394.0

416.2

329.0 (3)b

351 (3)

428 (3)

450.1 (3)

331.0 (1)b

353 (1)

430 (1)

452.1 (1)

362.9 (9)

385.0 (9)

462 (9)

484 (9)

364.9 (6)

387.0 (6)

464 (6)

486 (6)

366.9 (1)

389.0 (1)

466 (1)

488 (1)

326.9 (3)

349.0 (3)

426.0 (3)

448.1 (3)

328.9 (1)

351.0 (1)

428.0 (1)

450.1 (1)
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ClHN
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Cl

N
Cl

H

O

C

C

N R'
H

Dichloramine
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C

R

N R'
H

Chlorimine

N R'
H

Aminol

311

333

409.9

432

Monochloramine

343.8 (3)

366 (3)

442.8 (3)

465 (3)

diamine

345.8 (1)

368 (1)

444.8 (1)

467 (1)

Oxopeptide

294

316

393.0

415.2

Isocyanopeptide

192

214

291.0

313

OH O
H2N

C

C

R
NH2 O
ClHN

C

C

R

O

O

C

C

R

C N R'
O

N R'
H

N R'
H

Upon analysis of Glu-Val-Phe monochloramine by LC/MS, after incubation at 22ºC for 30
min, three peaks were detected in the total ion chromatogram (Figure 5.7 B). Peak i was
unreacted Glu-Val-Phe. No products could be identified in peak ii, which did not change
during the incubation. The major ions in peak iii were attributed to Glu-Val-Phe aminol
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([M+H]+ 409.9 m/z), and the Glu-Val-Phe oxopeptide ([M+H]+ 393.0 m/z and [M+Na]+ 415.2
m/z ) (Figure 5.7 B, inset). Glu-Val-Phe monochloramine was not detected by LC/MS.
Using LC/MS slow formation of the Glu-Val-Phe aminol was observed, after initial formation
of the peptide monochloramine (Figure 5.7 C). This suggested that the monochloramine
decomposed by the initial loss of HCl to form the imine and subsequently hydrolysed to the
aminol, the abundance of which increased with time (Scheme 5.3 Pathway 1: 1,2-Elimination).
Slow formation of the aldehyde, Glu-Val-Phe oxopeptide was observed (Figure 5.7 C), which
suggests that the aminol broke down to release ammonia and the resultant aldehyde
(oxopeptide) (Scheme 5.3 Pathway 1: 1,2-Elimination). The abundance of unreacted Glu-ValPhe remained constant over 90 minutes (data not shown). Based on these results it was
concluded that the monochloramine of Glu-Val-Phe decayed slowly with time to produce an
oxopeptide and an aminol, as well as other undetected species.
The highly unstable Glu-Val-Phe dichloramine was also analysed by LC/MS. At 60 minutes
after the formation of the dichloramine the total ion chromatogram showed five predominant
peaks (Figure 5.8 A). Peaks i, ii and iii were the same as those seen in the monochloramine
system: i.e. i) unreacted peptide, ii) a constant unknown peak, and iii) Glu-Val-Phe oxopeptide
and a mass consistent with the Glu-Val-Phe aminol.
Peak v contained molecular ions attributable to the protonated ([M+H]+ 426.0 m/z) and
sodiated ([M+Na]+ 448.1 m/z) adducts of Glu-Val-Phe chlorimine (Figure 5.8 A inset). Both of
these species had the expected 3:1 ratio for a chlorine containing compound. The ion with m/z
442.8 corresponded to the product of the addition of ammonia to the chlorimine, Glu-Val-Phe
monochloramine diamine (the monochloramine derivative of the geminal diamine).
The major ion in peak iv was attributable to the protonated ion of the isocyanopeptide of GluVal-Phe ([M+H]+ 291.0 m/z), which indicates decomposition of the chlorimine and loss of HCl
occurred to produce the corresponding nitrile and isocyanopeptide (Scheme 5.4 Pathway 1: 1,2Elimination A). No evidence for the nitrile was detected. Glu-Val-Phe dichloramine was not
detected by LC/MS. This was not surprising as this dichloramine decays rapidly with a t1/2 of
0.3 minutes.
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Figure 5.7 Identification of the products formed during decay of Glu-Val-Phe
monochloramine.
(A) Glu-Val-Phe monochloramine was prepared by reacting 1.25 mM hypochlorous acid with 5 mM
peptide in 10 mM phosphate buffer pH 7.4, diluted 100 fold into water and infused into the mass
spectrometer (Methods 2.3.1 & 2.18). (B) 30 minutes after preparing Glu-Val-Phe monochloramine the
solution was separated and analysed by LC/MS. The inset shows the MS spectrum of peak iii. (C) The
relative abundance of Glu-Val-Phe oxopeptide (●) and the Glu-Val-Phe aminol (○) were followed as the
parent monochloramine decayed. Peak areas were determined from the extracted masses. Results are
representative of at least three experiments.
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Analysis of the products of the decomposition of Glu-Val-Phe dichloramine every 30 minutes
allowed the pathways of decomposition to be understood further. The major finding was that
Glu-Val-Phe chlorimine had the largest peak area via HPLC (258 nm) and greatest signal via
LC/MS. However, it was not confirmed conclusively that the chlorimine was the major product
as absolute amounts of each product were not quantified. This would have required pure and
stable solutions of each species, and was clearly not possible due to the unstable nature of most
of the species involved in the decomposition of chloramines. At the initial time point the GluVal-Phe chlorimine was already at 70% of it maximal concentration. The chlorimine reached its
maximum after 30 minutes and gradually declined thereafter (Figure 5.8 B). Glu-Val-Phe
monochloramine diamine followed the same pattern as the chlorimine. This suggested that the
ammoniated product could be derived from the chlorimine, potentially via addition of ammonia
in a similar process to the hydrolysis of the chlorimine to form a chloraminol.
Once the chlorimine reached its maximal concentration, formation of the Glu-Val-Phe
isocyanopeptide could be detected. This suggested that this product was formed from further
decomposition of the chlorimine. Both the Glu-Val-Phe oxopeptide and the Glu-Val-Phe
aminol formed rapidly and did not decompose during the time of analysis. This is in contrast to
the monochloramine system where their concentrations continually increased as the
monochloramine decayed. Formation of these products from the dichloramine was
considerably less than from the monochloramine.
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Figure 5.8 Identification of the products formed during decay of Glu-Val-Phe
dichloramine.
Glu-Val-Phe dichloramine was prepared by reacting 5 mM of the parent peptide with 10 mM
hypochlorous acid in 50 mM phosphate buffer pH 7.4 (Methods 2.3.1). It was diluted 100 fold, then
separated and analysed by ESI LC/MS (Methods 2.18). (A) Products in the peaks of the total ion
chromatogram present 60 minutes after forming the dichloramine included (i) unreacted Glu-Val-Phe,
(ii) unidentified peak, (iii) Glu-Val-Phe oxopeptide and hydrolysed Glu-Val-Phe imine; (iv) Glu-Val-Phe
isocyanopeptide, (v) Glu-Val-Phe chlorimine and Glu-Val-Phe monochloramine diamine. The inset
shows the mass spectrum of peak v. (B) The relative abundances of Glu-Val-Phe chlorimine (●), GluVal-Phe monochloramine diamine (○), Glu-Val-Phe oxopeptide (▼), Glu-Val-Phe aminol (∇), and GluVal-Phe isocyanopeptide (■) were followed as the parent dichloramine decayed. Peak areas were
determined from the extracted masses. Results are representative of at least three experiments.
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Analysis of products formed from the decomposition of Asp-Phe
methyl ester dichloramine

Due to the rapid decay of Glu-Val-Phe dichloramine it was not possible to follow the rate of
formation of decomposition products. Asp-Phe methyl ester dichloramine decayed much less
rapidly (Table 5.1), therefore was studied to give additional information about dichloramine
decomposition.
An isocratic HPLC gradient was developed in order to detect the dichloramine (Figure 5.9 A;
peak iii). This was assigned from its absorbance maxima (λmax 308.9 nm) (168) and mass
confirmation ([M+H]+ 362.9 m/z) by LC/MS (Figure 5.9 B). The dichloramine also showed the
mass ratio 9:6:1, as expected for a dichlorinated species, which further validated this species.
Also apparent within the dichloramine peak were the sodiated adducts of the dichloramine
([M+Na]+ 385.0 m/z), with its associated dichlorinated isotopes. Figure 5.9 A shows that the
dichloramine peak and the subsequently formed chlorimine peak elute very close together,
despite a long run-time of approximately 35-40 minutes. Similar elution times for dichloramines
and their related chlorimines has been observed with Gly-Phe dichloramine (189) and Ala-Phe
dichloramine (170).
Peak i was identified as Asp-Phe methyl ester monochloramine by its absorbance (λmax 257.9
nm) and by LC/MS ([M+H]+ 329.0 m/z). The area of this peak did not change over the course
of the experiment, confirming that the monochloramine was relatively stable (Table 5.1).
The identity of peak ii (λmax 250.9 nm) was verified as Asp-Phe methyl ester chlorimine via mass
([M+H]+ 326.9 m/z) confirmation by LC/MS (Figure 5.9 C). The masses of both the 37Cl
isotope ([M+H]+ 328.9 m/z) and the sodiated adduct ([M+Na]+ 349.0 m/z) were also observed.
Within peak ii a mass was also identified that was consistent with the product of the addition of
ammonia to Asp-Phe methyl ester chlorimine (monochloramine diamine) as seen with Glu-ValPhe chlorimine ([M+H]+ 343.8 m/z). The identity was deduced from fragmentation of the ion
(Figure 5.10).
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Figure 5.9 Identification of the products formed during decay of Asp-Phe
methyl ester dichloramine.
The dichloramine of Asp-Phe methyl ester was prepared by adding 50 mM hypochlorous acid to 10 mM
peptide in 100 mM phosphate buffer pH 7.4 at 22°C. (A) Asp-Phe methyl ester dichloramine and its
decay products were separated by RP-HPLC 3 minutes (solid) and 200 minutes (dashed) after formation
and monitored at 258 nm. (B) The mass spectrum of peak iii is attributed to Asp-Phe methyl ester
dichloramine. (C) The mass spectrum of peak ii is attributed to Asp-Phe methyl ester chlorimine and
Asp-Phe monochloramine diamine. (D) The decay of Asp-Phe methyl ester dichloramine (○) and
formation of chlorimine (●) were followed by measuring their peak areas at 258 nm over time. Results
are typical of at least three experiments.

Other masses in both peaks ii and iii were consistent with in-source decomposition products of
the Asp-Phe methyl ester chlorimine species i.e. decarboxylation of the chlorimine (m/z 283.0
and 285.0); decarboxylation and hydrolysation of the chlorimine (m/z 250.0); decarboxylation
and chlorine exchange of the chlorimine (m/z 249.1) and fragmentation at the peptide bond to
the Phe amino acid (m/z 180.0) (Figure 5.9 B&C).
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Figure 5.10 LC/ESI-MS2 analysis of Asp-Phe monochloramine diamine.
The dichloramine of Asp-Phe methyl ester was prepared as described in Figure 1.9, and incubated at
room temperature for 180 minutes. MS2 analysis of Asp-Phe monochloramine diamine (343.8 m/z) with
35% collision energy resulted in formation of the ion with an m/z value of 327.3, indicating loss of
ammonia. Results are typical of three experiments.

To determine the time course for decomposition of the dichloramine and formation of the
chlorimine, the relative peak areas of the Asp-Phe methyl ester dichloramine and the chlorimine
were analysed by integration of the chromatograms at their absorption maxima. The time
course for loss of dichloramine and formation of chlorimine were offset by about 30 minutes
due to their elution time from the HPLC column. The decay of the dichloramine was mirrored
by the formation of the chlorimine, which reached its maximum concentration 200 minutes
after generation of the dichloramine. Approximately 80% of the chlorimine still remained after
24 hours at 22°C. Collectively, these results indicated that the decay of the dichloramine
proceeded via a pathway that generated the relatively stable chlorimine, but other routes were
available for its decomposition. This conclusion is also supported by the additional finding that
as the dichloramine decayed, numerous peaks with varying kinetic profiles, were separated by
RP-HPLC (data not shown).
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Analysis of products formed from the decomposition of Asn
monochloramine and dichloramine

As mentioned previously in this chapter, the value for the half-life for Asn monochloramine in
the literature was longer than 60 minutes, as determined by UV (165). Yet assessment of
chloramine reactivity gave a half-life of 11.0 ± 0.8 minutes (Table 5.1). Asn monochloramine
and dichloramine were the only species which exhibited an increase in the maximal UV
absorbance, forming a product that absorbed maximally at 273 nm (Figure 5.2 C). Since this
phenomenon had not been previously described for the decomposition of chloramines, LC/MS
was used to further identify the products of decomposition of the Asn chloramines.
Decomposition of Asn monochloramine led to rapid formation of species with a maximum
absorbance of 265 nm. LC/MS analysis of this unknown product revealed that it was consistent
with decarboxylation of the monochloramine ([M+H]+ 167.0 m/z) to form the imine ([M+H]+
87.0 m/z). Other peaks were also apparent with maximum absorbances at 270 and 273 nm;
however the masses of these species could not be readily identified. For Asn dichloramine a
peak was detected with a maximum absorbance of 273 nm which increased rapidly over 30
minutes and then remained constant for at least 120 minutes. LC/MS analysis of this unknown
product revealed that it had the expected 3:1 ratio for a chlorine containing compound
([M+H]+ at 121.1 m/z and 123.0 m/z). Analysis of the fragmentation products of this
compound showed that it was likely to be a stable chlorimine derived from the decarboxylation
of Asn dichloramine. Thus, it was found that decomposition of both Asn monochloramine and
dichloramine led to the formation of the imine and chlorimine, respectively.
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Figure 5.11 LC/MS analysis of Asn monochloramine.
Asn monochloramine was analysed two minutes after formation and analysed by LC/MS (Methods
2.18). A) UV chromatogram at 275 nm. The HPLC peak indicated by the arrow had B) a UV spectra
with maximum at 265 nm and C) mass consistent with the imine, the product of decarboxylation of the
monochloramine (87.0 m/z).

Chapter Five.
5.4

Decay of organic dichloramines

154

DISCUSSION

Little attention has been focussed on the contribution that chloramines, and particularly
dichloramines, may play in the phagocytosing neutrophil. Albrich and colleagues had
demonstrated that loss of specific transport functions in bacteria by chloramines was as
effective as hypochlorous acid. Accordingly, the objective of this chapter was to determine the
stability of monochloramines and dichloramines, their bactericidal activity and finally their
products of decomposition. By deduction this led to the establishment of a potential
mechanism by which chlorinated neutrophil proteins and peptides in the neutrophil phagosome
could destroy the integrity of bacteria.
The stability of monochloramines varied greatly, as found by others (156, 170, 189). This
stability was dependent on the N-terminal amino acid, and also whether the monochloramine
was formed on an amino acid, or the N-terminal of a short peptide. Consistent with data from
previous groups, a carboxyl group on the α-carbon clearly enhanced monochloramine
decomposition (165, 182, 358).
Our data for the half-lives of chloramines was generally consistent with published reports,
except for Asn monochloramine. A previous study reported that the half-life for Asn
monochloramine was >60 min, as determined by monitoring at a single wavelength of 249 nm
(165). By measuring chloramine reactivity it was found that the half-life of Asn
monochloramine is significantly shorter than previously published at approximately 11 minutes
(Figure 5.2, Table 5.1). Only one other report I am aware of, mentions a species with a similar
absorbance maximum formed by chlorination of α-amino acids. Nweke demonstrated that a
solution of Ile chlorinated at 2:1, showed a weak absorbance at 275 nm (183). However, after
rapid formation, this product completely decayed over 30 minutes to a stable chlorimine, so the
absorption at 275 nm was reported to be due to dichlorinated Ile (183).
Zgliczynski and co-workers were the first to determine that decay of monochloramines
containing a carboxyl group on the α-carbon occurs via a fast initial decarboxylation to yield an
unstable imine (Scheme 5.2, Chloramine: 1,2-Elimination) (155). The results in this chapter
supported this pathway as decomposition of Asn monochloramine led to the formation of the
related imine (Figure 5.11 C). The imine then undergoes rapid hydrolysis to subsequently lose
ammonia and form an aldehyde (Scheme 5.2, Chloramine: 1,2-Elimination) (155). Verification
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for this mechanism in relation to neutrophil processes includes the generation of aldehydes via
decarboxylation when α-amino acids were treated with the myeloperoxidase-H2O2-Cl– system
(181, 182), and also when α-amino acids were taken up by phagocytosis (180). Aldehydes and
oxopeptides have also been detected from the decomposition of monochloramines formed on
the N-terminal amino group of small peptides (156, 188).
Compared with monochloramines, much less is known about the stability and decay of
dichloramines (145). Recent findings suggest that decay of dichloramines occurs much more
rapidly than monochloramines (375). The results of this chapter supported this observation, as
dichloramines were much more unstable than their analogous monochloramines, although
stability varied widely (Table 5.1).
Dichloramines of N-terminal α-amino acids were unstable, with almost every α-amino acid
dichloramine in this study exhibiting a half-life of <0.3 minutes. The only exception was Gly
dichloramine (13.0 ± 6.9 minutes). The only relatively stable dichloramines were those formed
on taurine and N-acetyl-Lys, which is consistent with previous investigations by other groups
(156, 214, 376). Taurine dichloramine has been shown previously to decompose by less than
5% after 100 hours (376). The slower decomposition of taurine and N-acetyl-Lys dichloramine
is due to lack of an α-carboxyl group, as these species only contain β- and ε-amino groups,
respectively. The carbon dioxide lost from chloramines of α-amino acids is known to be a
better leaving group than the H+ of β-amino acid chloramines (377). Thus, as with
monochloramines, an α-carboxyl group facilitated decomposition, while absence of a
substituent enhanced stability.
Decomposition of dichloramines to generate monochloramines has not been previously
published. This was an unusual observation which does not appear to be common to all αamino acid dichloramines, however was seen for the α-amino acid dichloramines of Glu and
Gly. This phenomenon is likely to occur under conditions where a nucleophile can attack the αcarbon of the chlorimine resulting in breakage of the double bond and addition of hydrogen
onto the nitrogen.
Previous investigators have commented that on addition of hypochlorous acid to Lys, initially
the Lys monochloramine is generated, but this appears to be a transient intermediate which can
react rapidly with hypochlorous acid to convert to the dichloramine (156, 214). In contrast, the
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results in this chapter demonstrated that Lys monochloramine was stable, maintaining a
maximum absorbance at 252nm.
All of the data collected in this study on the decay of chloramines was obtained at 22ºC. A
temperature of 37ºC would seem more appropriate for comparison to intracellular reactions,
however room temperature was consistent and easy to apply. It would be expected that
decomposition at 37ºC would occur at a faster rate than 22ºC; however, the comparative
decomposition of chloramines should remain the same at both temperatures.
Pereira and colleagues were the first to demonstrate that chlorination of dipeptides gives N,Ndichloropeptides (186) and that these decay to chlorimines, particularly under alkaline
conditions (Scheme 5.4, Pathway1: 1,2-Elimination), (186, 189). Rapid formation of chlorimines
was confirmed in this study for all dichloramines analysed i.e. Glu-Val-Phe, Asp-Phe methyl
ester and Asn dichloramines. The facile decay of dichloramines of N-terminal peptides to give
chlorimines is consistent with a classical 1,2-elimination or E2 reaction (187). The E2 reaction
is a bimolecular elimination reaction which is often promoted by strong base, in this case to
remove a proton from the α-carbon.
The carboxyl group on N-terminal Glu residues favored break down but this effect was not
apparent with Asp residues. Dichloramines with a Glu residue, compared to Gln, decayed
rapidly, and decreasing the molar concentration of the monochloramine by 10-fold did not alter
the rate. This indicates that the reaction was intramolecular and suggests that 1,2-elimination is
catalysed by the side chain carboxyl group of Glu through an ionic interaction between the
carboxylate anion and the positive dipole of the α-carbon. A precedent for this type of
intramolecular elimination reaction has been proposed for the decay of N-chloro amino
alcohols (145). The carboxyl group on the Asp residue did not facilitate decay of dichloramines
presumably because it would not interact favourably with the hydrogen on the α-carbon. When
both Asp and Asn monochloramines were diluted 10-fold, this slowed down their rates of
decomposition, resulting in half-lives of approximately twice as long (Table 5.2). This confirms
that Asp decomposes to the chlorimine as expected for a classical bimolecular E2 reaction.
From these results it can be concluded that a carboxyl group on the α-carbon of both
monochloramines and dichloramines has the greatest effect on destabilising these reactive
chlorine species. However, alkyl groups also destabilise chloramines, as does the carboxyl group
on N-terminal Glu residues.

Chapter Five.

Decay of organic dichloramines

157

The formation of chlorimines was not quantified, but appeared to be a major product by
HPLC. This is in agreement with findings by Nweke that ~60% product of the chlorination of
Ile at high ratios of hypochlorous acid was the chlorimine (183). Chlorimines were remarkably
stable species, with about 80% of the chlorimine of Asp-Phe methyl ester remaining after 24
hours at 22°C (Figure 5.9). This slow decomposition of chlorimines has been observed
previously (183). Fox et al. found that Ala-Phe dichloramine had a half-life of 4 hours, whereas
the related chloroketimine was even more stable with a half-life of about 125 hours (170).
Chlorimines eventually break down to give a nitrile and an isocyanopeptide by two successive
eliminations of HCl (156, 188, 189) (Scheme 5.4, Pathway 1: 1,2-Elimination A). The
isocyanopeptide was observed upon decomposition of Glu-Val-Phe dichloramine and its rate
of formation mirrored the loss of the Glu-Val-Phe chlorimine. However, the corresponding
nitrile, which should also be formed in this reaction step, was not detected. Further reaction of
the isocyanopeptide can form a peptide of one amino acid shorter in length. This was not
observed in this study, but Fox and colleagues discovered that on reaching the maximum
concentration of Ala-Phe chlorimine, after decomposition of Ala-Phe dichloramine, the
concentration of Phe increased, indicating it was a decomposition product (170). The
chlorimine and Phe did not account for 100% of the decomposition products indicating that
other parallel pathways were possible (170).
Chlorimines may also slowly hydrolyse in an analogous fashion to imines to give a chloramine
with an α-hydroxyl group, the chloraminol, which should then undergo a second elimination to
liberate NH2Cl and the oxopeptide (Scheme 5.4, Pathway 1: Hydrolysis B). The chloraminol
was not detected from decomposition of any of the dichloramines, however, Glu-Val-Phe
monochloramine diamine was observed. Presumably this species forms in a similar manner to
the chloraminol, except via slow addition of ammonia, rather than water, to the chlorimine.
That NH2Cl was detected from the decomposition of Glu-amide and Glu-Val-Phe
dichloramine further corroborates this pathway.
A mass consistent with the oxopeptide was also observed from decomposition of Glu-Val-Phe
dichloramine. However, Glu-Val-Phe dichloramine produced approximately 70% of the
maximal amount of oxopeptide almost immediately after its formation. Thus, it seemed unlikely
that the oxopeptide was a product of decomposition of the stable chlorimine, but appeared to
form via a different pathway.
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Hence, from the results of this chapter it is proposed that hydrolysis of dichloramines competes
with 1,2-elimination. Hydrolysis is likely to occur by an SN1 mechanism, a substitution involving
nucleophilic addition of water in a unimolecular reaction. This reaction mechanism requires
initial formation of a carbocation on the α-carbon and is commonly observed in reactions of
secondary or tertiary alkyl halides (378). Thus, dichloramines attached to secondary carbons
would undergo hydrolysis via an SN1 mechanism more readily than those attached to primary
carbons. Stabilisation of the carbocation intermediate would promote release of NHCl2 and
formation of the related alcohol, which upon oxidation would form the oxopeptide (Scheme
5.4, Pathway 1: Hydrolysis B). NHCl2(g) was detected by SIFT-MS in the headspace derived
from dichloramines of both Glu and Asp derivatives. NHCl2 could be formed via dismutation
of NH2Cl, but this requires a pH of less than 5.5 (195). Since all reactions were carried out at
the physiological pH of 7.4, dismutation is unlikely.
This is consistent with our findings that dichloramines of secondary amino acid derivatives
liberated chloramine gases and killed bacteria whereas those of taurine, Gly and N-α-acetyl Lys
did not. Hydrolysis via a SN2 mechanism could not have occurred with these dichloramines
because the most NHCl2 would have been released from taurine dichloramine due to its less
sterically hindered α-carbon (187). This suggests that the decomposition occurred
predominantly by an SN1 mechanism. Drawing this distinction between the possible
nucleophilic substitution reactions is important because stabilisation of a carbocation within the
tertiary structure of proteins may facilitate other reactions of dichloramines that favour release
of NHCl2.
Unstable dichloramines that contained a substituent on their α-carbon were cytotoxic and killed
50% of 105 S. aureus (LD50) at a dose of approximately 2.5 nmoles. Gly peptide dichloramines
were unstable dichloramines, but without a substituent on their α-carbon they did not promote
killing of S. aureus. Monochloramines did not have bactericidal activity under the conditions
tested.
These results are supported by findings from more than 30 years ago. Kaminski found that
increasing polarity of the nitrogen chlorine bond, particularly on addition of a second chlorine
atom in the generation of dichloramines, resulted in increasing chloramine bactericidal activity
(379). Greater polarity of the chloramine also made it more likely to decompose via
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nucleophilic attack of the α-carbon (Scheme 5.4, Pathway 1: 1,2-Elimination B), and so lose
antimicrobial activity (379). Less polar bonds were also discovered to exhibit higher
microbicidal activity at lower pH, likely due to the conversion of monochloramines to more
potent dichloramines (380).
Unstable dichloramines with α-carbon substituents decomposed to yield chlorimines,
aldehydes, and the inorganic gases NH2Cl and NHCl2. These simple inorganic gases had similar
cytotoxicity to hypochlorous acid, with LD50s determined for NH2Cl (0.37 ± 0.14 nmoles),
NHCl2 (0.08 ± 0.02 nmoles), and hypochlorous acid (0.14 ± 0.04 nmoles). The progressive loss
of bactericidal activity of dichloramines, as shown for Asp-Phe methyl ester dichloramine in
Figure 1.3 B, indicates that the microbicidal activity of dichloramines is transient and any stable
decomposition products were not responsible for killing the bacteria. Consequently liberated
NH2Cl and NHCl2 were the only compounds that were identified that could kill bacteria.
Formation of NHCl2 has been detected previously from Asn treated with doses of
hypochlorous acid within the ratios of 0.8 to more than 2.0 per organic chloramine (191). It was
proposed that the additional amine group in the side chain of Asn provided a greater density of
amino nitrogens, facilitating hydrolysis and release of ammonia (191). Release of ammonia
chloramines from other chlorinated amino acids or peptides has not been reported previously.
It is conceivable that the chloramine gases were responsible for bacterial killing. Only 2% of the
organic chloramines would have to decay via the hydrolysis pathway to liberate sufficient
NHCl2 for killing to occur. In combination with hydrolysis of the stable chlorimine to generate
the oxopeptide, via a chloraminol intermediate, release of NH2Cl could also contribute to the
formation of bactericidal chloramines. Indeed, Glu-amide dichloramine (10 mM) decayed to
liberate approximately 400 µM of NH2Cl, which is 4% of the original oxidant (Figure 5.6 A).
This may be a lower limit because approximately 50% of the chloramine activity of Glu-amide
dichloramine remained after all of the Glu-amide had decayed. It should also be considered that
the greater rate of chloramine decomposition at 37ºC may result in a greater concentration of
NH2Cl to be formed compared to 22ºC, the temperature at which these experiments were
conducted.
It is of interest that Thomas found neutrophil granule extracts treated with two-fold molar
excess of hydrogen peroxide resulted in formation of dichloramines and maximum amine
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incorporation (359). Thomas deduced that an intermediate in the decomposition of the
dichloramines was involved as the rate of dichloramine decomposition mirrored the rate of
incorporation (359). The amount of incorporation was small accounting for about 2-4% of the
dichloramine consumed. Although Thomas did not establish the mechanism for the
incorporation other investigators have determined that NH2Cl and NHCl2 react via nucleophilic
substitution with secondary amines, such as those involved in peptide bonds (381). NHCl2 was
incorporated more readily than NH2Cl. This may be further evidence for the potential of
peptide dichloramines to decompose to release NHCl2 in a proportion that may be all that is
required for bacterial killing.
Glu-derived dichloramines liberated predominantly NH2Cl(g) into the headspace, while Aspderived dichloramines favoured release of NHCl2(g). In a unique decomposition mechanism,
Asp dichloramines may decarboxylate from their side chain carboxyl moiety, leading to the
release of NHCl2 in one reaction step (Scheme 5.1). This reaction should be favourable and
explain the formation of NHCl2. Evidence for decomposition products confirming this
mechanism was not convincing; however as mass spectrometry only detects charged species
this means the validity of this mechanism cannot be determined. In support of this theory,
Zgliczynski and colleagues found that oxidation of Asp released the greatest amount of
ammonia and carbon dioxide, while taurine was the poorest (155). Ammonia was detected
using Nessler’s reagent, although interference by NH2Cl in the system could have produced
false positive results (382). The interaction between the Glu carboxylate and the α-carbon
would stabilise the positive charge of the carbocation required to optimise the release of
NHCl2. Thus, even though Glu-amide produces greater quantities of NH2Cl(g), compared to
Asp derivatives it results in similar levels of NHCl2(g).

Scheme 5.1 Reaction mechanism for decomposition of N-terminal Asp
dichloramine.
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NHCl2 is reactive and unstable. In the presence of ammonia it decays to NH2Cl but in the
presence of trace amounts of hypochlorous acid it will form NCl3 (200). NH2Cl and NHCl2
could also form via chlorine-transfer reactions between organic chloramines and ammonium
ions in solution. The likelihood of this reaction is low as only trace levels of ammonia would
have been present and the transhalogenation reaction with taurine dichloramine barely occurs
over an hour (193).
Could NH2Cl and NHCl2 be formed in the neutrophil setting? As mentioned previously,
granule extracts have high concentrations of primary amino groups available for reaction with
hypochlorous acid (359). A member of the laboratory research team probed this question and
found that granules extracts became bactericidal on treatment with hydrogen peroxide, and
increasing chloramine formation correlated with increased antimicrobial activity (323). As no
residual hypochlorous acid remained in the treated extract, this suggested that the bactericidal
agent was most likely a chloramine. As hydrophilic N-chloramine derivatives are of low toxicity
and lipophilic NH2Cl and NHCl2 are highly cytotoxic (192, 383) the relative size of the
bactericidal chloramines was determined. Chloramines were present on molecules of all sizes
following hydrogen peroxide treatment, yet bactericidal activity was largely on molecules of less
than 10 kDa (323). Also, the killing capacity of the hydrogen peroxide-treated extract correlated
well with NH2Cl concentration, but not total chloramines. Depletion of volatile chloramines
from the extract also decreased the bactericidal activity. This implicated NH2Cl as the active
bactericidal agent (323).
It is possible that other unstable toxic products were produced along with NH2Cl and NHCl2.
Formation of oxopeptides from the decomposition of both monochloramines and
dichloramines was observed. Aldehydes and ketones are reactive, particularly with sulfhydryl,
histidyl and lysyl residues (384), yet are believed to not be bactericidal in the phagocytosing
neutrophil (370). In support of this, monochloramines decayed to produce significantly more
oxopeptide than the related dichloramines, yet were not toxic to S. aureus up to 100 µM. Thus,
these products do not appear to be responsible for the bactericidal activity of dichloramines in
our study. Similarly, it follows that imines and aminols, products that were formed in greater
yields during the decomposition of monochloramines, must also be benign at the levels
produced. Other products formed from the decomposition of dichloramines include
chlorimines, nitriles, and isocyanopeptides (156, 170). In particular, HCN formed from
decomposition of dichloramines of Gly, has been shown to have antimicrobial properties (361),
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yet Gly dichloramine in these experiments was not effective at killing S. aureus. Thus, the other
products formed are unlikely to be toxic because they were either stable or formed after the
peptide dichloramines had lost most of their bactericidal activity.
In conclusion, the results of this chapter have shown dichloramines of amino acid derivatives
decay by competing pathways to give an array of products (Schemes 5.4 & 5.5). Formation of
cytotoxic NH2Cl and NHCl2 from the decomposition of dichloramines of N-terminal amino
acids and are the probable perpetrators of the cytotoxicity observed against S. aureus. Given the
enormous flux of hypochlorous acid generated inside neutrophils phagosomes, it is plausible
that dichloramines will be formed on N-terminal amino acid residues and release NH2Cl and
NHCl2. These oxidising species are likely to contribute to innate immune defence and explain,
at least in part, how hypochlorous acid can react mainly with neutrophil components but still
indirectly kill phagocytosed bacteria. Dichloramines formed on Lys residues may not liberate
the toxic gases. However, they are likely to be susceptible to reductive homolysis by metal
catalysed reactions of superoxide to form radicals (385). In addition to their bactericidal activity,
lipophilic NH2Cl and NHCl2 may exacerbate inflammation because they will diffuse freely from
neutrophils and damage bystander cells of the host.

Chapter Five.

H

H
N

C

H

Decay of organic dichloramines

O
Chloramine
1,2-Elimination

C
O

R

-

Amino acid

-

OH

H+

+ HOCl

H

CH

N

+ H 2O

H

slow

H

H
N

H

C

O

+ Cl+ CO2

Imine

slow

Cl

R

R

+ NH3

Oxopeptide

Aminol

OH

N

CH

+ H 2O

H

slow

Cl

R

Cl

C H

-

H+

+ HOCl

H
C

O

Dichloramine
1,2-Elimination
A

O-

Chloramine

N

H

CH

C

R

Cl

O
N

R

Cl

163

O

Dichloramine

O

C

H
H

R

O
C H

+ NH2Cl

R

slow

C

R

O
N

Chlorimine

-

slow

Chloraminol

Oxopeptide

B
H
Cl

N

C
R

Chlorimine

N

C

+ HCl

R
Nitrile

Scheme 5.2 Reaction mechanism for decomposition of amino acid
chloramines and dichloramines.

monochloramines.

H

Cl

H

H

H

Cl

N

N

R

C
C

O

Chloramine

N

H

OR

NHR'

-OH

C NR'
H

O

+ HOCl

C NR'
H

O

Chloramine

R

C

H

Peptide

R

C

H

f ast

+ H2O

f ast
O

C

H
O
NHR'

+ HCl

Aminol

R

H C

O

Pathway 2
Hydrolysis

Imine

R

NR'

C

H N
C

H

H+

OH

-

Pathway 1
1,2-Elimination

+ NH2Cl

slow

+ H2O
N

O

C

H

C NR'
H

O

NR'

H

Oxopeptide

R

C

O

Aminol

R

C

O

oxidation

H

H

C NR'
H

O

+ NH4+
+ Cl-

Oxopeptide

R

C

O

+ NH3

Chapter Five.
Decay of organic dichloramines
164

Scheme 5.3 Reaction mechanism for decomposition of N-terminal peptide
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CHAPTER SIX
OXIDATION OF THE BACTERIAL CAROTENOID
STAPHYLOXANTHIN INSIDE THE PHAGOCYTOSING
NEUTROPHIL
6.1

BACKGROUND

So far, this thesis has centred on the reactions of hypochlorous acid with proteins of neutrophil
origin. However, the role of the neutrophil is to engulf and destroy invasive microorganisms.
Microbes have a range of strategies to resist the human immune system, as outlined in the
Introduction. It would be advantageous to investigate these tactics, as this may provide further
insight into the predominant mechanisms utilised by neutrophils to kill bacteria, and in
particular, S. aureus.
S. aureus is one of the major causes of community and hospital acquired infections worldwide.
The bacterium usually gains access to the body via open wounds, which allows the bacterium to
circumvent the body’s external immune defences. As neutrophils are the first immune cells to
encounter these microorganisms, they are a very important resistance mechanism against S.
aureus. As a result, the ability of S. aureus to evade or survive neutrophil attack is essential for the
virulence of this bacterium.
If hypochlorous acid and related reactive chlorine species are important mechanisms used by
the neutrophil to eradicate ingested microorganisms, it is important for S. aureus to protect
themselves from these oxidants. Hypochlorous acid kills bacteria either by causing a loss of
integrity to the bacterial membrane or through disruption of proteins in the electron-transport
chain. Hypochlorous acid can also interfere with cell replication by causing a decline in bacterial
DNA synthesis (386, 387). For this to occur, hypochlorous acid must pass through the bacterial
membrane and enter the cell.
In general, the phospholipid membranes of bacteria are not a substantial barrier to protect the
cells from hypochlorous acid and other oxidants. It is well recognised that carotenoids are
potent antioxidants by virtue of their free radical scavenging properties and exceptional ability
to quench singlet oxygen. These properties are exploited by a range of carotenoid-containing
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photosynthetic algae and bacteria which need to protect themselves from lethal light-driven
reactions. Carotenoids are also important antioxidant virulence factors in some nonphotosynthetic bacteria. The protective role of carotenoids in bacteria was first noted in a study
with Sarcina lutea and related mutants without carotenoid synthesis (284). Enhanced survival of
the wild-type bacteria was proposed to be due to the carotenoids in the cell membrane
quenching singlet oxygen (284) or reacting with hypochlorous acid (388). Orange group B
Streptococcus are the cause of neonatal meningitis and other invasive infections, with their
virulence associated with a pore-forming β-hemolysin. Recently it was discovered that knocking
out the gene for hemolysin in these bacteria prevented pigmentation and reduced the virulence
of the bacteria in a mouse model of infection, as well as human blood and isolated neutrophils
(274). It was hypothesised that the enhanced survival could be attributed to the ability of the
carotenoid to shield the bacteria from oxidative damage, as mutants were more susceptible to
hydrogen peroxide, hypochlorite, superoxide, and singlet oxygen (274).
Table 6.1

Carotenoids from the staphyloxanthin bio-synthesis pathway
isolated from S. aureus.

Derived from (272, 281). * Theoretical molecular ion.

Carotenoid

Colour

Absorption
maxima (nm)

Ion analysis (m/z)

4,4’-Diaponeurosporene

Yellow

415, 438, 468

401* [M+H]+

4,4’-Diaponeurosporen-4-al

Yellow

455, 483

415.1 [M+H]+

4,4’-Diaponeurosporen-4-oic acid Yellow

432, 455, 483

433.1 [M+H]+

Glucosyl-4,4’diaponeurosporenoate

Orange

462, 483

564* [M+H]+

Staphyloxanthin

Orange

463, 490

819.1 [M+H]+
801.1 [M+H-H2O]+

One defence mechanism utilised by S. aureus on exposure to neutrophils is the upregulation of a
host of stress response genes, including several antioxidant genes (389). One group of genes
which is upregulated is involved in production of a number of related carotenoid pigments all
formed via a single biosynthetic pathway (Table 6.1). The final product of this scheme is
staphyloxanthin, a membrane-bound carotenoid, which is responsible for the characteristic
orange appearance of S. aureus (281).
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A few months after commencement of this thesis, an interesting publication demonstrated
generation of a colourless crtM mutant of S. aureus, which had a disrupted staphyloxanthin
carotenoid biosynthetic pathway. These S. aureus grew normally, but in vitro, the mutants were
killed more easily by singlet oxygen and hydrogen peroxide compared to the wild-type (268).
Ex vivo the mutants were more susceptible to killing by human neutrophils, but the protective
effect of staphyloxanthin was only detectable when neutrophils were capable of the production
of superoxide (267, 268). An in vivo subcutaneous abscess model of infection demonstrated that
non-pigmented bacteria were also less pathogenic and caused significantly smaller lesions
compared to pigmented bacteria (268). Not long after, Goetz and colleagues investigated the
effect of a greater range of oxidants on the wild-type and crtM mutant S. aureus: hydrogen
peroxide, superoxide, the hydroxyl radical and hypochlorous acid generated by the
myeloperoxidase system (267). In agreement with the previous study, bacteria containing the
golden carotenoids were more successful at surviving against all of the oxidants, although both
strains were susceptible. Thus, they concluded that staphyloxanthin plays a role in the fitness of
S. aureus and its ability to survive oxidative stress.
It is well known that carotenoids such as β-carotene can quench hypochlorous acid in vitro (388,
390). Hypochlorous acid has been shown to react with and decrease the content of a range of
carotenoids in low-density lipoproteins. These include trans-lycopene, β-carotene, lutein and
zeaxanthin (391, 392). Even though staphyloxanthin-containing S. aureus are protected from
neutrophil-derived oxidants, as well as neutrophil-mediated killing, this does not necessarily
indicate that the presence of the carotenoid acts to protect the bacteria from neutrophil
oxidants directed against them when inside a phagosome.
The first objective of this chapter was to establish whether the neutrophil-derived oxidants
hydrogen peroxide, hypochlorous acid, NH2Cl and NHCl2 were able to react with
staphyloxanthin isolated from S. aureus, as well as in whole bacteria. In addition, the rate of
reaction of hypochlorous acid with staphyloxanthin was estimated to assess if this reaction may
be plausible in the neutrophil phagosome. The second objective was to determine if unique
products of the reaction between hypochlorous acid and staphyloxanthin could be identified
and used as biological markers. The third objective was to determine if there was a change in
staphyloxanthin content of S. aureus following phagocytosis by neutrophils. In this way
staphyloxanthin could be used as a marker of the reaction of the bacteria with neutrophilderived oxidants and potentially allow further elucidation of the mechanisms used by the
neutrophil to protect the human body from infection.
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EXPERIMENTAL APPROACH

The initial experimental step was to establish whether concomitant loss of carotenoids and
bacterial viability could be detected after treatment of S. aureus with varying doses of
hypochlorous acid.
The next objective was to isolate and purify staphyloxanthin from S. aureus. As staphyloxanthin
is a secondary metabolite, pigmentation required between 36 and 48 hours to reach a maximum
(268). Accordingly bacteria were incubated for 40 hours at 37ºC, prior to chloroform-methanol
extraction of staphyloxanthin. Staphyloxanthin was purified by reverse phase high performance
liquid chromatography (RP-HPLC) (281, 393) and identified by its characteristic absorption
spectrum with peaks at 463 and 490 nm using UV/visible absorbance detection.

Figure 6.1 Structure of staphyloxanthin.
Staphyloxanthin is a triterpenoid carotenoid possessing a C30 chain instead of the C40 carotenoid
structure found in most other organisms. The main pigment, staphyloxanthin, was identified as α-Dglucopyranosyl 1-O-(4,4'-diaponeurosporen-4-oate)-6-O-(12-methyltetradecanoate), in which glucose is
esterified with both a triterpenoid carotenoid carboxylic acid and a C15 fatty acid. Derived from (281).

After the purification steps, confirmation was required that the isolated compound was
staphyloxanthin (Figure 6.1) and not a related carotenoid. This required development of a
reliable LC/MS method. Carotenoids are susceptible to heat, light and air so identification and
quantitation of these compounds is challenging and detection by mass spectrometry is more
difficult and less sensitive than for other molecules (393). For mass spectrometry of
staphyloxanthin both atmospheric pressure chemical ionisation (APCI) and electrospray
ionisation (ESI) were used. Each technique has associated advantages and disadvantages,
including molecular ion heterogeneity (leading to ambiguous molecular weight determinations),
and fragmentation of the molecule (which reduces the abundance of molecular ions). The most
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appropriate mix of solvents to combat these problems while still maintaining good
chromatography also needed to be considered.
Following mass confirmation of staphyloxanthin, a range of complementary experiments were
conducted in order to establish its antioxidant abilities. Firstly, staphyloxanthin was incubated
with hypochlorous acid and other neutrophil-derived oxidants to determine whether these
reacted with the carotenoid by observation of a decrease in staphyloxanthin concentration, as
assessed via RP-HPLC.
Subsequent investigations involved the treatment of S. aureus with hypochlorous acid and other
neutrophil-derived oxidants. A complementary analysis of a selection of clinical S. aureus isolates
with varying carotenoid content was also carried out to test their ability to survive treatment
with a bolus of hypochlorous acid. The aim of this was to verify if staphyloxanthin gave S.
aureus a survival advantage against reactive chlorine species.
The objective of the final experiment was to confirm reports by other researchers that
staphyloxanthin exerts an antioxidant effect which protects S. aureus within neutrophil
phagosome. Human neutrophils were incubated with S. aureus to allow phagocytosis, after
which the cells were lysed and the total staphyloxanthin content measured and compared to
that contained within control bacteria.
6.3
6.3.1

RESULTS
Loss of carotenoid and bacterial viability upon treatment of
S. aureus with hypochlorous acid

S. aureus were incubated in the presence of increasing concentrations of hypochlorous acid.
Following treatment, both bacterial viability and the carotenoid content of the S. aureus were
assessed. Total carotenoids were crudely purified using a chloroform-methanol extraction
procedure and then measured by UV/visible spectrophotometry.
S. aureus survival decreased with increasing concentrations of hypochlorous acid.
Concomitantly, there was a decrease in carotenoid content as shown in Figure 6.2. When all of
the bacteria were killed, very little carotenoid appeared to remain, indicating that as S. aureus lost
viability their carotenoids were bleached.
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Figure 6.2 Loss of carotenoid and bacterial viability upon treatment of
S. aureus with hypochlorous acid.
2×108 S. aureus were vortexed with 0 (black), 7 (red), 14 (green), 28 (yellow) and 56 (blue) µmol of
hypochlorous acid in a volume of 1 mL for 5 minutes at room temperature (22ºC). After incubation,
thiodiproponoic acid (100 µmoles) was added as a hypochlorous acid scavenger and bacteria were
diluted and plated to assess viability. Carotenoids were extracted using a simple chloroform-methanol
method and measured by UV/visible spectrophotometry. For further details see Methods section 2.19.2.
The inset shows the viability of S. aureus at each concentration of hypochlorous acid. This result is
representative of two experiments done in duplicate (n=4).

The UV maxima of the carotenoids shifted from approximately 475 nm to 450 nm as the
concentration of hypochlorous acid increased. This is indicative of a reaction with the double
bonds of the carotenoids resulting in a reduction of the length of conjugated double bonds
(394).
6.3.2

Isolation of staphyloxanthin

Initially, the formation of staphyloxanthin in S. aureus relative to the optical density of the
bacteria was determined. Figure 1.3 shows the increase in optical density of bacteria following
inoculation of nutrient broth with a single colony of S. aureus. There is an initial lag in
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replication for approximately 5 hours, followed by an exponential increase in bacteria over
about 10 hours. The maximum optical density was reached after 40 hours of incubation.

Growth curve S. aureus

Optical Density (550 nm)

1.5
Isolate 077
Isolate 079
Isolate 083
Isolate 502a

1.0

0.5

0.0
0

10

20

30

40

50

Time (Hours)

Figure 6.3 Growth curves of S. aureus.
Clinical isolates of S. aureus (3), as well as the laboratory strain S. aureus 502a, were replicated from a
single bacterial colony for 48 hours at 37ºC. The optical density of an aliquot was measured every hour
for 10 hours, and then every 8 hours following. Refer to Methods section 2.8.1 for further details.

The results following assessment of the total carotenoid content of S. aureus relative their
optical density is shown in Figure 6.4. It is clearly shown that an increase in optical density of
the bacterial correlates with an increased bacterial content of carotenoids. The relationship
appears to be logarithmic, as the log10 of the carotenoid peak area has a linear correlation with
the optical density of the bacteria. This confirms that the production of carotenoids in S. aureus
occurs predominantly after approximately 40 hours of incubation.
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Figure 6.4 Carotenoid content of S. aureus relative to growth.
Clinical isolates of S. aureus, as well as the laboratory strain S. aureus 502a, were replicated from a single
bacterial colony for at 37ºC. The optical density of an aliquot was measured after 40 hours (Methods
2.8.1). Optical density data is from 12 clinical isolates and the laboratory strain 502a, done in duplicate.
S. aureus (2×109) were pelleted and the carotenoids extracted with chloroform-methanol. Samples were
separated by RP-HPLC with UV detection at 465 nm. Inset shows the log10 of carotenoid peak area.

Carotenoids were extracted from S. aureus grown for 40 hours at 37 ºC, separated from nonpolar lipids, and subjected to preparative RP-HPLC (Figure 6.5). The peak eluting at about 16.5
minutes and believed to represent staphyloxanthin was collected and checked via reverse-phase
HPLC for purity (Figure 6.6). The HPLC trace showed a distinct signal, composed of two
overlapping peaks, but otherwise appeared to be pure, as the UV spectrum was consistent
throughout the peaks. The two overlapping peaks both had identical absorbance spectra with
maxima at 465 and 487 nm, suggesting staphyloxanthin isomers (Table 6.1).
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Figure 6.5 RP-HPLC-UV analysis of a carotenoid fraction containing
staphyloxanthin derived from S. aureus.
S. aureus were grown for 40 hours at 37ºC, then carotenoids were extracted using a chloroform-methanol
procedure. Silica 60 chromatography removed non-polar lipids, and fractions were separated by RPHPLC with UV detection of carotenoids at 450 nm (Methods 2.19.3) (281). Peak i was identified as 4,4’diaponeurosporenic acid (retention time ~12.5 minutes) based on its UV spectrum and absorption
maxima of 432, 455 and 483 nm. Peak ii was identified as staphyloxanthin (retention time ~16.5
minutes) based on its UV spectrum and absorption maxima of 463 and 490 nm. This is a representative
trace of a silica 60 fraction containing a considerable proportion of staphyloxanthin.
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Figure 6.6 RP-HPLC-UV analysis of purified staphyloxanthin.
The peak identified as staphyloxanthin via RP-HPLC was manually collected and checked for purity. A)
A purified peak was obtained as detected by HPLC with UV detection at 450 nm. B) The peak had an
absorbance spectrum with maxima at 465 and a shoulder at 487 nm, which compared well with
published data (281).
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Identification of staphyloxanthin

Due to the structural similarity of carotenoids, particularly those in the staphyloxanthin
biosynthesis pathway, there was potential for co-elution of other lipids and carotenoids with
staphyloxanthin during RP-HPLC analysis. Contamination by lipid impurities, predominantly
those contained in the bacterial cell membrane was also a matter to be aware of. Therefore, it
was necessary to confirm the identity of isolated staphyloxanthin by MS and tandem MS, as
these provide molecular mass and characteristic fragmentation patterns. Staphyloxanthin has
previously been demonstrated to be measured as a protonated positive ion with an m/z value of
819.3 [M+H]+(281).
Initially, the purified carotenoid was analysed by LC/MS using APCI in positive ion mode
using a method similar to that of Pelz et al (281). APCI uses a heated nebuliser to evaporate the
solvent and produces both molecular ions [M]+. and protonated molecules [M+H]+ (393). The
major disadvantage of APCI is abundant in-source fragmentation, reducing the abundance of
molecular ions (393). This can be observed in Figure 6.7 where the major ion detected had an
m/z value of 433.1. This is consistent with the protonated breakdown product of
staphyloxanthin, namely 4,4’-diaponeurosporenoic acid. Also apparent was a contaminant ion
of m/z value of 545.3. This could be detected separately from 4,4’-diaponeurosporenoic acid in
the total ion chromatogram of peak i (Figure 6.7 A&C).
MS2 analysis of the 545.3 m/z species revealed that the dominant [M+H]+ ions showed
differences of 14 m/z, representing repetitive losses of a -CH2- unit (Appendix A). The base
peak of 545 m/z, which indicates a C32 species which contains three double bonds (395), was
consistent with a diglyceride fragment of phosphatidyl-ethanolamine. Therefore it is likely that
this species is a contaminating lipid from the plasma membrane of S. aureus.
The complete molecular ion of staphyloxanthin could not be detected by APCI-MS, so the
isolated carotenoid could not be confirmed as staphyloxanthin. Subsequently, ESI in positive
ion mode was employed. ESI utilises a stream of heated nitrogen which evaporates the carrier
solvent. Carotenoid ions are believed to form via ionisation of the gaseous molecules at the
surface of the resultant droplets in the high potential electric field (393). This ionisation process
produces abundant molecular cations [M]+. of carotenoids with little or no fragmentation (393).
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Figure 6.7 LC/APCI-MS analysis of purified staphyloxanthin.
Purified staphyloxanthin was analysed by RP-HPLC directly followed by APCI mass spectrometry in
positive ion mode (Methods 2.20.1). A) Detection by HPLC with UV detection at 465 nm and showed
co-elution of two peaks labelled i) and ii). B) Mass spectrum of both peaks i and ii together detected the
two most abundant masses of 545.3 m/z and 433.1 m/z. Mass spectra of C) peak i (545.3 m/z) alone and
D) peak ii (433.1 m/z) alone show these species are clearly distinct from each other.

Using LC/MS-ESI the expected m/z value of 818.3 for the molecular ion [M]+. of
staphyloxanthin was detectable as shown in Figure 6.8. The most abundant ion in the mass
spectrum had an m/z value of 841.4. This was predicted to be the sodiated adduct [M+Na]+ of
staphyloxanthin. The fragment with an m/z value of 432.1 was consistent with an in-source
breakdown product of staphyloxanthin, namely the molecular ion of 4,4’diaponeurosporenoic
acid.
Interestingly, staphyloxanthin was detected as molecular cation [M]+. with an m/z value of
818.3, not the protonated species [M+H]+ 819.3 m/z. This was also observed with the
4,4’diaponeurosporenoic acid fragment, which was detected at 433.1 m/z using APCI (Figure
6.7 B&D). Although formation of molecular cations of carotenoids is common via ESI, the
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presence of both the cation and sodiated adduct of staphyloxanthin in a single mass spectrum
was an unusual phenomenon. Usually, when the sodiated species of a molecule is observed, this
is in combination with the protonated molecule.
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Figure 6.8 LC/ESI-MS analysis of purified staphyloxanthin.
Purified staphyloxanthin was analysed by RP-HPLC directly followed by ESI mass spectrometry in
positive ion mode (Methods 2.20.1). The molecular ion of staphyloxanthin could be detected with an
m/z value of 818.3 [M]+.. A fragmentation product of staphyloxanthin, the molecular ion of 4,4’diaponeurosporenoic acid with an m/z, value of 432.1 [M]+., was also observed. An ion consistent with
the sodiated adduct could be detected at 841.5 m/z [M+Na]+.

To confirm that the ion detected as 841.4 m/z was the sodiated adduct of staphyloxanthin, the
purified carotenoid was treated with Dowex cation exchange beads in order to remove the
sodium. After treatment, the ion with an m/z value of 841.4 was no longer observed by
infusion, while there was an increase in the relative intensity of the signal for 818.4 m/z
(Appendix B). Loss of sodium did not result in formation of an ion of 22 m/z smaller (819.4
m/z), as might be expected if the protonated species was formed on removal of sodium. This
indicates that 841.4 m/z is most likely the sodiated adduct of 818.3 m/z, and that
staphyloxanthin is detected as the molecular cation [M]+. at 818.4 m/z via ESI-MS.
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To further verify the structure of staphyloxanthin, tandem mass spectrometry was employed on
both 818.5 m/z [M]+. (Figure 6.9) and 841.5 m/z [M+Na]+ (Appendix C). The molecular cation
of staphyloxanthin, produced a greater number of fragments, compared to the sodiated adduct.
The mass fragment data for 818.5 m/z [M]+. is shown in Table 6.2. (See Appendix C for mass
fragment data for 841.5 m/z [M+Na]+.)
Two fragments were produced in analysis of the molecular cation, which represented each half
of the staphyloxanthin molecule. The fragments detected were 432.3 m/z [M-386]+.(Figure 6.9
A). This ion was a fragment representing the glucose esterified to the C15 fatty acid chain of
staphyloxanthin. This ion represented the loss of 386 m/z from the parent ion. Conversely, the
fragment detected with an m/z value of 387.0 [M+H-432]+.was consistent with the triterpenoid
carotenoid carboxylic acid portion of staphyloxanthin, formed as a result of loss of 432 m/z
from the entire carotenoid ion. The other fragments detected were presumably produced via
the neutral loss of water from the glucose moiety (800.7 m/z [M-18]+.) or a terminal portion of
the carotenoid chain (749.1 m/z [M-69]+.) (Figure 6.9A). Loss of the m/z value of 94 (724.3
m/z) was not able to be explained.
Further selected ion fragmentation, using MS3 analysis, was used to augment the data, and
provide verification that the m/z value of 818.5 was representative of isolated staphyloxanthin.
Under MS3 analysis, 387.0 m/z [M+H-432]+. (Figure 6.9 B) produced several fragments which
presumably were formed due to the neutral loss of either one ([M+H-18]+), two ([M+H-36]+)
or three ([M+H-54]+) water molecules (Table 6.2). This is consistent with the structure of the
glucose portion of staphyloxanthin, which contains three hydroxyl groups (Figure 6.10). The
other fragments observed were consistent with those expected from the known structure of the
glucose and C15 fatty acid portion of staphyloxanthin (Table 6.2, Figure 6.10). Only the
generation of the m/z value of 309.0 was unable to be explained.
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Figure 6.9 Infusion ESI-MS of purified staphyloxanthin.
Purified staphyloxanthin was analysed by infusion directly into the ESI mass spectrometer interface in
positive ion mode (Methods 2.20.1). MS2 analysis of the staphyloxanthin ion with an m/z value of A)
818.5 [M]+. produced several fragment ions (40% CE). B) 387.0 m/z and C) 432.3 m/z were further
fragmented by MS3 analysis (30% CE).
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Analysis of ESI-MS data for staphyloxanthin.

Purified staphyloxanthin was analysed by infusion by ESI-MS in positive ion mode. A) The molecular
cation of staphyloxanthin with an m/z value of 818.5 produced several fragment ions on MS2 analysis.
Predominant ions, representative of B) the glucosyl group esterified to the fatty acid (387.3 m/z), and
the C) C30 carotenoid chain (432.3 m/z) were then selected and analysed by MS3. * See Figure 6.8. #
unknown fragment identity.
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Fragment

Loss

818.6

[M]+.

-

[M-18]

+.

H2O

749.1

[M-69]

+.

*

724.3

[M-94]+.

#

-

-

-

800.7

432.3
B) MS3

C) MS3

[M-386]

+.

*

387.0

[M+H-432]

387.3

[M+H]+

+.

*
-

+

369.1

[M+H-18]

H2O

351.2

[M+H-36]+

2H2O

333.2

[M+H-54]+

3H2O

309.0

[M+H-78]+

#

241.1

[M+H-146]

+

*

225.0

[M+H-162]+

*

207.0

[M+H-180]+

*

432.3

[M]+.

-

-

-

-

-

-

+.

363.0

[M-69]

*

-

-

-

340.1

[M-92]+.

#

271.0

[M+H-162]+

*

Chapter Six.

Staphyloxanthin

183

225.0 m/z
O

207.0 m/z

241.1 m/z

CH3

O
H

H3C
CH3

O

HO
H
HO
H

CH3

CH3

69 m/z

H

CH3

O
OH

H

387.0 m/z
[M+H]+

O

271.0 m/z

CH3

CH3

CH3

432.1 m/z
[M]+.

Figure 6.10 Structure of staphyloxanthin with annotation of detectable mass
fragments.
MS3 analysis of 432.3 m/z [M-386]+. (Figure 6.9 C) produced fragment ions in agreement with
the triterpenoid carotenoid structure, including loss of the 69 m/z from the end of the
carotenoid chain (363.0 m/z [M-69]+.). Again, the loss of 162 m/z. was observed but could not
be explained. Overall, the mass spectrometry analysis confirms that the structure of the purified
carotenoid is consistent with the known structure of staphyloxanthin.
6.3.4

Isolation and identification of 4,4’-diaponeurosporenoic acid

During the initial RP-HPLC purification of staphyloxanthin from the carotenoid extract from
S. aureus another major carotenoid peak was identified (Figure 6.5, Peak i). This carotenoid was
also manually collected and its purity assessed via RP-HPLC. A single peak was observed when
monitoring at 450 nm, which eluted after approximately 16 minutes, or seven and a half
minutes earlier than staphyloxanthin (Figure 6.11 A). The carotenoid had an absorbance
spectrum consistent with that expected for 4,4’-diaponeurosporenoic acid, with maxima at 455
and 485 nm (Figure 6.11 B, Table 6.1).
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Figure 6.11 Purification of 4,4’-diaponeurosporenoic acid.
A) A single peak was obtained as detected by RP-HPLC at 450 nm, which B) had the expected
maximum absorbance at 455 nm and shoulder at 485 nm as determined by UV-Visible spectroscopy.

The purified carotenoid was analysed by LC/MS using APCI in positive ion mode following a
method similar to Pelz et al (281). This can be observed in Figure 6.12. The major ion detected
had an m/z value of 433.1, which is consistent with the protonated breakdown product of
staphyloxanthin, namely 4,4’-diaponeurosporenoic acid.
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Figure 6.12 LC/APCI-MS of purified of 4,4’-diaponeurosporenoic acid.
Purified 4,4’-diaponeurosporenoic acid was analysed by HPLC directly followed by APCI mass
spectrometry in positive ion mode (Methods 2.20.1). 4,4’-Diaponeurosporenoic acid was detected as an
ion of 433.1 m/z which is consistent with the expected protonated molecule [M+H]+.

6.3.5

Reaction of staphyloxanthin with hydrogen peroxide and reactive
chlorine species

To determine if specific products of the reaction between staphyloxanthin and hypochlorous
acid could be detected, the two reactants were mixed and exploration for chlorinated products
of staphyloxanthin conducted. The expected products were chlorohydrins and epoxides of full
length staphyloxanthin, as well as chain-cleavage products. Only chlorinated products were
useful as specific markers of hypochlorous acid reactivity and unfortunately, no such products
were identified. This was most likely due to the multitude of reactive sites in the carotenoid
chain of staphyloxanthin, meaning that no single product was formed in sufficient abundance
to be easily detected.
Consequently, loss of staphyloxanthin was monitored by RP-HPLC as a measure of the
reaction between reactive oxygen species and staphyloxanthin. The RP-HPLC method with
UV-visible detection was chosen over LC/ESI-MS quantification of staphyloxanthin, as RPHPLC had a similar level of sensitivity, with a limit of detection of 0.5 pmoles (Figure 6.13). In
addition, RP-HPLC was more reliable and produced more consistent results which were less
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complicated to analyse. Quantification of the amount of staphyloxanthin remaining after
treatment, as measured by peak area at 465 nm, was a reasonable gauge of the reaction of
oxidising species with staphyloxanthin (267). Formation of an epoxide or chlorohydrin across a
double bond would have resulted in disruption of the polyene chain, and subsequently changed
both the elution time of the carotenoid via HPLC, as well its absorbance spectrum (231). In
addition, the detectable peak area of staphyloxanthin produced a proportional and linear
response as the concentration of staphyloxanthin increased (r2=0.99) (Figure 6.13).
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Figure 6.13 Staphyloxanthin standard curve.
Purified staphyloxanthin was quantified by its absorbance at 465 nm (ε465= 306,000 M–1cm–1). Various
quantities of staphyloxanthin were analysed by RP-HPLC, and the detectable peak area of
staphyloxanthin measured (see Methods section 2.19.3). There was a linear correlation between the
amount of staphyloxanthin loaded onto the RP-HPLC column and the amount detected via UV-visible
photodiode array. The limit of detection of staphyloxanthin was 0.5 pmoles. The means and SEM of
three experiments are plotted.
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Figure 6.14 Reaction of staphyloxanthin with oxidants.
Staphyloxanthin (6 pmoles) was reacted with varying concentrations of oxidants, with thorough
vortexing, in 10 mM PBS with 10% acetone (pH 7.4) for 20 minutes at 22ºC (Methods 2.21.2). A twofold excess of Met over oxidant was added to stop the reaction for A) HOCl, B) NH2Cl and C) NHCl2
or catalase for D) H2O2 (log10 scale). The reaction mixture was separated by RP-HPLC and the
percentage peak area of staphyloxanthin determined. Data are means and SEM of at least three
experiments and were fitted using exponential decay curves using SigmaPlot 11.0 software.

Staphyloxanthin displayed different levels of reactivity with each oxidant tested, as shown in
Figure 6.14 and Table 6.3. In all cases, an exponential decline was observed with increasing
concentrations of the oxidants (including hydrogen peroxide, which is represented by a log10
scale). This is indicative of the multiple reactions that can occur between oxidants and polyene
chains, due to the multitude of reaction sites. Additionally, reactive oxidation products of
carotenoids such as epoxides and aldehydes are able to react further resulting in almost a chainreaction of oxidation (396).
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Of the oxidants tested, hypochlorous acid and NHCl2 were the most effective at reacting with
staphyloxanthin. NHCl2 decreased the staphyloxanthin concentration to 50% after treatment
with a ratio of 100 moles of NHCl2 per mole of staphyloxanthin. There was complete loss of
staphyloxanthin after addition of 2.5 nmoles (25 µM) of NHCl2 (mole ratio of 820:1).
Hypochlorous acid decreased the concentration of staphyloxanthin by 50% when 130 moles of
hypochlorous acid was incubated per mole of staphyloxanthin. As for NHCl2, a complete loss
of staphyloxanthin was observed after addition of 2.5 nmoles (25 µM) of hypochlorous acid
(mole ratio of 820:1).
Table 6.3

Mole ratios of oxidant required to consume by 50% of
staphyloxanthin.

Staphyloxanthin (6 pmoles) was reacted with varying concentrations of oxidants as outlined in Figure
6.14. Mole ratios of oxidant required to reduce the concentration of staphyloxanthin by 50% were
calculated from the fitted exponential decay regression equations using SigmaPlot 11.0 software.

Oxidant

Moles to decrease 1 mole
of staphyloxanthin by 50%

HOCl

130

NH2Cl

2,800

NHCl2

100

H 2O 2

160,000

NH2Cl was approximately 20-fold less reactive with staphyloxanthin compared to hypochlorous
acid (Table 6.3). Even after a 41,000-fold excess of NH2Cl was added to staphyloxanthin, about
10% of the original staphyloxanthin still remained. Hydrogen peroxide was the least reactive
oxidant. Large concentrations of hydrogen peroxide were required to decrease the
staphyloxanthin concentration by 50%, in this case 10 mM (mole ratio of 160,000:1). Addition
of 1.5 M of hydrogen peroxide was unable to completely oxidise all of the staphyloxanthin.
All reactions were only analysed after 20 minutes of incubation, so it is possible that the
reactions were not complete after this time. Therefore, further loss of staphyloxanthin may
have occurred with the oxidants after additional incubation; however this was not assessed in
this study.
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Rate of reaction of hypochlorous acid with staphyloxanthin

The next objective was to establish the rate of reaction between hypochlorous acid and
staphyloxanthin to determine if staphyloxanthin would be a likely target of the oxidant in the
neutrophil phagosome. As shown in Figure 6.15, a fixed concentration of staphyloxanthin (5
µM) was mixed rapidly with varying concentrations of hypochlorous acid. Decay curves of the
observed loss in staphyloxanthin absorbance were recorded at 465 nm using a 20 µL volume in
a Nanophotometer with a 1 mm path length.
Initial rates of the change in absorbance were calculated for each hypochlorous acid
concentration used. These rates were plotted against the hypochlorous acid concentrations
(Figure 6.15). The second order rate constant was determined by calculating the initial slope of
the regression curve that fitted the experimental data (single rectangular hyperbola with 2
parameters).
Assuming a second order reaction, with neither reactant in excess, the initial rate approximates
to (where [SX]=[Staphyloxanthin], and A=Absorbance):
∆[SX]
∆t

= k.[SX0].[HOCl]

∆[SX] = k.[HOCl] =
[SX0]. ∆t

∆A
A0.∆t

At higher concentrations of the oxidant the relationship between the initial loss of absorbance
of staphyloxanthin and hypochlorous acid concentration became non-linear (Figure 1.15). This
indicates that excess hypochlorous acid may react not only with staphyloxanthin but also with
oxidative products of the carotenoid.
The rate constant of reaction between staphyloxanthin and hypochlorous acid was determined
to be ~3×103 M–1s–1. This value is probably a lower limit, as reactions of hypochlorous with the
central double bonds would result in the largest loss of absorbance, whereas reactions at the
end of the conjugated system would result in much smaller changes. Nonetheless, this confirms
that the rate of reaction of hypochlorous acid with double bonds in carotenes and carotenoids
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is comparable to the reaction of hypochlorous acid with the Lys side-chain amine (5.0×103 M–1
s–1) and slower than with N-terminal amines (1.0×105 M–1 s–1) (146).
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Figure 6.15 Determination of second-order rate constant between
staphyloxanthin and hypochlorous acid.
Plot of the observed initial rates of oxidation of 5 µM staphyloxanthin versus hypochlorous acid. The
reaction was performed in 10 mM PBS with 10% acetone at pH 7.4, 22ºC in a final volume of 20 µL
using an Implen Nanophotometer UV-visible spectrophotometer (see Methods section 2.21.1). Data
points represent the mean and SD of triplicate experiments. Inset shows representative traces of loss of
staphyloxanthin at varying hypochlorous acid concentrations (absorbance change at 465 nm). Data
points are missing due to a software issue at these time points. The second order rate constant (k) was
calculated from the initial slope of the fitted single rectangular hyperbola.

6.3.7

Reaction of hydrogen peroxide and reactive chlorine species with
staphyloxanthin in S. aureus

It was then of interest to determine whether the oxidants reacted with staphyloxanthin within
the membrane of intact S. aureus (Figure 6.16). Increasing doses of each oxidant resulted in a
decrease in bacterial viability. As observed in Chapter Five, NHCl2 was the most bactericidal,
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closely followed by hypochlorous acid and then NH2Cl. Hydrogen peroxide was particularly
ineffective at killing S. aureus, as an enormous concentration of 250 mM was required to kill
2×109 (a dose of 12.5 moles per 105 bacteria).
Loss of bacterial viability was generally associated with loss of carotenoid content in the
bacteria (Figure 6.16). This is shown in the Figure 6.16 A, where the colouration of bacterial
pellets is noticeably decreased after the addition of hypochlorous acid. On analysis of the
carotenoid content by RP-HPLC, increasing doses of hypochlorous acid promoted
progressively more loss of both detectable staphyloxanthin in the membranes of the bacteria, as
well as 4,4’-diaponeurosporenoic acid (Figure 6.16 B i).
Similar concentrations of hypochlorous acid and NH2Cl promoted comparable loss of bacterial
carotenoids, as well as bacterial viability (Figure 6.16 B i & ii). This contrasts with the results
observed with oxidation of purified staphyloxanthin, where hypochlorous acid was markedly
more effective than NH2Cl (Figure 6.14, Table 6.3). Oxidation of S. aureus with NHCl2 resulted
in a distinct drop in carotenoid content, without evidence of loss of bacterial viability (Figure
6.16 B iii). This indicates that staphyloxanthin scavenges NHCl2 before the oxidant is able to
penetrate the bacterium and result in loss of viability. As expected from the previous results,
hydrogen peroxide was ineffective at oxidising the carotenoids in the bacterial surface, even at
concentrations that resulted in cell death (Figure 6.16 B iv).
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Figure 6.16 Loss of staphyloxanthin and bacterial viability in S. aureus upon
treatment with oxidants.
A) S. aureus (2×109) were treated with increasing concentrations of hypochlorous acid and pelleted to
observe the loss of colouration. B) S. aureus (2×109) were treated with varying concentrations of i)
HOCl, ii) NH2Cl, iii) NHCl2 and iv) H2O2, in a total volume of 1 mL, and incubated for 20 minutes at
37ºC (Methods 2.21.3). Met was added in two-fold excess to quench any remaining oxidant, except
where catalase was added to consume any remaining hydrogen peroxide. After incubation, a sample of
bacteria was diluted and plated to assess viability. Bacteria were pelleted and the carotenoids extracted
with chloroform and methanol. Samples were separated by RP-HPLC with UV detection at 465 nm. S.
aureus viability (black), as well as relative staphyloxanthin (orange) and 4,4’-diaponeurosporenoic acid
content (yellow) are shown. Data are means and SEM of at least three experiments.
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Figure 6.17 Loss of staphyloxanthin in S. aureus upon treatment of
chlorinated amino acids correlates with loss of bacterial viability.
S. aureus (2×109) were treated with varying concentrations of A) taurine monochloramine, B) Gly-Asp
monochloramine, C) taurine dichloramine and D) Gly-Asp dichloramine and incubated for 20 minutes
at 37ºC. After incubation, a sample of bacteria was diluted and plated to assess viability. Carotenoid
content was analysed as described in Figure 6.16. S. aureus viability (black), as well as relative
staphyloxanthin (orange) and 4,4’-diaponeurosporenoic acid content (yellow) are plotted.

It is of interest, that loss of 4,4’-diaponeurosporenoic acid appeared to follow more closely with
loss of bacterial viability than the decrease in staphyloxanthin. This phenomenon was
particularly evident when S. aureus were treated with hypochlorous acid and NH2Cl (Figure 6.16
B i & ii). Loss of 4,4’-diaponeurosporenoic acid also occurred preferentially to loss of
staphyloxanthin. This was particularly apparent when the bacteria were treated with
hypochlorous acid and NH2Cl (Figure 6.16 B i & ii), and observed to a lesser extent on
treatment with NHCl2 and hydrogen peroxide (Figure 6.16 B iii & iv).
Within the neutrophil phagosome, it is likely that a phagocytosed bacterium is exposed to
chloramines on proteins and amino acids, in addition to inorganic reactive chlorine species such
as hypochlorous acid and NH2Cl. As inorganic reactive chlorine species react with carotenoids
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in the membrane of S. aureus (Figure 6.16), it was then of interest to determine whether organic
chlorine species could also have a similar effect (Figure 6.17).
Treatment of S. aureus with monochloramines resulted in either no or partial loss of bacterial
viability and carotenoid content. The monochloramine of the β-amino acid taurine did not
result in loss of bacterial viability, even after addition of a dose at 10 mM (Figure 6.17 A). No
detectable reduction in the carotenoids staphyloxanthin and 4,4’-diaponeuro-sporenoic acid was
observed either. By comparison, Gly-Asp monochloramine, added at a concentration of 10
mM, resulted in a decrease of about 50% of bacterial viability (Figure 6.17 B). This was a more
effective biocide than taurine monochloramine. This effect is interesting as Gly-Asp
monochloramine is a relatively stable chloramine, which decomposes with a half-life of more
than 120 minutes at room temperature (Table 6.3).
Conversely, incubation of S. aureus with both taurine and Gly-Asp dichloramine was able to
effectively decrease bacterial viability. The bacteria needed to be incubated with a dose of
taurine dichloramine (~0.5 mM) which could oxidise approximately 20% of the carotenoids
before bacterial killing was observed (Figure 6.17 C). At higher concentrations there was a
proportional loss of carotenoid with bacterial viability. Addition of 2 mM taurine dichloramine
to S. aureus resulted in complete loss of bacterial viability. A concomitant decrease in both
staphyloxanthin and 4,4’-diaponeurosporenoic acid content was also observed (Figure 6.17 B).
A similar trend was observed with Gly-Asp dichloramine, where increasing doses caused a
proportional reduction in bacterial viability, as well as carotenoid content (Figure 6.17 D).
Compared to taurine dichloramine however, a higher dose of the oxidant was required before
the bacteria were killed. Between 1 and 2 mM Gly-Asp dichloramine (Figure 6.17 D) resulted in
loss of approximately 40% of staphyloxanthin and 60% of 4,4’-diaponeurosporenoic acid. In
response to the addition of greater concentrations of dichloramine the bacteria were
subsequently killed. This was the only treatment of S. aureus with a reactive chlorine species
which resulted in a larger proportional decrease in carotenoid content (both staphyloxanthin
and 4,4’-diaponeurosporenoic acid) compared to reduction in bacterial viability. As observed
previously,

4,4’-diaponeurosporenoic

staphyloxanthin.

acid

was

preferentially

oxidised

compared

to
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Comparison of the carotenoid content of clinical isolates of
S. aureus and viability after incubation with hypochlorous acid

The next avenue to explore was whether S. aureus containing a greater amount of carotenoids
could be protected from killing by oxidants. This could indicate a scavenging ability for reactive
chloramine species by staphyloxanthin and 4,4’-diaponeurosporenoic acid. This effect has been
demonstrated previously with a range of oxidants, where wild type S. aureus showed increased
survival compared to mutants with a disrupted carotenoid biosynthesis pathway (267, 268). To
date this effect has not been demonstrated with chloramines or using clinical isolates of the
bacterium.
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Figure 6.18 Staphyloxanthin and 4,4’-diaponeurosporenoic acid content of
S. aureus clinical isolates, and viability after treatment with
hypochlorous acid.
S. aureus of 12 different clinical isolates and the laboratory strain 502a (2×109) were analysed for
staphyloxanthin and 4,4’-diaponeurosporenoic acid content from two separate cultures, as described in
Figure 6.16. Bacteria were then treated with 100 µM hypochlorous acid for 20 minutes at 37ºC. After
incubation, a sample of bacteria was diluted and plated to assess viability. Staphyloxanthin (black) and
4,4’-diaponeurosporenoic acid content (white) for two experiments with each bacterial isolate are
plotted, as determined by UV detection at 465 nm and 455 nm, respectively, against bacterial viability.
See Methods section 2.21.4 for further details.
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Twelve clinical isolates of S. aureus, as well as the laboratory strain 502a, were analysed for
relative staphyloxanthin and 4,4’-diaponeurosporenoic acid content. The bacteria were then
treated with 100 µM hypochlorous acid and their viability assessed to determine their ability to
withstand oxidant insult. Figure 1.18 shows that S. aureus with a greater carotenoid content were
more protected from killing by hypochlorous acid. It appears that a threshold quantity of
carotenoid is required for protection as isolates with peak area of carotenoid >2 had at least
50% viability after the treatment. However, two isolates contained either no carotenoid, or only
4,4’-diaponeurosporenoic acid, yet were resistant to the oxidant. Thus, staphyloxanthin is not
the only requirement for protection against hypochlorous acid.
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Figure 6.19 Total carotenoid content is associated with increased bacterial
resistance to hypochlorous acid.
S. aureus of 12 different clinical isolates and the laboratory strain 502a (2×109) were analysed for total
carotenoid content from two separate cultures (n=26), as described in Figure 6.16. Bacteria were then
treated with 100 µM hypochlorous acid for 20 minutes at 37ºC. After incubation, a sample of bacteria
was diluted and plated to assess viability. Bacteria were designated as “orange” (n=12) or “white” (n=14)
by either being above or below the arbitrary value of 12 units of total relative absorbance such that each
group contained approximately half of the total sample of bacterial isolates. The data from Figure 6.18,
of two experiments with each bacterial isolate, are plotted. The median of “orange” isolates was 90.5%
and of “white” isolates was 58.1%. There was a statistically significant difference (p=0.035) as
determined by the Mann-Whitney Rank Sum test.

Chapter Six.

Staphyloxanthin

197

In order to determine if a greater carotenoid content provides statistically significant protection
from hypochlorous acid, the total carotenoid content of each isolate was determined and used
to group approximately half the bacteria as “white” and the other half as “orange”. The total
carotenoid content of the bacteria was determined at 450 nm. Bacteria were designated as
“orange” (n=12) or “white” (n=14) by either being above or below the arbitrary value of 12
units of total relative absorbance, such that each group contained approximately half of the
total sample of bacterial isolates. As shown in Figure 6.19, there was a statistically significant
difference in the survival of the two groups (p=0.035).
6.3.9

Effect of phagocytosis on staphyloxanthin content of S. aureus

The final objective of this chapter was to assess the viability and carotenoid content of S. aureus
502a, after phagocytosis by human neutrophils compared to unphagocytosed bacteria. It was
expected that exposure of S. aureus to hypochlorous acid, NH2Cl or NHCl2 in the phagosome,
would result in loss of carotenoids in correlation with loss of bacterial viability.
S. aureus were firstly grown for 40 hours to have maximal staphyloxanthin content. Neutrophils
were allowed to phagocytose serum-opsonised bacteria at a ratio of 20:1 so that the maximal
number of S. aureus could be phagocytosed in order to be able to observe a peak representing
staphyloxanthin by RP-HPLC with visible detection (Figure 6.20). The majority of bacteria
were phagocytosed within the 20 minute period of incubation, as microscopy at 100× showed
each neutrophil contained approximately 20 bacteria after this time (results not shown). After
incubation, all cells were pelleted, including any bacteria that were not phagocytosed, and the
carotenoids extracted. Extraction occurred in the presence of 20 µmoles butylated
hydroxyanisole (BHA), which served as an internal standard to correct for the loss of
staphyloxanthin during the carotenoid extraction. BHA was useful for this purpose as it
produced a consistent peak via RP-HPLC and was also soluble in acetone, the eluent used.
Additionally, it eluted much earlier than staphyloxanthin and therefore did not co-elute with the
carotenoid peaks of interest. The staphyloxanthin content of the pelleted S. aureus was
determined relative to BHA.
Despite a significant loss in bacterial viability of approximately 60% (Figure 6.21 A), no change
was observed in the staphyloxanthin content of S. aureus after phagocytosis by neutrophils
(Figure 6.21 B).
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Figure 6.20 RP-HPLC of staphyloxanthin from S. aureus phagocytosed by
neutrophils.
Serum-opsonised S. aureus were incubated with human neutrophils at a ratio of 20:1 for 20 minutes at
37ºC as detailed in Methods section 2.9.2. After incubation, 10 nmoles of Met was added to quench
hypochlorous acid, and a sample of bacteria was diluted and plated to assess viability. Remaining
neutrophil and bacterial cells were pelleted by centrifugation. Carotenoid content was analysed by RPHPLC on neutrophil/bacterial extracts as described in Figure 6.17, with an additional 20 µmoles of
BHA added to the carotenoid extract (peak not shown as elution at ~7 minutes). These data are
representative of five experiments.
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Figure 6.21 Viability and staphyloxanthin content of S. aureus phagocytosed
by neutrophils.
Serum-opsonised S. aureus were incubated with human neutrophils and analysed for A) bacterial viability
and B) staphyloxanthin content relative to the antioxidant BHA as described in Figure 1.20 (Methods
2.21.5). Both bacterial viability and staphyloxanthin content for S. aureus + DPI were set at 100%, with
all are other data are relative. The means and SD of five experiments are plotted. * indicates a
statistically significant difference (p<0.001) for a comparison between S. aureus incubated with
neutrophils (+PMN) and S. aureus incubated with neutrophils in the presence of DPI (+DPI), as
determined with Student’s t-test.
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DISCUSSION

The results of this chapter demonstrate that hypochlorous acid, NH2Cl and NHCl2 react with
staphyloxanthin, both in its purified form, as well as within the membrane of intact S. aureus.
Loss of staphyloxanthin and its precursor 4,4’-diaponeurosporenoic acid from the bacteria
correlated with loss of bacterial viability. Investigation with clinical isolates of the bacterium
indicated that those with greater amounts of the carotenoid were generally better able to
withstand oxidant insult. The second-order rate constant of hypochlorous acid with
staphyloxanthin was determined to be ~3×103 M–1s–1. However, within the neutrophil
phagosome, loss of bacterial viability was not associated with a detectable loss of
staphyloxanthin.
Investigation of the reactivity of a range of neutrophil-derived oxidants with purified
staphyloxanthin revealed that the carotenoid was effectively oxidised by the inorganic reactive
chlorine species hypochlorous acid and NHCl2. An 820-fold molar excess of hypochlorous acid
resulted in complete bleaching of the carotenoid after incubation for 20 minutes. It was
surprising that such a high excess of the oxidant was required for loss of absorbance of
staphyloxanthin, although this may be indicative of the multiple double bonds required to be
oxidised in the molecule. By comparison, NH2Cl was about 20-fold less reactive than
hypochlorous acid, while hydrogen peroxide was more than 1,000-fold less reactive. Thus,
hydrogen peroxide is unlikely to react with staphyloxanthin in the neutrophil phagosome
despite claims by other researchers that staphyloxanthin protects S. aureus from this oxidant
(267, 268). This conclusion is supported by modelling which calculated that only low
micromolar concentrations of hydrogen peroxide accumulate within the neutrophil phagosome
(85), while millimolar concentrations of hydrogen peroxide are required to bleach
staphyloxanthin, as well as kill S. aureus.
The next aim was to establish the rate constant of reaction of hypochlorous acid with the
carotenoid. The second-order rate constants for the reaction between staphyloxanthin and
hypochlorous acid was determined and found to be ~3×103 M–1s–1. This rate constant is
reasonably large although lower than for Met and Cys, but comparable to the rate constant of
hypochlorous acid with amines (1.0×105 M–1 s–1) (146). The rate constant is also significantly
higher than those published for hypochlorous acid with model compounds of double bonds in
fatty acid side chains: 8.7 M–1s–1 for 3-pentenoic acid (235) and 2.3 M–1s–1 for sorbate (236).
Both 3-pentenoic acid and sorbate contain two double bonds, while staphyloxanthin has a
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conjugated system containing 9 double bonds. Although the double bonds of mono- and polyunsaturated fatty acids have been demonstrated to react at similar rates (234), the conjugated
system of staphyloxanthin should explain the greater rate constant calculated in this study.
Interestingly, the rate constant for staphyloxanthin is comparable to the value of 2.3×104 M–1s–1
calculated for the reaction between β-carotene and hypochlorous acid published by Albrich and
colleagues (388). This should be expected as β-carotene also has a conjugated system of 10
double bonds. The difference in rate constants is likely to be accounted for by the different
reaction conditions used. While the reaction in this study was maintained at pH 7.4 to mimic
conditions in the neutrophil phagosome, Albrich carried out the reactions at pH 4.5. The pKa
of hypochlorous acid is 7.56, so at pH 7.4 a mixture of HOCl and hypochlorite (OCl–) is
present. Hypochlorite is less reactive than hypochlorous acid which may explain the lower rate
constant determined in this study. In addition, acidic conditions also form the more reactive
chlorine so the reaction of hypochlorous acid with lipids is known to be faster (218).
When examining the reaction of hypochlorous acid with staphyloxanthin, it would have been
useful to monitor formation of a chlorinated reaction product. In particular, a chlorohydrin
would have been ideal to accurately assess the reaction of chlorinated oxidants with the
carotenoid, a specific bacterial target. Unfortunately, a chlorinated species was unable to be
detected. There are several possible reasons for this. Firstly, in conjugated systems, there are a
multitude of reaction sites for hypochlorous acid (397). Consequently many positional and
stereo-isomers are possible, so the abundance of any particular molecule is likely to be low
(229). Secondly, chlorohydrins decompose to produce epoxides, which are not specific markers
for the reaction of hypochlorous acid. Despite the inability to monitor formation of a specific
biological marker, assessment of the decrease in absorbance at 465 nm was a reasonable and
reliable measure of staphyloxanthin reactivity.
Incubation of S. aureus with hypochlorous acid demonstrated that loss of both staphyloxanthin
and its precursor 4,4’-diaponeurosporenoic acid, closely followed a decrease in bacterial
viability. This indicated that staphyloxanthin is a useful biological marker, which could be
monitored in phagocytosed S. aureus to determine their exposure to hypochlorous acid.
Incubation of S. aureus with NH2Cl also resulted in a proportional loss of the carotenoids and
bacterial viability at a similar concentration to hypochlorous acid. This is interesting, as
considerably more NH2Cl than hypochlorous acid was required to bleach purified
staphyloxanthin. There are several possible factors which could contribute to this observation.
The greater lipophilicity of NH2Cl may have given it an advantage in penetrating the bacterial
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cell membrane to react with the carotenoids compared to hypochlorous acid. In addition, the
indiscriminate reactivity of hypochlorous acid within the heterogeneous bacterial membrane,
compared to the greater specificity of NH2Cl means that the latter would react preferentially
with staphyloxanthin and 4,4’-diaponeurosporenoic acid compared to hypochlorous acid. Thus,
NH2Cl appears to be as successful as hypochlorous acid at bleaching, as well as killing,
phagocytosed S. aureus.
It was also noted that oxidation of 4,4’-diaponeurosporenoic acid seemed to occur in
preference to staphyloxanthin. 4,4’-diaponeurosporenoic acid has the same carotenoid structure
as staphyloxanthin, however does not contain the glucose and fatty acid moieties.
Consequently, 4,4’-diaponeurosporenoic acid may not be embedded as deeply into the bacterial
membrane as staphyloxanthin, making it more exposed to exogenously added oxidants.
Loss of staphyloxanthin did not correlate with loss of bacterial viability with all oxidants.
Incubation of the bacteria with NHCl2 caused complete oxidation of the bacterial carotenoids
without killing S. aureus. Only at concentrations of the dichloramine where there was complete
bleaching of staphyloxanthin did loss in bacterial viability occur. The reason for this is unclear,
but it is possible that the greater reactivity of NHCl2 may have oxidised staphyloxanthin
without penetration of the bacterial membrane. This is interesting as NHCl2 had a similar
reactivity with purified staphyloxanthin to hypochlorous acid. This indicates that NHCl2 may
have more specificity for staphyloxanthin. Conversely, loss of bacterial viability did not always
require loss of the bacterial carotenoids as hydrogen peroxide was capable of killing S. aureus
while not having any effect on the bacterial carotenoid content. However, very high
concentrations of hydrogen peroxide were required and the mechanism by which hydrogen
peroxide killed bacteria may not necessarily be the same as the reactive chlorine species tested.
Addition of Gly-Asp monochloramine, Gly-Asp dichloramine, and taurine dichloramine to S.
aureus resulted in proportional loss of the carotenoids and bacterial viability, in a similar manner
to hypochlorous acid and NH2Cl. The concentration of Gly-Asp dichloramine that completely
decreased the viability of the bacteria was approximately 10 mM. This concentration of the
analogous monochloramine resulted in loss of no more than ~50% bacterial viability. In
contrast, a lower concentration of taurine dichloramine (2 mM) was required to have the same
effect, whereas taurine monochloramine was ineffective up to 10 mM. These results vary
markedly from those in Chapter Five which showed that monochloramines were not
bactericidal up to the highest concentrations tested, and taurine dichloramine did not result in
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bacterial killing. Thus, the results of the current chapter indicate that monochloramines and
stable dichloramines do have the ability to kill bacteria if they are present in high enough
concentrations; however it is likely to be via a different mechanism than generation of inorganic
volatile chloramine species.
An association between staphyloxanthin content and the ability of S. aureus to remain viable
following treatment with hypochlorous acid was demonstrated by assessment of the survival of
clinical isolates of S. aureus. Isolates which contained more carotenoids generally had increased
survival after the addition of hypochlorous acid, compared to bacteria with a lesser amount of
carotenoids (Figure 6.18 & 6.19). This compares well to other research which shows that
carotenoids can protect S. aureus and S. lutea from killing by neutrophils due to the quenching
effect against singlet oxygen and hypochlorous acid (267, 268, 284).
Although consistent with the hypothesis, these results do not demonstrate unequivocally that
staphyloxanthin is the protective mechanism against hypochlorous acid. The carotenoid is a
secondary metabolite, produced in abundance during stationary phase (398, 399) and formation
of staphyloxanthin requires a lengthy incubation, as the growth curves of S. aureus indicate
(Figures 6.3 & 6.4). A vast array of stress-response genes are up-regulated during stationary
phase or in response to stress (389). These responses are controlled by the gene regulator SigB,
which has control over a large regulon of genes, including the staphyloxanthin biosynthesis
operon, in addition to catalase and superoxide dismutase (91, 261, 400, 401). This points
towards complications in using staphyloxanthin to detect oxidants reacting with S. aureus in the
phagosome as staphyloxanthin synthesis could be further upregulated in this environment. A
correlation between staphyloxanthin content and increased expression of catalase and
superoxide dismutase in the clinical isolates may also explain the association observed, as these
enzymes may decrease formation of hypochlorous acid and other oxidants in the phagosome.
Further research is required to verify this possibility and there are no data on how long is
required for these translation products to be generated after the bacteria initially detect the
stress (401). On the other hand, investigations using S. aureus mutants by other researchers
indicate that staphyloxanthin itself does provide a protective effect against oxidants (267, 268).
From analysis of the clinical isolates, it was predicted that loss of bacterial viability inside the
neutrophil phagosome would be synonymous with carotenoid bleaching. Nevertheless, when
neutrophils were allowed to phagocytose S. aureus, no loss in staphyloxanthin was detectable,
despite significant loss in bacterial viability (Figure 6.21). In addition, the inhibitors of the
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NADPH oxidase and myeloperoxidase did not increase the amount of staphyloxanthin
extracted from engulfed S. aureus, even though both were effective at inhibiting bacterial killing.
It is difficult to make conclusions based on this experiment as loss of a proportion of
staphyloxanthin could not be accurately quantified due to the lack of sensitivity of the HPLC
detection system at the levels of staphyloxanthin measured. In addition, extraction of all of the
carotenoid from the bacteria was difficult and there was potential for loss of the carotenoid
during the extraction procedure due to the low surface tension of the solvent acetone (i.e. some
volume was lost on pipetting). This problem was partially corrected by the inclusion of BHA,
so that losses of staphyloxanthin were compensated by relative losses of BHA, with the ratio of
staphyloxanthin to BHA detected via RP-HPLC used for the analysis. It should be noted that
the concentration of BHA was significantly greater than staphyloxanthin, so small losses of
staphyloxanthin may have affected the ratio more than small losses of BHA, although in theory
losses of each should have been relative to each other.
Despite these caveats, the lack of bacterial bleaching in the phagosome indicates that
hypochlorous acid, NH2Cl, NHCl2 and peptide chloramines produced inside the neutrophil
phagosome did not react with S. aureus in sufficient quantities to bleach all the staphyloxanthin.
This raises the question whether these reactive chlorine species were responsible for bacterial
killing. Accordingly, further research is required to justify this conclusion. One possibility is that
these reactive chlorine species were not formed during phagocytosis. This scenario is unlikely as
several lines of evidence indicate that products of the reaction of hypochlorous acid can be
detected and that killing is largely dependent on myeloperoxidase and appears to involve
generation of hypochlorous acid. This includes the results in Chapter Three of this thesis. The
only species tested in this study which could potentially be responsible for loss of bacterial
viability, without loss of staphyloxanthin was hydrogen peroxide. Previous research has
demonstrated that wild type S. aureus were protected from hydrogen peroxide compared to
white mutant S. aureus (267, 268). However, a concentration of 250 mM hydrogen peroxide was
required for loss of bacterial viability in this study. This concentration could not be generated in
the phagosome as modelling predicts a stable concentration of only ~2 µM hydrogen peroxide
(85).
In conclusion, hypochlorous acid has moderate reactivity with staphyloxanthin and the
carotenoids of S. aureus were oxidised in vitro in this study. Analysis of bacterial isolates revealed
that those containing higher amounts of carotenoids were more resistant to a range of
chlorinating oxidants. Staphyloxanthin is a potential biological sensor of inorganic reactive
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chlorine species hypochlorous acid, NH2Cl and NHCl2 as well as dichloramines and
monochloramines on peptides or amino acids. Staphyloxanthin has previously been shown to
provide protection to S. aureus from reactive oxygen species and neutrophils, in addition to
providing greater virulence in mouse models of infection (267-269). However, as no loss of
staphyloxanthin was detected in phagocytosed S. aureus, this suggests that hypochlorous acid
may not react directly with engulfed bacteria in quantities large enough to be detected by the
system used in this study. Reaction of hypochlorous acid with granule proteins and peptides
clearly occurs, however these reactions also do not appear to generate enough of the diffusible
oxidants NH2Cl and NHCl2 to be responsible for bacterial killing. In addition, if
monochloramines or dichloramines on peptides were accountable, a decrease in
staphyloxanthin would be expected.
The neutrophil phagocytosis experiment suggests that reactive chlorine species may not react
with ingested bacteria in sufficient quantities to have a significant role in bacterial killing.
However, there are limitations with the methodology used to detect staphyloxanthin loss in this
system and this conclusion must be treated with caution. It contradicts the majority of the
research presented in this thesis as well as much of the previous research into how neutrophils
kill ingested microorganisms. Thus it is imperative that further research be conducted before
the role of reactive chlorine species can be excluded. Ideally, a more sensitive detection system
for staphyloxanthin would allow improved quantitation of staphyloxanthin following
phagocytosis. On the other hand, several studies have indicated that the incorporation of
staphyloxanthin in bacterial membranes helps prevent damage from the insertion of
antimicrobial long chain fatty acids of the innate immune system (288-290). Therefore,
staphyloxanthin may not necessarily protect the bacteria by purely oxidative mechanisms, but
also stabilise the outer membrane of S. aureus and increase the resistance of the bacteria to a
range of antimicrobial agents.

CHAPTER SEVEN
GENERAL DISCUSSION
7.1

SUMMARY OF FINDINGS

The role of myeloperoxidase and its product hypochlorous acid in microbial killing by
neutrophils has never been fully clarified. Hypochlorous acid is clearly microbicidal in isolation.
It is estimated that somewhere between 9.5% (294) and 70% (3) of the oxygen consumed
during the respiratory burst is converted to hypochlorous acid and in optimum conditions
could be as high as 89% (85). Thus, hypochlorous acid is a major oxidative product of the
neutrophil respiratory burst. Hypochlorous acid is also undoubtedly generated within the
phagosome. Jiang and Hurst showed that fluorescein-coated latex beads were chlorinated after
engulfment by neutrophils (294). Several investigators have also demonstrated chlorination of
bacterial proteins from a range of bacteria during phagocytosis: S. aureus (3), E. coli (295) and P.
aeruginosa (296).
However, debate as to whether sufficient hypochlorous acid is generated for bacterial killing
persists. Palazzolo and colleagues demonstrated E. coli expressing GFP were quenched
following phagocytosis by human neutrophils (297). Hypochlorous acid was the only oxidant
which could inhibit bacterial fluorescence in vitro and the amount required for quenching was
considerably greater than required to kill the bacterium. This implied that microbicidal amounts
of hypochlorous acid are formed within the neutrophil phagosome. In contrast, the
chlorination of S. aureus measured by Chapman and colleagues was relatively low, with the
majority of protein chlorination detected on neutrophil rather than bacterial proteins (3).
Remarkably, neutrophil proteins accounted for 94% of the total chlorinated Tyr residues. In
addition, the recent proposal by Segal and colleagues that myeloperoxidase may function merely
to prevent oxidative inactivation of granule enzymes by removing hydrogen peroxide, suggests
that hypochlorous acid may only be a by-product of this role and not directly responsible for
death of the bacteria (51, 293, 299). It is therefore important to understand the reactions of
hypochlorous acid with neutrophil proteins, and determine if chlorinated proteins are important
in the bactericidal activity of human neutrophils. Thus, the aim of this thesis was to investigate
the possibility that hypochlorous acid may act together with neutrophil proteins to kill S. aureus.
Since neutrophil proteins are extensively chlorinated during phagocytosis, it was of interest to
determine the cellular location of oxidised and chlorinated proteins. Following PMA-

Chapter Seven.

General discussion

207

stimulation of neutrophils, halogenated Tyr residues were visualised in discrete compartments
by immunofluorescence microscopy. Halogenated residues were also observed surrounding
engulfed bacteria, indicating localised reactivity of hypohalous acids. Further investigation of
chlorination by GC/MS detection revealed that after phagocytosis of magnetic beads, both
neutrophil phagosome and granule fractions had comparable amounts of chlorinated proteins.
This indicated that both locations were exposed to equivalent concentrations of hypochlorous
acid relative to protein. By comparison, relatively low levels of chlorinated proteins were
measured in the cytoplasm. All parts of the neutrophil, including the cytoplasm, were exposed
to oxidative stress as detected by protein carbonyl formation, suggesting formation of longlived oxidants, such as aldehydes, that may transfer their oxidising ability throughout the
neutrophil.
Myeloperoxidase is the source of hypochlorous acid and also constitutes about 25% of the
neutrophil granule protein (293). With relatively high levels of protein chlorination in the
granules and phagosomes, myeloperoxidase was hypothesised to experience extensive
chlorination during phagocytosis. Thus, it was of interest to assess how exposure to
hypochlorous acid affected the enzyme. Pre-exposure of myeloperoxidase to a 75-fold molar
excess of hydrogen peroxide resulted in formation of an oxidatively-modified myeloperoxidase.
Surprisingly, this was as effective a bactericide as the myeloperoxidase/hydrogen
peroxide/chloride system. Furthermore, oxidatively-modified myeloperoxidase still had the
ability to generate hypochlorous acid, confirming that myeloperoxidase can chlorinate itself to
high levels in the neutrophil phagosome. Oxidatively-modified myeloperoxidase had a reduced
ability to chlorinate S. aureus proteins compared to the myeloperoxidase/hydrogen
peroxide/chloride system. This indicated that the reaction of hypochlorous acid directly with S.
aureus is not a requirement for myeloperoxidase to kill. Instead, oxidatively-modified
myeloperoxidase was a highly effective bactericide. This suggested that hypochlorous acid could
potentially act with neutrophil proteins to indirectly kill ingested microorganisms.
To understand how oxidatively-modified myeloperoxidase decreased bacterial viability, the
native enzyme was assessed following incubation with hypochlorous acid. A 75-fold molar
excess of the oxidant did not result in observable gross structural changes to the protein;
however all available amine residues appeared to be converted to dichloramines. This indicated
that formation of protein and peptide dichloramines may be important in the neutrophil’s
microbicidal ability. To compare the bactericidal activity of inorganic chloramines, S. aureus
were incubated with the reactive chlorine species hypochlorous acid, NH2Cl and NHCl2.
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Although all three oxidants had similar abilities to kill the bacteria, hypochlorous acid
chlorinated S. aureus proteins more efficiently than both NH2Cl and NHCl2 at the levels
required to kill the bacteria. The low chlorination of S. aureus that had been phagocytosed by
neutrophils indicated that NH2Cl and NHCl2 could be potential candidates for the killing agent
in the phagosome. Clearly, the next step was to determine if there was a potential mechanism
for formation of NH2Cl and NHCl2.
Thus, the stability of model monochloramines and dichloramines on N-terminal amino acids of
small peptides was investigated. The aim was to explore how chlorinated proteins and peptides
could mediate the toxicity of hypochlorous acid and whether formation of NH2Cl and NHCl2
could be established. Dichloramines were much more unstable than their analogous
monochloramines and stability was affected by substituents on the α-carbon. In general, the
absence of a substituent enhanced stability, as the simplest amino acid glycine gave the most
stable chloramine. A carboxyl group facilitated rapid decay since amino acid dichloramines were
extremely unstable compared to either related dipeptides or amino acids with a methyl ester or
amide blocking decomposition via the carboxyl moiety. The carboxyl group on the side-chain
of N-terminal glutamate residues favoured breakdown, but this effect was not apparent with
the carboxyl on the side-chain of aspartate residues. This indicated that the decomposition
reaction of glutamate residues was intramolecular and catalysed by glutamate’s side chain
carboxyl group. The bactericidal activity of chloramines of several amino acids or small
peptides was also tested. Unstable dichloramines that contained a substituent on their α-carbon
were cytotoxic and killed 50% of 105 S. aureus (LD50) at a dose of approximately 2.5 nmoles. The
dichloramines of N-α-acetyl lysine and taurine, which are both highly stable, were not
bactericidal up to 10 nmoles per 105 S. aureus. None of the analogous monochloramines were
cytotoxic at this dose. Thus, only unstable dichloramines possessed bactericidal activity. This
suggested that products of the decomposition of these species were required to kill S. aureus. To
determine the chemical species responsible for the bactericidal activity the products of
dichloramine decomposition were assessed. Dichloramines were found to decompose by
multiple competing pathways to yield chlorimines, aldehydes, and the inorganic gases NH2Cl
and NHCl2. Stable products formed during the breakdown of dichloramines were not
bactericidal, as the cytotoxicity of dichloramines declined with time. The inorganic chloramine
gases were bactericidal with LD50s per 105 S. aureus for NH2Cl (0.37 ± 0.14 nmoles), NHCl2
(0.08 ± 0.02 nmoles), as compared with hypochlorous acid (0.14 ± 0.04 nmoles).
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Recent publications have indicated that S. aureus protect themselves from neutrophil derived
oxidants by incorporation of the carotenoid staphyloxanthin in their membrane (267, 268).
Investigation into the reactions between staphyloxanthin and neutrophil oxidants aimed to
further elucidate exposure of S. aureus to oxidants within the neutrophil phagosome.
Staphyloxanthin and the precursor carotenoid 4,4’-diaponeurosporenoic acid were initially
isolated from S. aureus and identified by mass spectrometry. Staphyloxanthin was found to react
with comparable concentrations of the reactive chlorine species hypochlorous acid, NH2Cl,
NHCl2, but only with very high concentrations of hydrogen peroxide. The rate of reaction of
staphyloxanthin with hypochlorous acid was calculated at 3×103 M-1s-1, comparable to reactions
of the oxidant with the lysine side-chain (146). S. aureus treated with hypochlorous acid and
NH2Cl generally lost viability in conjunction with loss of staphyloxanthin. However, with
NHCl2 staphyloxanthin was completely bleached at concentrations lower than those required
for bacterial killing. Conversely, hydrogen peroxide killed S. aureus with almost no loss of
staphyloxanthin. The ability of staphyloxanthin to protect bacteria from oxidative insult was
confirmed as clinical isolates of S. aureus were generally more resistant to hypochlorous acid if
they contained greater amounts of the carotenoid. Taurine and Gly-Asp chloramines also
caused associated losses of bacterial viability and carotenoid content. The dichloramines were
more effective than their analogous monochloramines. This result was interesting as it
contradicted the results in Chapter Three where taurine chloramines were ineffective at
bacterial killing, and will be examined later in this discussion. Based upon this work, it was
expected that following phagocytosis, loss of bacterial viability would be synonymous with
carotenoid bleaching. Surprisingly, staphyloxanthin within ingested S. aureus was not
significantly oxidised, despite loss of 50% bacterial viability.
7.2

IMPLICATIONS AND FUTURE WORK

There is little doubt that the neutrophil has multiple mechanisms at its disposal to combat
pathogens. Thus, it is unlikely that products of the NADPH oxidase, or neutrophil granule
enzymes and peptides act alone in the phagosome. In fact, microorganisms may be susceptible
to destruction by reactive oxygen, due to it acting in combination with the action of nonoxidative antimicrobial agents. This synergism could occur by several mechanisms. One could
involve membrane-perforating agents permeabilising the microbe cell membrane allowing
direct entry of oxidants into the cell interior (402, 403). One observation to support this
method is that elastase, a cationic protein which is not microbicidal in itself, enhanced the
microbicidal activity of the myeloperoxidase-glucose oxidase system (404). It was proposed that
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binding of the positively charged protein to the negative bacterial surface distorted the ionic
bonds which maintain the stability and integrity of the bacterial envelope, making the bacteria
more susceptible to myeloperoxidase-derived oxidants (404).
In the opposite scenario, oxidants may operate by oxidising the pathogen’s membrane,
exposing membrane phospholipids to direct attack by pore-forming peptides and proteins
(405). For example, NADPH oxidase-dependent modification of bacteria by neutrophils has
been demonstrated to enhance bacterial sensitivity to the hydrolytic activity of phospholipase
A2 (406). Cell damage mediated by combinations of oxidants and membrane perforators is
further enhanced by including one of a variety of proteinases in sub-lethal amounts, for
example, trypsin or elastase (407). Due to the multiple combinations of enzymes, peptides and
oxidants which could interact in close proximity to the ingested organism, these kinds of
interactions are extremely likely to occur in the neutrophil phagosome.
Neutrophil proteins are expected to be a major target for hypochlorous acid and other
neutrophil-derived oxidants in the phagosome, due to the high concentrations of enzymes
released during phagocytosis. Due to these circumstances, a direct interaction between
oxidative and non-oxidative bactericidal mechanisms may act to kill engulfed pathogens. The
literature indicates that hypochlorous acid is definitely produced in the neutrophil phagosome,
and recent evidence suggests that the concentrations produced are in excess of those required
to mediate bacterial killing (297, 406). However, the majority of hypochlorous acid produced
appears to react with neutrophil, rather than bacterial, components (3). This observation cannot
be satisfactorily explained by the relative excess of neutrophil versus microbial proteins
available in the phagosome, as hypochlorous acid tends to inhibit enzymatic activity so would
render many bactericidal enzymes, such as myeloperoxidase, cathepsin G and lysozyme (355,
408) inactive. This would also be an inefficient mechanism, where cellular energy is wasted in
excessive production of hypochlorous acid, due to misdirected reactions with host targets
rather than those of the ingested pathogen. Thus, formation of antimicrobial chloramines,
either on these species themselves, or formed by decomposition of chlorinated proteins and
peptides may have potential as killing agents in the phagosome. This scenario is the major
implication of all the work presented in this thesis.
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Mechanism of neutrophil granule protein chlorination during
phagocytosis

Following up on the potential interaction between neutrophil proteins and hypochlorous acid,
chlorinated neutrophil proteins were detected in both isolated phagosome and granule fractions
following phagocytosis of magnetic beads. This is the first time that chlorination of neutrophil
granule proteins has been confirmed. Generation of hypochlorous acid requires the
combination of NADPH oxidase on the membrane of the specific granules, which ultimately
generates hydrogen peroxide, with myeloperoxidase stored within the azurophil granules. This
could occur either via traversal of the neutrophil cytoplasm by hydrogen peroxide from the
specific granules to the azurophil granules, or via granule fusion.
It is highly unlikely that hydrogen peroxide generated in the specific granules moves through
the cytoplasm to the azurophil granules to be used a substrate for myeloperoxidase. There are
two membranes available for hydrogen peroxide to react with, as well as antioxidant enzymes
such as catalase in the cytoplasm which would decompose hydrogen peroxide before it could
reach the azurophil granules. The observed protein oxidation (protein carbonyls) in the
cytoplasm could potentially be due to hydrogen peroxide escaping from the phagosome.
However, earlier research indicates that several neutrophil oxidants (hydrogen peroxide,
hypochlorous acid, NH2Cl) added extracellularly are unable to cause protein oxidation (309).
Thus, granule fusion is more likely. Previous investigators have proposed that neutrophil
granules may fuse with each other prior to fusion with the phagosome (330, 331, 337, 409).
PMA promotes formation of luminol-dependent chemiluminescence, a reaction that is highly
dependent on myeloperoxidase and also the generation of reactive oxygen species (410). PMA
has also been shown to promote formation of reactive oxygen species in intracellular sites (36,
334-336), indicating that NADPH oxidase can form an active complex on the specific granule
membrane (330). Evidence from this study also supports fusion of specific and azurophil
granules without a phagosome, as PMA resulted in discrete localised areas of dihalogenated Tyr
residues (presumably chlorinated), which could be detected visually. Nevertheless, chlorination
of Tyr residues most likely occurs via transfer of molecular chlorine from more preferentially
generated chloramines. Thus, discrete areas of halogenated Tyr residues do not necessarily
reflect the location of hypochlorous acid production, although, other locations seem unlikely.
This indicates that hypohalous acids (most likely hypochlorous acid) are generated
intracellularly in PMA-stimulated neutrophils. This has been noted previously, as chlorinated
protein Tyr residues could be detected in neutrophils stimulated with PMA, even in the
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presence of extracellular scavengers of hypochlorous acid (411). This strongly indicates that
chlorination occurs in neutrophil intracellular compartments, without the requirement of a
phagosome.
If some azurophil and specific granules combine prior to fusion of the granules with the newly
formed phagosome, at least a portion of the granule constituents which will meet the
phagocytosed bacterium will consist of chlorinated proteins. If chlorination occurred in fused
granule compartments prior to formation of the phagosome, this may indicate that chlorination
of neutrophil proteins may be a fundamental step in the killing of internalised pathogens and
further validate the role of chlorinated neutrophil proteins in bacterial killing proposed in this
thesis. This would also provide a possible mechanism to explain the relatively low level of
bacterial chlorination detected previously in the phagosome (3). To determine if this is the case,
investigation of the relative time scales of protein chlorination in the granule and phagosomal
compartments is required.
7.2.2

Synergism between oxidants and neutrophil granule proteins

The importance of the inter-relationship between reactive oxygen species and neutrophil
proteins in bacterial killing was highlighted by Reeves and colleagues. Their results
demonstrated that mouse knockouts of the neutrophil proteases were very susceptible to
infection, despite a normal respiratory burst and myeloperoxidase activity (51). Cathepsin G
was essential to kill S. aureus in mice, while elastase was required to kill C. albicans, but in both
cases this occurred only in combination with the myeloperoxidase system (51). It was claimed
that myeloperoxidase acted primarily to remove hydrogen peroxide from the vacuole and so
protect granule enzymes from “oxidative denaturation” (51).
However, Reeves’ work also strongly indicated a crucial interaction between hypochlorous acid
and granule proteases. Myeloperoxidase, in addition to generating microbicidal hypochlorous
acid from chloride, can also kill bacteria using iodide as an alternate substrate to chloride, in
combination with hydrogen peroxide. Upon reaction with protein, this system results in protein
iodination. The protein targets of myeloperoxidase-derived oxidants have been identified by
assessing myeloperoxidase-induced iodination in the phagocytosing neutrophil (299). A range
of granule proteins were targets, including lactoferrin, cathepsin G, lysozyme, elastase and
myeloperoxidase. This result strongly suggested that reaction of oxidants, and particularly
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hypochlorous acid, with granule enzymes does not necessarily decrease their microbicidal
activity, and in fact may play a role in the neutrophil’s bacterial defence.
Exploration into the bactericidal activity of other neutrophil granule enzymes following
reaction with hypochlorous acid may allow a general mechanism of action to be elucidated.
Although not explored at all during this research, other potential interactions between
hypochlorous acid and proteins may involve introduction of cleavage sites into neutrophil
granule proteins by hypochlorous acid which, in some cases, could result in formation of new
and potent antimicrobial species. In support of this theory, several neutrophil antimicrobial
proteins have been shown to possess both enzymatic and non-enzymatic activity against
pathogens in vitro (58), although this has not been demonstrated in a cellular system. The
microbicidal action of cathepsin G is independent of the enzyme’s proteolytic activity but due
to antibacterial peptides contained within the full-length of the protein (53). Similar evidence
also indicates that cationic peptides from the N-terminal of lactoferrin have a direct ability to
disturb microbial membranes resulting in cell death (412). For example, lactoferricin is a
microbicidal peptide derived from the protein lactoferrin (58). In addition, peptides from
cathelicidins are microbicidal (58), while lysozyme has also been shown to possess nonenzymatic microbicidal activity (57). On this basis, it would be interesting to assess if protein
fragmentation occurs following reaction of higher ratios of hypochlorous acid with neutrophil
enzymes, and whether the resultant peptides have antimicrobial functionality.
The discovery, in this thesis, that neutrophil granule proteins were chlorinated during
phagocytosis was not completely surprising. However, what was unexpected, were results of
previous work in our laboratory demonstrating that myeloperoxidase reacted with
hypochlorous acid had the ability to kill bacteria. A 75-fold molar excess of hypochlorous acid
resulted in maximal killing by the oxidised enzyme (Cynthia Bishop, unpublished). As
demonstrated in this thesis, the effectiveness of oxidatively-modified myeloperoxidase to kill S.
aureus was equivalent to native myeloperoxidase in combination with hydrogen peroxide and
chloride. Clearly, it was of interest to determine the mechanism by which oxidatively-modified
myeloperoxidase exerted its cytotoxic effect. No major structural changes were apparent, but all
the amine residues on myeloperoxidase were converted to dichloramines, suggesting that
dichloramine formation may be required for toxicity.
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Microbicidal activity of dichloramines

As oxidatively-modified myeloperoxidase was a successful bactericide, one of the main goals of
this thesis was to investigate possible modes of action of protein dichloramines. Little attention
had previously focused on the contribution that dichloramines may make to oxidative killing by
neutrophils. Investigation into the products formed from the decay of model dichloramines
demonstrated that these species decayed by several competing pathways. Formation of
aldehydes and other stable products from the decomposition of dichloramines were again ruled
out as potential candidates for the antibacterial species in neutrophil phagosomes, confirming
previous literature (364, 370). As bactericidal activity of dichloramines declined with time, it
must be a consequence of a short-lived species.
Although formation of chloramines appears to decrease the initial antibacterial activity of
hypochlorous acid (171, 192), chloramines and dichloramines retain the oxidising power of
hypochlorous acid and are likely to be produced in high yield in the neutrophil phagosome
(168). For dichloramines to be a plausible bactericidal mechanism during phagocytosis,
formation of dichloramines in phagocytic neutrophils needs to be established, although this is
difficult to prove due to their instability and reactivity. Nevertheless, indirect evidence indicates
that small amounts of dichloramines may be produced by stimulated neutrophils. Recent work
from our laboratory demonstrated that volatile chloramines could be detected from neutrophil
granule extracts incubated with hydrogen peroxide in vitro (323). However, it is not yet possible
to say whether these species are generated in the phagosome. Other indirect evidence includes
work by Thomas et al. which demonstrated that dichloramines of radioactively-labelled amino
acids could be incorporated into proteins, and the effect could be observed in vitro with
neutrophil granule extracts (359). Incorporation of radioactively-labelled glucosamine into
proteins of phagocytic neutrophils stimulated with zymosan particles was also shown to occur
(413). Thus, taken together, Thomas’ and Bearman’s results indicate that dichloramine
formation may occur in whole neutrophils (359). In addition, detection of HCN during
phagocytosis of S. epidermis provides further evidence that dichloramines are generated in the
phagocytosing neutrophil, as HCN can be formed via decomposition of glycine dichloramine
(185).
Analysis of the chloramines produced extracellularly by neutrophils stimulated with either PMA
or opsonised zymosan particles have demonstrated large quantities of nitrogen-chlorine
derivatives which can be detected within 5 minutes (161, 414). The chloramines were associated
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with a complex mixture of amino acids and proteins with molecular weights ranging between
150 and 5,000 Da, with about one half of the compounds consisting of the β-amino acid
taurine (414). Research by a member of our laboratory, where neutrophil granule extracts were
treated with doses of hydrogen peroxide, also confirmed that approximately 40% of
chloramines formed were greater than 5,000 Da, while ~20% were peptides between 400 and
5,000 Da. The remaining 40% were very small peptides, amino acids or inorganic chloramines
less than 400 Da (323). This complex mixture of chloramines may provide several pathways
leading to bacterial killing.
The toxicity of a chloramine is determined by its overall structure and ability to penetrate
membranes, in addition to the presence of a chloramine group alone. Hypochlorous acid and
small, uncharged chloramines such as NH2Cl are lipophilic so can travel across cell membranes
and oxidise intracellular components. Thus they are cytotoxic at low concentrations (161, 172,
383). Lipophilic chloramines can also react with hydrophobic sites of proteins which other
oxidants cannot reach (173). Large and hydrophilic chloramines are much less permeable and
their toxicity varies according to their ability to permeate membranes. For example, glycine and
histamine chloramine can slowly enter cells and react with intracellular components (415).
Taurine chloramine is charged, thus penetrates membranes poorly and shows very low toxicity
towards a number of cell types (161, 241, 363, 416). On extended incubation, hydrophilic
chloramines can oxidise bacterial sulfhydryl groups and correspondingly kill bacteria, but this is
a slow process and is unlikely to be responsible for killing observed in neutrophils (192). Thus,
the main mediators of chloramine toxicity from chlorinated neutrophil proteins and peptides
are likely to be lipophilic and antimicrobial chloramines such as NH2Cl and NHCl2 (192, 193).
In agreement with previous studies, dichloramines were shown to be more potent antimicrobial
agents than monochloramines (184, 371). The demonstration in this thesis that unstable αamino acid peptide dichloramines can release both NH2Cl and NHCl2 shows a route other than
reaction of ammonia with hydrophilic chloramines, by which these bactericidal reactive chlorine
species can be generated, and was one of the major outcomes of this thesis. In addition,
cleavage of neutrophil proteins into multiple smaller peptides via oxidation of peptide bonds
could potentially introduce further N-terminal sites where hypochlorous acid could generate
chloramines and dichloramines, thereby increasing the overall concentration of NH2Cl and
NHCl2. Determining the concentration of these species generated in the neutrophil phagosome
would be incredibly helpful in determining their overall contribution towards bacterial killing.
However, until such time as a specific probe is created this would be a very difficult and
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indeterminate task. On the other hand, assessment of generation of NH2Cl and NHCl2 from
oxidatively-modified proteins would allow a reasonable estimation of their probable formation.
Using SIFT-MS would require a high concentration of protein due to the number of free Ntermini required to have the sensitivity to detect the chloramine gases, but could be conceivably
done. This procedure was not undertaken with myeloperoxidase due to the high cost of the
purified enzyme.
It was interesting that the effect of taurine dichloramine on S. aureus viability differed in two
chapters of this thesis. Confirming previous research, the results in Chapter Five indicated that
taurine dichloramine was stable and unable to kill 105 S. aureus with a dose of 10 nmoles; a
concentration of 10 µM taurine dichloramine in 1 mL (161, 363). However, in Chapter Six
taurine dichloramine resulted in complete loss of viability of 2×109 S. aureus when present at a
concentration of 2 mM in 1 mL. This equates to an effective dose of 2 µmoles, which is
equivalent to 0.1 nmoles per 105 bacteria. Thus, by comparison to Chapter Five, a 100-fold
reduction in taurine dichloramine per 105 bacteria in Chapter Six was more effective at bacterial
killing. Firstly, these results suggest that taurine dichloramine can be cytotoxic at high enough
concentrations. Secondly, assuming there was little difference in the susceptibility of the
bacteria in both systems, this also demonstrates that the effective concentration of the oxidant
is more important when determining its bactericidal ability, than the dose of oxidant per
bacterium. Taurine dichloramine at 2 mM was more effective at killing 2×109 bacteria, than 10
µM was at killing 105 bacteria. Thus, the assumption in Chapter Five that a higher concentration
of bacteria would not require a proportionally higher dose of oxidant appears to be correct.
The mechanism by which oxidatively-modified myeloperoxidase kills S. aureus is still to be fully
elucidated. Further work should involve analysis by mass spectrometry to determine if
dichloramines are generated at the N-terminal valine and if they break down in a mechanism
consistent with generation of NH2Cl and NHCl2. This work is essential to understand the
mechanisms involved. Additionally, chemical analysis of changes to the bacterium as a result of
reaction with NH2Cl and NHCl2 may be another route to explore. This will require knowledge
of specific bacterial biomarkers. For example, assessment of methionine oxidation may be
useful, as a recent publication describes how MPO-mediated methionine oxidation contributes
to bacterial killing by neutrophils (417).
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Staphyloxanthin as a sensor of oxidative stress in the phagosome

S. aureus produces several related carotenoids, of which orange staphyloxanthin and yellow 4,4’diaponeurosporene are the major products. It was initially thought that staphyloxanthin could
be used as an endogenous bacterial sensor of hypochlorous acid and other reactive chlorine
species. The assessment of the viability of various clinical isolates confirmed previous reports
demonstrating that S. aureus containing greater amounts of carotenoid were better able to
withstand oxidative insult by hypochlorous acid (267-269). This indicated that staphyloxanthin
may act as an antioxidant to protect S. aureus from oxidative insult. Assessing a range of reactive
chlorine species demonstrated that hypochlorous acid, NH2Cl and NHCl2 and taurine and GlyAsp dichloramines were also able to cause a loss in staphyloxanthin and 4,4’-diaponeurosporenoic acid content of S. aureus. However, it was clear that staphyloxanthin was unlikely to
act by protecting engulfed S. aureus from hydrogen peroxide in the phagosome, due to the
extremely high concentrations of the oxidant required to bleach and kill the bacteria. Thus,
claims by previous researchers that “staphyloxanthin can be regarded as a biological antioxidant
against hydrogen peroxide” (267) are not valid when considering the reactions in the
phagosome. These claims also do not take into account the low concentrations of hydrogen
peroxide (~2 µM) which have been calculated to accumulate in the neutrophil phagosome (85).
The rate constant of 3×103 M–1s–1 calculated for the reaction of hypochlorous acid with
staphyloxanthin is comparable to that with β-carotene (2.3×104 M–1s–1, in 1% detergent
solution, pH 4.5, 23ºC) (388) and of the oxidant with protein components, particularly the
amine on the Lys side-chain (5.0×103 M–1 s–1) (146). By comparison, the rate constant for the
reaction of Tyr residues with hypochlorous acid is lower at 44 M–1s–1 (146); however chlorinated
Tyr residues can be detected within proteins of phagocytosed S. aureus (3). This suggests that
reaction of hypochlorous acid with staphyloxanthin in the neutrophil phagosome is likely (146).
Somewhat surprisingly, S. aureus were not detectably bleached during phagocytosis, despite a
considerable loss in viability. This indicated at least one of several possible explanations. Firstly,
reactive chlorine species may not be produced in significant quantities to bleach the carotenoid
of ingested S. aureus. This implies that NHCl2 cannot be the sole factor resulting bacterial
killing, as the carotenoids would be expected to be completely bleached when S. aureus have lost
~50% viability. This does not rule out that NHCl2 is produced in the phagosome however. If
hypochlorous acid and NH2Cl are involved in bacterial killing, these species do not appear to
react with the bacteria in huge excess, as under these conditions complete loss of
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staphyloxanthin would have been expected to be observed. Interpretation of this result from
one experimental method alone is not conclusive. Consequently further research is required to
determine the role of both reactive chlorine species in bacterial killing by neutrophils, as well as
the role of staphyloxanthin in protecting S. aureus from neutrophil-derived oxidants. The
second explanation may be that the protective role of staphyloxanthin and other bacterial
carotenoids may be due to scavenging of neutrophil-derived oxidants. Alternatively,
staphyloxanthin may increase the stability of the bacterial cell membrane so that S. aureus are
better able to withstand the oxidising environment of the phagosome (288-290). Thirdly, a lack
of sensitivity in the method for detection of staphyloxanthin may have been an issue. The
phagocytosed bacteria lost ~50% viability which should have been correlated with a similar loss
of carotenoids of hypochlorous acid or NH2Cl were the main contributors. However, small
losses of the carotenoid were unlikely to have been observed due to the low sensitivity of the
RP-HPLC assay. In order to tease out the possibilities further research is required, but it is clear
that current methods are not sufficient to use staphyloxanthin as a reliable sensor of oxidative
stress during phagocytosis.
7.3

OVERALL CONCLUSION

It is clear that a link exists between hypochlorous acid production and bacterial killing in the
neutrophil. The study of how hypochlorous acid acts is complicated due to the difficultly in
comparing analyses of reactive chlorine reagents in homogeneous solutions to the
heterogeneous mixture contained within the neutrophil. However, numerous results over the
years demonstrate several key points from which further research in this very interesting area
can build upon. Active myeloperoxidase is required for the majority of oxygen-dependent
killing of bacteria as demonstrated in several studies (84, 350, 351, 370). It cannot be ruled out
that sufficient hypochlorous acid is produced to react directly with bacteria to kill them.
However, neutrophil proteins were extensively chlorinated during phagocytosis, both in the
phagosome and in the granule compartments. As neutrophils are highly efficient at killing
bacteria upon phagocytosis, it seems unlikely that neutrophil proteins act solely as a sink for
excessive production of hypochlorous acid. Hence, it is plausible that chlorination and
oxidation of the host’s proteins may aid in the destruction of the engulfed invader, potentially
by modulating the bactericidal activity of both the enzymes and the oxidants.
The chlorination of myeloperoxidase is likely to occur in the stimulated neutrophil and at the
correct ratio form oxidatively-modified myeloperoxidase which is also potently antibacterial,
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despite decreased ability to chlorinate S. aureus proteins. The amines on oxidatively-modified
myeloperoxidase appear to be converted to dichloramines. Further study into the degree of
oxidation experienced by myeloperoxidase in the phagosome is required to determine whether
oxidatively-modified myeloperoxidase, as used in this thesis, is indeed produced in the
neutrophil phagosome. If so, formation of dichloramines on myeloperoxidase and other
proteins and peptides in the phagosome should lead to the liberation of the antimicrobial
reactive chlorine gases NH2Cl and NHCl2. In combination with investigation of
staphyloxanthin, NHCl2 does not seem to be produced in sufficient quantities to cause a loss of
staphyloxanthin within phagocytosed S. aureus. On the other hand hypochlorous acid and
NH2Cl are likely to react with internalised bacteria, although whether they react in sufficient
quantities to have a significant or direct role in bacterial killing during phagocytosis is still
unclear.
There is a possibility that only small quantities of hypochlorous acid, NH2Cl and NHCl2 may be
required for bacterial killing in the heterogeneous phagosomal environment. Synergism with
other neutrophil enzymes and peptides may be enough to destabilise the bacterial membrane
leading to cell lysis. Alternatively, specific oxidation of essential thiols or respiratory
cytochromes may require only very low concentrations of these volatile chloramines if they can
be directly targeted to the microbial membrane (possibly via electrostatic interactions with the
donor chlorinated peptide.) Stable peptide chloramines, such as those produced on Lys which
cannot diffuse into bacteria, could also potentially be major antimicrobial agents. These species
may react directly on the outside of the bacteria causing enough damage to cause bacterial lysis
in concert with other neutrophil mechanisms. Support for this lies with the ability of taurine
dichloramine to decrease bacterial viability. Alternatively peptides produced as a result of
oxidative degradation of neutrophil granule enzymes may also be responsible. Although it
appears that oxidative modification of neutrophil proteins in the phagosome is a major factor in
bacterial killing, there are still many questions to be answered about how neutrophil-derived
oxidants contribute to bacterial killing.
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Figure A.1

2

LC/APCI-MS analysis of ion with 545.3 m/z value.

Purified staphyloxanthin was analysed by RP-HPLC directly followed by APCI mass spectrometry in
positive ion mode. MS2 analysis of the ion with an m/z value of 545.3 with 35% collision energy resulted
in formation of a series of fragments with differences of 14 m/z, indicating presence of a fatty acid
chain.

APPENDIX B
Prior to addition of the magnetic beads several masses were detectable via ESI infusion
(Figure B.1). Those observed previously were: staphyloxanthin molecular cation 818.4
m/z, mass consistent with sodiated adduct of staphyloxanthin 841.4 m/z, contaminant
lipid 545.5 m/z and 4,4’ diaponeurosporenoic acid 432.1 m/z , a fragmentation product
of staphyloxanthin. Two other masses were also detected. 387.3 m/z represented the
protonated [M+H]+ fatty acid chain of staphyloxanthin esterified to the glucosyl group;
i.e. the remainder of the staphyloxanthin molecule after fragmentation of 4,4’
diaponeurosporenoic acid from the parent molecule. 977.5 m/z was consistent with the
protonated addition of 545.5 m/z and 432.1 m/z.
The relative intensity of the signals from the fragments with m/z values of 432.2, 545.5,
818.4 and 977.6 increased compared to when the carotenoid was not treated with the
beads. Ions detected at 717.5, 607.5 and 579.5 m/z were not consistent with known
fragments of staphyloxanthin and were not analysed further. These masses may be
derivatives of the Dowex beads, as these were observed to react with the acetone, if left
for considerable amounts of time.
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ESI-MS infusion of purified staphyloxanthin before and after
removal of sodium ions.

Purified staphyloxanthin was analysed by infusion directly into the ESI mass spectrometer
interface in positive ion mode. A) Prior to addition of Dowex cation exchange beads a mass
consistent with the sodiated adduct of staphyloxanthin could be detected at 841.4 m/z. B) After
addition of Dowex beads the mass 841.4 m/z was no longer detectable.
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Infusion ESI-MS of purified staphyloxanthin (including
sodiated data).

Purified staphyloxanthin was analysed by infusion directly into the ESI mass spectrometer
interface in positive ion mode. MS2 analysis of the staphyloxanthin ion with an m/z value of A)
818.5 [M]+. produced several fragment ions. B) 387.0 m/z and C) 432.3 m/z were further
fragmented by MS3 analysis. MS2 analysis of the staphyloxanthin ion with an m/z value of D)
841.5 [M+Na]+ produced a few fragment ions. E) 409.1 m/z and F) 455.3 m/z were further
fragmented by MS3 analysis.
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Table C.1

243
Full analysis of ESI-MS data for staphyloxanthin.

Purified staphyloxanthin was analysed by infusion by ESI-MS in positive ion mode. A) i) The
molecular cation of staphyloxanthin with an m/z value of 818.5 produced several fragment ions
on MS2 analysis. Predominant ions, representative of ii) the glucosyl group esterified to the fatty
acid (387.3 m/z), and the iii) C30 carotenoid chain (432.3 m/z) were then selected and analysed
by MS3. B) i)The sodiated adduct 841.5 m/z was also analysed by MS2 analysis. Ions consistent
with ii) the glucose esterified to the C15 fatty acid (408.7 m/z), and the iii) C30 carotenoid chain
(455.1 m/z) were then analysed by MS3. * See Figure 6.9. # unknown fragment identity.

A) 818.5 m/z
i)MS2

Mass (m/z)

Fragment

Loss

Mass (m/z)

Fragment

Loss

818.6

[M]+.

-

841.7

[M+Na]+

-

800.7

[M-18]+.

H 2O

-

-

-

749.1

[M-69]+.

*

-

-

-

724.3

[M-94]+.

#

-

-

-

ii)MS3

iii)MS3

B) 841.5 m/z
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[M-386]

387.0

+.

735.2

-

[M+Na-107]

+

#

+

*

*
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[M+Na-386]

[M+H-432]+.

*
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+

#

-

-

-
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*

-

-

-
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*

-

-

-
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*

-

-

-
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[M]+.

-

455.1
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-

-

-
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-
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+

#

+

*

-

-

-

385.9
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*
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#
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#
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+

*
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+
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