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Abstract 

Myeloperoxidase (MPO) is a key neutrophil glycoprotein critically involved in neutrophil-mediated 

innate immunity. Recently, it was discovered that MPO and other important neutrophil 

glycoproteins are decorated with paucimannosidic glycans (Man1-3GlcNAc2Fuc0-1), an under-

explored N-glycan class in human glycobiology. Our knowledge of the formation and functions of 

these peculiar and heavily truncated glycoproteins expressed by human neutrophils remains 

incomplete. Firstly, I employed enzyme activity assays and mass spectrometry-based glycomics on 

a collection of CRISPR-Cas9-edited neutrophil-like (HL-60) mutants displaying impaired HEXA and 

HEXB genes in order to provide in vitro-based evidence for a N-acetyl-β-hexosaminidase (Hex)-

driven production of paucimannosidic proteins in human neutrophils. Secondly, solvent accessibility 

measurements, three-dimensional structural assessments, chlorination activity assays, and 

glycopeptide analysis of granule-separated and in vitro-generated MPO glycoforms were used to 

characterise the formation and functions of the N-glycans carried by MPO. These studies provided 

mechanistic insight into the site- and granule-specific glycosylation of monomeric and dimeric MPO, 

and, importantly, demonstrated that MPO exhibits glycoform-dependent chlorination activities and 

ceruloplasmin-mediated inhibition characteristics. The peculiar N-glycans decorating Asn355 and 

Asn391 were found to be critical in defining the MPO activity and inhibition potential. In conclusion, 

this thesis has generated novel data that advance our understanding of the fascinating complex 

neutrophil glycobiology. 
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Chapter 1: Introduction and Aims 

Neutrophils are polymorphonuclear leukocytes, an abundant type of white blood cell widely 

regarded as essential components of the innate immune system (1-4). Myeloperoxidase (MPO) is a 

heme-containing dimeric enzyme that is abundantly expressed in neutrophils and to a lesser extent 

in monocytes, another essential cell type of the innate immune system (3). Under physiological 

conditions, MPO catalyses the production of hypochlorous acid (HOCl) from hydrogen peroxide 

(H2O2) and chloride ions (Cl-). It is understood that this MPO-halide-hydrogen peroxide system plays 

a significant role in the antimicrobial actions performed by neutrophils (5-7). Human MPO is a 

heavily glycosylated protein containing no less than ten N-glycosylation sites per mature dimer i.e. 

five sites span each of the two identical MPO monomers.  

MPO, along with many other proteins residing in specialised granules of neutrophils, are decorated 

with paucimannosidic N-glycans (Man1-3GlcNAc2Fuc0-1), an under-explored class of N-glycosylation 

in human glycobiology (8). Inference from paucimannose-rich lower organisms suggests that the 

formation of paucimannosidic proteins, i.e. MPO, in human neutrophils is predominantly performed 

by N-acetyl-β-hexosaminidase (Hex), which in humans exists as various isoenzymes formed by the 

HEXA and HEXB gene products, the Hex α- and β-subunits, respectively. However, this notion still 

requires validation. Thus, the principal aim of this thesis was to characterise a number of CRISPR-

Cas9-edited HEXA-/- and HEXB-/- HL-60 (a neutrophil-like precursor cell type often used to study 

neutrophil biology) cell lines to validate the link between Hex and the formation of paucimannosidic 

proteins in human neutrophils. Despite the key roles of MPO in human immunology and a growing 

appreciation that protein glycosylation significantly impacts the human immune system, surprisingly 

little is known about the structure and function of the MPO N-glycans. Thus, as part of a large 

collaborative effort, a separate but related aim of this thesis was to characterise the structure-

function relationship of the understudied peculiar N-glycans decorating MPO. Altogether, this thesis 

aims to extend our understanding of some intricate facets of neutrophil glycoimmunology.  

This opening section aims to succinctly introduce key scientific topics and concepts underpinning 

the thesis. Discipline-specific terminology and background literature useful to understand, interpret 

and reflect on the data presented in the Result and Discussion sections are introduced. Finally, this 

section provides a rationale for the research project and outlines the thesis aims. 
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1.1. Neutrophils, essential components of the innate immune system 

1.1.1. Characteristics of neutrophils 

Neutrophils are the most abundant class of polymorphonuclear (PMN) granulocytes, an essential 

type of white blood cells in our innate immune system. Neutrophils are characterised by their 

segmented nuclei and distinct lipid membrane-enclosed intracellular compartments known as 

granules. Of note, two other less abundant types of PMN granulocytes known as basophils and 

eosinophils exist, however, they will not be discussed in this thesis.  

Mature neutrophils comprise three distinct subsets of granules including the azurophilic granules 

(Az, alternatively referred to as “primary” granules), specific granules (Sp, “secondary” granules) 

and gelatinase granules (Ge, “tertiary” granules) that are classified based on their protein content 

(9, 10). In addition to these distinct granules, the neutrophils contain another compartment known 

as the secretory vesicles. 

The neutrophil granules, 

which contain a number 

of antimicrobial proteins, 

form sequentially during 

the different stages of 

neutrophil maturation 

(discussed below). 

1.1.2. Origin of 

neutrophils 

All white blood cells 

originate from 

haematopoietic stem 

cells (HSCs), a common 

progenitor cell type, via a 

differentiation process 

known as haematopoiesis 

(11, 12). HSCs are capable of differentiating into myeloid and lymphoid effector cells via 

myelopoiesis and lymphopoiesis, respectively, Fig. 1. The generation of neutrophils falls under 

myelopoiesis, more specifically granulopoiesis; other differentiation pathways are outside the scope 

of this thesis. HSCs reside in niche environments created by osteoblasts in the bone marrow (12) 

Figure 1. Human haematopoiesis. Multipotential haematopoietic 
stem cells (HSCs) differentiate into common myeloid (CMP) and 
lymphoid progenitor cells (CLP) forming different blood cell types. 
Neutrophils are formed via granulopoiesis from granulocyte-
macrophage progenitors (GMPs). MEP, megakaryocyte/erythroid 
progenitor. Modified from (11). 
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and typically interact with osteoblasts and the extracellular matrix via b1-integrins expressed on the 

surface of HSCs (13-16). In the bone marrow, a number of transcription factors are involved in 

determining the lineage commitment (17). The transcription factors CCAAT/enhancer binding 

protein a (C/EBPa) and PU.1 are crucial to commit HSCs to the myeloid lineage (18, 19). It is 

understood that a balance between C/EBPa and PU.1 determines the commitment of myeloid 

progenitors to either granulopoiesis or to monocytopoiesis, the formation of 

monocyte/macrophages (20, 21). C/EBPa is essential for granulopoiesis whilst high expression of 

PU.1 promotes the monocyte-macrophage lineage utilisation.  

1.1.3. Neutrophil maturation 

Myeloblasts are the first committed cell type in the process of granulopoiesis. In the bone marrow, 

several transcription factors including C/EBPa and PU.1 guide the process of neutrophil maturation 

(22). Myeloblasts are capable of differentiating into neutrophils, basophils, eosinophils and into the 

monocyte-macrophage lineage (see above). Only when myeloblasts differentiate into neutrophilic 

promyelocytes, they truly commit to eventually mature into neutrophils and can no longer 

differentiate into basophils or eosinophils (23).   

The cell line HL-60, which was isolated from a female patient with acute promyelocytic leukemia 

(24), represents a valuable research tool for neutrophil biologists. This cell line, which is a cancerous 

promyelocytic or a “neutrophil-like” cell type, is frequently utilised for in vitro myeloid/neutrophil 

differentiation and functional studies (25). 

Promyelocytes are able to differentiate into myelocytes. Myeloblasts, promyelocytes and 

myelocytes make up what is known as the “mitotic pool” (26), a population of dividing immature 

neutrophil precursors. Once myelocytes differentiate into metamyelocytes, this marks the 

commencement of the “post-mitotic pool”; these immature cells and the more mature granulocytic 

cells formed downstream can no longer divide. The metamyelocytes differentiate into banded 

neutrophils, and, finally, into mature neutrophils that may enter circulation. Under physiological 

conditions, the process of neutrophil maturation is understood to take approximately 14 days. 

Mature neutrophils are estimated to have a half-life in circulation of five to seven days (27, 28). 

1.1.4. Circulation and extravasation of mature neutrophils 

Under physiological conditions, the majority of mature neutrophils reside in the bone marrow, 

known as the bone marrow reserve (29). Upon infection, cytokines are released by affected tissues, 

macrophages and by other immune cells, which serve as powerful signal molecules that promote 
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the release of neutrophils from the bone marrow. The release of neutrophils is mediated by the 

cytokine receptors C-X-C chemokine receptor type 2 (CXCR2) and type 4 (CXCR4) expressed on 

neutrophil surfaces (30). The CXCR4 receptor and its ligands e.g. stromal cell-derived factor 1 (SDF-

1) retain neutrophils in the bone marrow, whilst the ligands C-X-C ligand 1 and 2 (CXCL1 and CXCL2) 

act on CXCR2 to cause neutrophil release. The cytokine granulocyte colony-stimulating factor (G-

CSF), released in response to infection, lowers the expression of SDF-1 and upregulates the 

expression of CXCL1 and CXCL2, and hence is considered an essential mediator of neutrophil 

trafficking from the bone marrow into the circulation (31, 32). 

Once in the circulation, neutrophils may be mobilised to the site of infection in the peripheral tissue 

through a process known as the leukocyte adhesion cascade (33). The endothelial cells, which line 

the blood vessels in the vicinity of the site of infection, increase their expression of P-selectin and E-

selectin upon cytokine stimulation (34). These selectins are known to bind P-selectin ligand 1 (PSGL-

1), L-selectin and CD44 which are expressed on the surface of neutrophils. The interaction of 

neutrophils binding and releasing from the endothelial cells is a process commonly referred to as 

rolling. The firm adhesion of neutrophils to the endothelial cells is mediated by the interactions 

between b2-integrins, LAF-1 and Mac-1, that are also expressed on the neutrophil surface and the 

intercellular adhesion molecule 1 and 2 expressed on surfaces of endothelial cells. Once adhered, 

neutrophils extravasate via either transcellular migration, where they penetrate through the 

endothelial cells they just adhered to, or via paracellular migration, where they squeeze through the 

tight junction existing between endothelial cells. Once neutrophils have passed through the 

endothelium, they are able to migrate to the site of infection via chemotaxis (not discussed here 

due to space constraints) where they 

perform their antimicrobial function. 

1.1.5. Antimicrobial functions of 

neutrophils 

At the site of infection, activated 

neutrophils utilise three distinct killing 

mechanisms to perform their 

antimicrobial functions i.e. phagocytosis, 

degranulation and neutrophil extracellular 

traps (NETs), Fig. 2 (2, 18). These protective mechanisms will be briefly described below. 

Figure 2. The three proposed killing mechanisms 
carried out by neutrophils. The pathogen is in green. 
From (2). 
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1.1.5.1. Phagocytosis 

Although not using phagocytosis as much as macrophages, neutrophils are capable of performing 

phagocytosis to destroy invading microbes (35). In this process, neutrophils engulf the invading 

microbes, encapsulating them in lipid membrane-enclosed organelles known as phagosomes. The 

neutrophils kill the microbes by fusing the phagosome with the Az granules that contain a spectrum 

of antimicrobial proteins including, but certainly not limited to, MPO, which is of principal interest 

in this thesis. Within this fused compartment, the phagolysosome, MPO generates HOCl and 

subsequently reactive oxygen species (ROS) that are toxic to the microbes. 

1.1.5.2. Degranulation 

Whilst the neutrophil granules, in particular the Az granules, are capable of fusing with the 

phagosome, they are also capable of fusing with the plasma membrane of neutrophils upon 

stimulation hereby releasing their soluble content into the extracellular environment (36, 37). The 

neutrophils utilise this mechanism to release antimicrobial proteins into the extracellular 

environment to destroy invading microbes without the need to necessarily perform phagocytosis. 

1.1.5.3. Neutrophil extracellular traps (NETs) 

The formation and use of NETs to entrap and destroy invading microbes is a recent and still heavily 

debated discovery (38). The current literature harbours conflicting results and opinions on this 

matter (39). NETs are mesh-like structures composed of neutrophil granular proteins, such as 

neutrophil elastase and MPO, and deoxyribonucleic acid (DNA) that has been released 

extracellularly by the neutrophil. It is believed that NETs serve the purpose of immobilising 

pathogens, particularly bacteria, preventing them from spreading and infecting neighbouring tissue 

while at the same time killing or perhaps just preventing the growth of microbes through the action 

of antimicrobial proteins dispersed through the NETs. 

1.1.6. Granule-specific proteomes and the “targeting-by-timing” hypothesis 

As mentioned previously, neutrophils possess three distinct granule types (Az, Sp and Ge granules) 

and secretory vesicles. These compartments harbour an arsenal of proteins that display 

antimicrobial functions amongst other critical neutrophil functions. It was originally thought that 

the granular proteins were sorted to their respective compartments based on specific signal 

sequences (40). However, the “targeting-by-timing” hypothesis proposed by Borregaard and 

colleagues (41) has since gained acceptance as the more likely mechanism driving the fascinating 

protein sorting during granule formation. This hypothesis proposes that the neutrophil granules, 

and their protein content, form sequentially during the different stages of neutrophil maturation 
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(discussed above). Hence, each granule subset has its own unique proteome “fingerprint” (42). The 

Az granules are the first granules to be formed upon myeloblast-to-promyelocyte differentiation 

and is known to contain ~70% of the MPO carried by neutrophils (42). In addition to MPO, the Az 

granules contain several other antimicrobial proteins such as neutrophil elastase, cathepsin G and 

azurocidin. Next, the specific (Sp) granules rich in neutrophil gelatinase-associated lipocalin and 

lactoferrin are formed at the promyelocyte-to-myelocyte differentiation stage. The gelatinase (Ge) 

granules, which are formed at the myelocyte-to-metamyelocyte/banded neutrophil stage, are 

characterised by their high quantities of gelatinase. Finally, the secretory vesicles are primarily 

formed at the mature neutrophil stage via endocytosis (43), and possibly via pinocytosis, as opposed 

to the three other endoplasmic reticulum (ER)-Golgi derived granule compartments. Hence, the 

secretory vesicles are rich in plasma proteins e.g. albumin. 

1.2. MPO, a fascinating glycoprotein with key roles in innate immunity 

1.2.1. Tissue-expression and functions of MPO 

MPO is an animal peroxidase that is categorised in the Chordata peroxidase superfamily alongside 

eosinophil peroxidase (EPO), lactoperoxidase (LPO) and thyroid peroxidase (TPO) (44). MPO is 

exclusively expressed in the myeloid lineage at the promyelocyte stage and hence MPO is restricted 

to neutrophils and monocytes. In 

neutrophils, MPO catalyses the 

formation of HOCl from hydrogen 

peroxide (H2O2) and chloride ions (Cl-) 

(45). Although MPO mainly resides in 

the Az granules of resting neutrophils 

(see above), data suggests that it 

carries out the peroxidase activity 

predominantly in the phagolysosome 

of activated neutrophils. NADPH 

oxidase assembles in the 

phagolysosomal membrane and 

performs what is known as the 

‘respiratory burst’, consuming oxygen 

and transferring electrons into the 

phagosome, Fig. 3 (46). Simultaneously, a voltage-gated proton pump, Hv1, transfers H+ ions into 

Figure 3. HOCl generation in the phagosome of 
neutrophils.  Steps involved in the generation of HOCl via 
MPO in the phagosome, see text for more.  Retrieved from 
(45).  
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the phagosome (47). Together this generates superoxide anions (O2
.-) that are quickly converted 

into H2O2. The majority of the chloride ions in the phagosome are transported from the cytoplasm 

via the cystic fibrosis transmembrane conductance regulator (48), however, the K+-Cl- co-

transporter (KCC) and the CIC-3 anion channel have also been implicated in Cl- transport into the 

phagosome (49, 50). Once MPO is delivered to the phagosome via heterotypic fusion by the Az 

granules, it catalytically consumes H2O2 to form compound I (Cpd I, see Fig. 3) (51), which, in turn, 

utilises Cl- to produce HOCl. Once produced, HOCl reacts rapidly with several functional groups of 

proteins and peptides to form chloroamines and dichloroamines that readily decompose to 

aldehydes (52). Furthermore, HOCl is known to react with lipids and DNA (53). This hyper-reactivity 

of HOCl is a main contributor to the degradation and destruction of the phagocytosed microbes, 

but, if not appropriately controlled, can also be harmful to proteins and cells of the host. 

1.2.2. Measuring MPO activity 

Given the key innate immune-related roles of MPO and its biomarker potential of a range of 

inflammatory conditions e.g. cardiovascular diseases (54), the accurate measurement of the MPO 

activity has been of interest for a considerable period of time. MPO is a heme-containing peroxidase 

and hence it is possible to measure MPO activity in vitro using typical peroxidase substrates such as 

3,3',5,5'-tetramethylbenzidine (TMB), o-dianisidine and guaiacol. MPO oxidises these substrates, 

allowing for its activity to be determined quantitatively by measuring the absorbance of the oxidised 

substrates. Whilst these assays are simple, and are widely used throughout literature, there is still 

no consensus on how to assess the MPO activity (55). Additionally, there seems to be some 

confusion around the specific type of MPO activity that is being assessed. In addition to the above-

mentioned assays that measure the peroxidase activity of MPO, it is possible to measure the 

chlorination activity of MPO (56). Chlorination assays determine the generation of HOCl, or rather 

the hypochlorite anion (ClO-), by MPO, using either fluorescent probes that are measured 

fluorometrically or compounds that once chlorinated can be measured quantitatively by 

absorbance. The chlorination assays are regarded as more specific towards MPO, as it measures the 

generation of reactive oxygen species (i.e. HOCl), rather than its peroxidase activity. Determining 

the peroxidase activity of MPO in tissues or whole blood is challenging as other proteins such as 

myoglobin and haemoglobin also display peroxidase activity and thus may interfere with the assay 

(57). 

In addition to the above in vitro assays, it is possible to measure MPO chlorination activity in vivo. 

One study utilised bioluminescence imaging and a bioluminescent compound known as luminol, 
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which is oxidised by HOCl produced by MPO and thus allowed quantitation of the MPO chlorination 

activity in vivo in several animal models with inflammatory conditions (58). Whilst not directly 

assaying the MPO activity, but instead the MPO level, another group demonstrated the presence of 

extracellular MPO in vivo in mice suffering from autoimmune encephalomyelitis, by injecting a 

synthetic gadolinium-tagged MPO and utilising molecular magnetic resonance imaging (55). 

 

1.2.3. MPO inhibition by ceruloplasmin 

Whilst the potent MPO-HOCl system is essential for neutrophil-mediated defence against microbial 

invasion, it is also a known contributor to several chronic inflammatory diseases including 

atherosclerosis and cardiovascular disease, chronic kidney disease and rheumatoid arthritis (59). In 

chronic inflammatory diseases, MPO is excessively released into the extracellular space, due to 

prolonged activation and degranulation of 

neutrophils. Consequently, HOCl and the 

reactive by-products are known to react with 

the host tissue and cause oxidative damage, 

contributing to chronic inflammation. Given 

the potential of MPO to cause oxidative 

damage and chronic inflammation, natural 

inhibitors of MPO have evolved to prevent 

excess oxidative damage in the body. 

Ceruloplasmin (Cp) is a plasma protein that 

predominately functions as a copper 

transporter in blood (60). It was demonstrated 

that Cp interacts with and inhibits the 

peroxidase activity of MPO (61). In fact, MPO, lactoferrin (a antimicrobial glycoprotein expressed in 

the Sp granules of neutrophils) and Cp have the potential of forming large protein complexes (62). 

It is now established that Cp is a potent endogenous inhibitor of MPO, preventing HOCl production 

by trapping MPO in the reduced compound II state, averting it from reaching the HOCl-producing  

Cpd I (63). It was proposed that Cp, an anionic protein (pI ~4), interacts with the cationic MPO (pI 

~10) through electrostatic forces (61). Based on the crystal structure of Cp in complex with MPO 

(Protein Data Bank, PDB: 4EJX), it was suggested that a flexible loop of Cp (amino acid residues 881-

892) obstructs the heme cavity of MPO, thus preventing catalytic activity, Fig. 4 (also discussed 

Figure 4. The loop region of ceruloplasmin (Cp) 
obstructing the heme cavity of MPO.  Cp is in pale 
blue, MPO is in pale green. PDB: 4EJX.  From (64). 
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further below) (64). Synthetic peptides mimicking this loop region of Cp demonstrated a dose-

dependent inhibition of MPO, further supporting this inhibitory mechanism (64). 

1.2.4. The structure of mature MPO 

Several crystal structures of human MPO have 

been deposited into the Protein Data Bank (PDB). 

Thus, many structural facets of the α-helix-rich 

MPO have been extensively characterised, Fig. 5 

(65, 66). Mature MPO is a ~150 kDa homodimer, 

consisting of two identical ~12.5 kDa light (α-) 

chains and two heavy (β-) chains. The β-chains are 

extensively glycosylated (five potential 

glycosylation sites per chain), and hence span a 

molecular mass of ~60-65 kDa. MPO glycosylation 

will be discussed below. The MPO monomers are 

covalently linked through the two β-chains via a 

single disulfide bridge at Cys319. The heme group, 

which is the catalytic core of MPO, is a derivative 

of the protoporphyrin IX class and is covalently 

linked via ester bonds to Glu242 and Asp94, and 

additionally to Met243 via a sulfonium ion linkage. 

The heme gives MPO its green colour and usually 

accounts for the pale green colour of pus, a sign of 

neutrophil secretion. The chloride-binding site is 

formed by residues 324-327 (β-chain), residues 30-

33 (α-chain) and Trp436 (β-chain). Calcium is a co-factor of MPO; the calcium-binding site displays 

the typical bipyramidal coordination to Ca2+ via Asp96, Thr168, Phe170, Asp172, and Ser174 of the MPO 

α-chain. 

1.2.5. Homology of MPO to other peroxidases 

As mentioned above, MPO belongs to the Chordata peroxidase superfamily, alongside EPO, LPO and 

TPO. Only the 3D structure of MPO has been characterised. EPO is a ~70 kDa monomeric 

glycoprotein, consisting of a 58 kDa β-chain and a 12 kDa α-chain that resembles monomeric MPO. 

The slightly larger LPO and TPO are also single chain glycoproteins of ~80 kDa and 100 kDa, 

Figure 5. The structure of mature MPO.  The 
heavy (β-) chains of each monomer of MPO 
are in dark red and blue, whilst the light (α-) 
chains are in light red and blue. The heme 
groups (green), chloride (yellow) and calcium 
(magenta) are shown. The Cys319 disulfide 
bond is at the dimer interface (black). The β-
chains of MPO are extensively glycosylated 
(GlcNAcβ-Asn, orange). PDB:1D2V. From (65). 
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respectively. Several features are shared between these human peroxidases. MPO, EPO and LPO are 

all encoded by single genes located on chromosome 17 in humans that share a similar intron-exon 

arrangement (67). This suggests that these peroxidases have evolved from a common ancestral gene 

via gene duplication. TPO has a intron-exon arrangement that is dissimilar to the other peroxidases 

(68), and is believed to have evolved independently from the other peroxidases. This is supported 

by the fact that TPO is the only transmembrane protein of the four peroxidases (69, 70). Based on 

amino acid sequence alignment, important catalytic residues and residues involved in the linkage of 

the heme group, as well as some glycosylation sites, are conserved amongst all four peroxidases 

(71). Of note here, MPO shares two glycosylation sites with the other peroxidases i.e. Asn355 and 

Asn391, two glycosylation sites of particular interest in this thesis (discussed below). 

1.2.6. Biosynthesis of MPO 

The biosynthesis of MPO is complex as it involves many processing steps. The primary translational 

product, the “pre-MPO” (80 kDa), is co-translationally glycosylated in the endoplasmic reticulum 

(ER) forming the “apopro-MPO” (90 kDa), 

Fig. 6 (72). N-glycan processing is discussed 

below. In the ER, the glycans conjugated to 

apopro-MPO interact with the ER-resident 

molecular chaperone proteins ERp57, 

calnexin and calreticulin (73, 74). These 

chaperones assist the folding of MPO and 

other proteins in the ER, preventing 

aberrantly folded proteins from continuing 

in the secretory pathway. MPO also 

acquires the heme in the ER as 

demonstrated by the observation that 

when heme synthesis is arrested, it halts 

MPO biosynthesis at the apopro-MPO stage 

(75-77). Additionally, when a Golgi-

disruptor known as Brefeldin A is utilised in 

cell culture, MPO biosynthesis is halted at 

the heme-containing “pro-MPO” stage 

(77). Pro-MPO undergoes several processing 
Figure 6. Overview of the biosynthesis of human 
MPO. See text for details. From (72). 
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steps before the mature MPO is being packaged in the Az granules of neutrophils, however, the 

order of events is still unclear. Brefeldin A-based evidence indicates that the cleavage of the 

propeptide on pro-MPO occurs after the ER, as MPO biosynthesis is arrested in the propeptide form. 

Removal of the 116 amino acid propeptide, yielding a 75 kDa intermediate, is necessary for the 

generation of mature dimeric MPO residing predominantly in the Az granules, a step catalysed by a 

putative proprotein convertase. When the peptide CMK-RVKR, a known inhibitor of proprotein 

convertases, is added to cell cultures producing MPO, the biosynthesis of MPO is arrested at the 

pro-MPO stage (78), supporting the notion of a proprotein convertase mediating the cleavage of 

the propeptide. Whilst the majority of the pro-MPO leaving the ER is destined for maturation in the 

Az (or other) granules, a small portion (~10%) of pro-MPO is secreted from the neutrophil as 

observed from cultures of human bone marrow (79), myeloid cell lines e.g. HL-60 (80, 81) and 

heterologous expression systems of MPO (82). Both the intracellular and secreted pro-MPO types 

are enzymatically active, and, intriguingly, the activity of these pro-forms is indistinguishable from 

“mature MPO” (83). Prior to MPO reaching maturity, an internal hexapeptide i.e. ASFVTG is cleaved 

from the protein sequence, resulting in the formation of the α- and β-chains of MPO that remain 

joined through covalent ester linkages between conserved Asp and Glu residues and the heme 

group. The identity of the (endo)protease(s) performing this cleavage is unknown. It is also unclear 

whether the hexapeptide elimination occurs before or after MPO dimerisation. The crystal structure 

of pro-MPO containing the hexapeptide demonstrates that the hexapeptide is surface-exposed and 

hence may be cleaved after MPO dimerisation (84), which was previously suggested to occur in the 

granules (85). Surprisingly, when treating mature MPO in mild reductive conditions to break the S-

S bonds, the resulting “hemi-MPO” has a catalytic activity that is indistinguishable to that of mature 

MPO (86). Thus, the functional advantage of dimeric MPO, if any, over the monomeric form is 

unknown. 

1.3. Protein glycosylation, a complex and understudied feature of MPO  

1.3.1. Protein glycosylation 

Protein glycosylation is a co- and post-translational modification that involves the conjugation of 

complex carbohydrates (hereafter referred to as glycans) to proteins, resulting in the formation of 

glycoproteins. Found in all domains of life, it is no surprise that protein glycosylation is implicated 

in very diverse biological processes essential for life, including, but certainly not limited to, 

mediating protein folding (as exemplified above by calnexin and calreticulin), involvement in 

biological recognition events e.g. cell-cell and cell-extracellular matrix communication and 
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contributing to protein stability and solubility (87, 88). Whilst there are many types of protein 

glycosylation, the focus of this thesis is on asparagine-linked (N-linked) glycosylation. 

1.3.2. N-linked glycosylation 

N-linked glycosylation, or N-glycosylation, is the attachment of glycans to the nitrogen atom of the 

side-chain of asparagine (Asn) residues located in the conserved sequence Asn-X-Ser/Thr (NXS/T), 

where X ≠ Pro. Literature commonly describes three conventional classes of N-glycans in humans: 

oligomannosidic-, complex- and hybrid-type glycans, which all share a trimannosylated chitobiose 

core comprising two 

N-acetylglucosamine 

(GlcNAc) and three 

mannose (Man) 

residues that can 

exist with or without 

core fucosylation, 

Fig. 7. Of particular 

relevance to this thesis, two non-conventional N-glycan types, the chitobiose core- and 

paucimannosidic-type, also exists (discussed below). Galactose (Gal) and the acidic N-

acetylneuraminic acid (NeuAc) often referred to as sialic acid are common building blocks found in 

the antenna region of the complex- and hybrid-type N-glycans. The synthesis of N-glycoproteins 

requires numerous glycoside hydrolases and glycosyltransferases that are located throughout the 

ER and Golgi apparatus, Fig. 8. The glycoside hydrolases enzymatically remove terminal 

monosaccharide residues whilst the glycosyltransferases transfer monosaccharides to glycoproteins 

in discrete trimming and elongation processes. The addition of sugar building blocks requires sugar 

nucleotide donors such as uridine diphosphate-GlcNAc, guanine diphosphate-Fuc and cytidine 

monophosphate-NeuAc. 

The N-glycosylation is initiated in the ER, with the transfer of a common N-glycan precursor, 

Glc3Man9GlcNAc2, onto the Asn residue of the nascent polypeptide chain (89). This precursor is 

trimmed in the ER by ER glucosidase I and II (Glc I and Glc II) and multiple ER-resident mannosidases 

before the glycoprotein is transported to the cis-Golgi for further processing. As glycoproteins traffic 

the cis-, medial-, and trans-Golgi, they encounter several glycosidase hydrolases and 

glycosyltransferases, many competing for the same glycoprotein substrates, that serve to process 

the N-glycoproteins to maturation. The maturing glycoproteins may leave this enzymatic pathway 

Figure 7. Conventional and non-conventional classes of N-glycans of human 
proteins. 

Oligomannose 
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at any point and hence, create a vast heterogeneity of structurally related N-glycoprotein structures 

known as glycoforms. 

 

 

 

 

 

 

 

 

 

 

1.3.3. MPO glycosylation 

MPO is an extensively glycosylated protein. As correctly reported by Nauseef and colleagues, the 

monomeric proMPO contains five N-glycosylation sites (90). However, it was later found that there 

are in fact six N-glycosylation sites in the MPO precursor, proMPO, namely Asn139, Asn323, Asn355, 

Asn391, Asn483 and Asn729 (84, 91). Asn139 is located in the propeptide region of proMPO and 

hence is removed before maturation. The other five N-glycosylation sites are all located in the β-

chain of mature MPO. Although there are many available crystal structures of human MPO, these 

resources are not particularly informative when it comes to the decorating glycans due to the 

inherent limitations of forming and visualising protein crystals with the flexible glycans using x-ray 

crystallography. 

Figure 8. The “conventional” N-glycosylation pathway. Initiated by the transfer of a common 
glycan precursor to nascent polypeptides in the ER, the subsequent processing of N-glycoproteins is 
an intricate and complex process involving many glycoside hydrolases, glycosyltransferases and 
sugar nucleotide donors. This enzymatic process, which is highly dynamic and physiology-
dependent, generates a vast heterogeneity of the resulting glycoproteins (glycoforms). This 
pathway does not explain the existence of the non-conventional N-glycan types including protein 
paucimannosylation observed in neutrophil biology (8), see Figure 22 in the Discussion for a 
proposed route.   
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In fact, the glycosylation of human MPO remain severely understudied. To the best of my 

knowledge, only two biochemical studies have directly reported on the detailed glycosylation 

features of human neutrophil-derived mature MPO (91, 92). Both of these studies reported on the 

site-specific macro- and micro-heterogeneity of MPO N-glycans as characterised using mass 

spectrometry. In short, they found that MPO carries a range of oligomannosidic-, complex- and 

hybrid-type N-glycans, but unfortunately, neither documented the fine structures of MPO 

glycosylation nor accurately covered the entire N-glycan repertoire and occupancy of all MPO 

glycosylation sites. 

In 2015, Thaysen-Andersen and colleagues surveyed the N-glycome of sputum from pathogen-

infected individuals and discovered an abundance of paucimannosidic-type N-glycans (93), a glycan 

type still rather controversial and less reported in human glycobiology. Paucimannosidic N-glycans 

(pauci- = few or little in Latin) may be defined as N-glycan structures that contain one, two or three 

mannose residues on a chitobiose core, structures that can appear with or without core 

fucosylation, Fig. 9. Additionally, it was previously found that these paucimannosidic N-glycans are 

abundantly decorating neutrophil proteins residing in the Az granule, including MPO, which were 

being secreted into pathogen-infected sputum 

(94). Recently, another study identified even 

further truncated N-glycan types (of the so-called 

chitobiose core-type i.e. GlcNAc1-2Fuc0-1) on 

neutrophil proteins including cathepsin G (95). 

These findings raise several interesting 

questions, for example, what is the biosynthetic route of these non-conventional truncated N-

glycans in human neutrophils and what are their functional roles, particularly on MPO? 

1.3.4. Formation of paucimannosidic N-glycans in neutrophils 

The biosynthesis of paucimannosidic proteins across the eukaryotic kingdom has recently been 

extensively reviewed (8). In paucimannose-rich organisms, such as in insect e.g. Drosophila 

melanogaster (96) and in plants e.g. Lotus japonicus (97), the generation of paucimannosidic 

proteins is attributed to the enzymatic activity of N-acetyl-β-hexosaminidase (Hex). In these species, 

Hex is known to cleave terminal non-reducing end GlcNAc residues of glycoprotein intermediates at 

a critical point in the biosynthetic machinery to generate paucimannosidic proteins. The human Hex 

isoenzyme is found in either a homodimeric (aa, “Hex S” and bb, “Hex B”) or heterodimeric (ab, 

“Hex A”) forms. The Hex a- and b-subunits forming these three isoenzymes are encoded by HEXA 

Figure 9. Examples of paucimannosidic N-
glycans and their short-hand nomenclature. 



 
 

15 

and HEXB, respectively. The two human Hex subunits were found to have a high protein sequence 

similarity (~53%) to the Hex of the paucimannose-rich lower organisms (94). In addition, 

immunofluorescence for paucimannosidic epitopes using a paucimannose-recognising antibody 

(Mannitou) displayed co-localisation with human Hex in the Az granules of immature neutrophil-

like HL-60 cells (94). Furthermore, proteomics profiling of isolated granules demonstrated evidence 

of Hex being expressed in the Az granules of neutrophils (42). Collectively, this strongly suggest that 

Hex is the likely glycoside hydrolase catalysing the generation of paucimannosidic proteins in human 

neutrophils, however, concrete evidence is required to establish this proposed pathway. 

1.3.5. Functions of MPO glycosylation  

Given the extensive glycosylation of human MPO, it is highly likely that the N-glycans decorating 

MPO carry out or modulate important functions. This was supported by the observation that when 

MPO is partially deglycosylated, the enzyme activity is compromised (91). The contribution of the 

N-glycans to the enzymatic activity of MPO is yet to be elucidated. Based on the crystal structure of 

human MPO, the N-glycans situated at Asn323 and Asn483 are located directly at the dimeric 

interface of MPO (65), potentially impacting the dimer formation and/or stability. Structural and 

functional N-glycan characterisation studies of the paucimannose-rich cathepsin G and neutrophil 

elastase from Az granules of neutrophils have revealed novel insights into the potential immune-

modulating functions of paucimannosidic N-glycans (95, 98). In analogy, it is plausible that the 

paucimannosylation of MPO may play immune-modulatory roles in neutrophil glycobiology and in 

the innate immune system. 

 

1.4. Aims of Research 

Many biochemical aspects of MPO have been established over the years using classical techniques 

in molecular and cellular biology. This has demonstrated beyond doubt the importance of MPO in 

the innate immune system. However, much is yet to be uncovered in regard to MPO glycobiology. 

The complex N-glycan moieties decorating human MPO are immensely understudied and little 

remains known of their site-specific structure and function, warranting further investigation using 

modern technologies in glycobiology and glycoimmunology. In addition, the proposed Hex-

mediated formation of the paucimannosidic N-glycans carried by MPO and other neutrophil Az 

granule proteins requires evidence to validate this formation pathway. To this end, this thesis 

comprises two major aims: 
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1. To characterise HEXA-/- and HEXB-/- CRISPR-Cas9 edited HL-60 cell lines to solidify the involvement 

of the Hex isoenzymes in the formation of paucimannosidic proteins, including MPO, in human 

neutrophils. 

2. To characterise the structure and function of the N-glycans decorating MPO residing in the various 

granules of resting neutrophils.    

These two aims will be targeted using a variety of techniques and contemporary methods in cell and 

molecular biology in order to yield new insight into the biosynthesis and functional roles of the 

fascinating glycosylation features embellishing human MPO, see Fig. 10 for overview of the 

experimental design. The overarching goal with this thesis was to advance our knowledge of MPO 

and neutrophil glycobiology and its immediate relevance to fundamental and applied areas of 

human glycoimmunology. 

 

Chapter 2: Materials and Methods 

2.1 Materials 

2.1.1. Chemicals and reagents 

All chemicals, reagents and materials used in this research were purchased from Sigma-Aldrich or 

Thermo Scientific (Sydney, Australia) unless otherwise stated. 

2.2 Methods 

Diverse analytical workflows and methods were utilised to address the aims of this thesis. An 

overview of the experimental design is provided in Fig. 10. 
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2.2.1. Generation and culturing of Hex-deficient HL-60 cell lines 

Biosafety approval for the handling, culturing and the subsequent processing of the genetically 

edited HL-60 cells was obtained from the Human Research Ethics Committee (Reference 

#5201500813, BioHazard Risk Assessment, Exempt Dealings, Reference #5201500813) at Macquarie 

University, Sydney, Australia. 

2.2.1.1. CRISPR-Cas9-mediated gene editing of HL-60 cells 

The CRISPR-Cas9 gene editing of HL-60 cells was kindly performed by Prof. Neelamegham and Yuqi 

Zhu at University at Buffalo, NY, U.S. In brief, the targets of Hex genes were picked from a previously 

published CRISPR-Library (99). Single guide ribonucleic acid (sgRNA) was synthesised using 

polymerase chain reaction (PCR) amplification and in vitro transcription using EnGen® sgRNA 

Synthesis Kit (New England Biolabs, Ipswich, MA) following the manufacturer’s protocol. A 

customised DNA oligo was synthesised with the target gene after a T7 promoter, followed by the 

first 17 bases of the sgRNA scaffold. The sgRNA was made by mixing the synthesised DNA with the 

sgRNA scaffold, T7 enzyme and reaction mix with incubation at 37°C for 2 h. Next, prior to 

transfection, wild-type HL-60 (wtHL-60) cells were passaged into fresh complete Iscove's Modified 

Dulbecco's Media (IMDM) (Gibco™ IMDM 1640 Medium, HEPES) with 10% (v/v) foetal bovine serum 

Figure 10. Overview of the aims, biological samples, experiments and methods of this thesis. 
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(FBS), 1% arachidonic acid (AA) and 1% glutamax. On the day of electroporation, 1 μg sgRNA was 

premixed with 1 μg Cas9 (EnGen® Cas9 NLS, Streptococcus pyogenes, New England Biolabs, Ipswich, 

MA), room temperature, 25-30 min to form the ribonucleoprotein particles. The cells (0.15-0.25 

million) were then resuspended in 10 μl Resuspension Buffer R provided by the Neon Transfection 

Kit (Thermo Scientific). The cells were then mixed with the ribonucleoprotein particles and 

electroporated using the Neon Transfection System (Thermo Scientific) at an optimised condition: 

1600 V, 10 ms, 3 pulses (100). After electroporation, the cells were transferred to a 24-well plate 

containing 500 μL conditioned IMDM medium. To validate the genetic editing, next generation 

sequencing (NGS) was used. Genomic DNA was isolated from sorted single clones and a PCR was 

performed with gene specific primers to amplify the edited region. PCR purification was performed 

by gel extraction and the products were sent for NGS off-site. 

2.2.1.2. Culturing, monitoring and growth profiling of HL-60 cells 

The HL-60 cell lines, which were received in a frozen condition, were thawed and cultured in Roswell 

Park Memorial Institute Medium (RPMI)-1640 media (ATCC, Manassas, U.S.) supplemented with 

10% (v/v) FBS in Corning T25 cell culture flasks. Stable growth conditions were maintained by an 

incubator set to 37°C and 5% carbon dioxide levels. Once confluency was reached, indicated by the 

colour change of the media and the presence of cellular debris (every 48-72 h), the media was 

collected and centrifuged at 150-200 g for 5-10 min. The pellet containing the live HL-60 cells was 

resuspended in 1-3 mL of pre-warmed (37°C) fresh media whilst the supernatant containing the 

dead cells and cellular debris was discarded. To monitor the live cell counts and viabilities, 20 µL of 

the cell suspensions were mixed with 20 µL 0.4% (w/v) trypan blue, 10 µL of which was loaded onto 

cell counting slides (BioRad) and counted using an automated TC20™ Cell Counter (Bio-Rad). Based 

on the cell counts, the appropriate amount of fresh pre-warmed media was added to each flask to 

ensure the density was ~1-2 x 105 cells/mL. The cell morphology was visualised at 10-40X 

magnification under an inverted light microscope. To monitor the growth rate of each cell line, 1 

million cells from each line was seeded into 10 mL of fresh media. After 24 h, the cells were 

centrifuged and counted as mentioned above and the total number of live cells was recorded. This 

was repeated every 24 h for 72 h. 

2.2.1.3. Harvesting and lysis of HL-60 cells 

The cells were harvested by centrifuging the media at 150-200 g for 10 min. The supernatant was 

discarded while the cell pellet containing the live cells was washed twice in phosphate-buffered 

saline (PBS) and then resuspended in 500 µL radioimmunoprecipitation assay (RIPA) buffer 
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containing a protease inhibitor cocktail (cOmplete™, Roche). The cells were then lysed via two 

rounds of probe sonication (Sonifier 450, Branson) on ice at 26 A for 10 s. The tubes containing the 

frothy suspension were then centrifuged at 10,000 g for 10 min and the resulting cell lysate 

(supernatant) was stored at 4°C whilst the pellet containing cell debris and nuclei was discarded. 

The concentration of the cell lysates was determined using a bicinchoninic acid assay (BCA) on a 96-

well-plate according to manufacturer’s instructions (101). Various concentrations (0-2 mg/mL) of 

bovine serum albumin (BSA) were used to establish a protein standard curve. 

2.2.2. Processing of HL-60 cell lysates 

2.2.2.1. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) and staining of cell 

lysates 

Cell lysate (10 µg) was treated with 500 mM dithiothreitol (DTT, 10X) and Nu-PAGE™ sample loading 

buffer (4X) and incubated at 70°C for 10 min to reduce the disulfide bonds of the proteins. Each 

sample was then loaded on a Nu-PAGE™ 4-12% Bis-Tris protein gel (1.5 mm, 12-well, 20 µL/well 

loading volume) and run in 2-(N-morpholino)ethanesulfonic acid (MES) buffer at 200 V for 35 min. 

A Novex™ sharp pre-stained protein standard was run alongside the lysates. Following gel 

electrophoresis, the gel was washed in MilliQ water and stained overnight in a Coomassie Blue 

solution in a closed container incubating at room temperature on a shaker (102). The next day, the 

stain was poured off and the gel was de-stained in 20% (v/v) aqueous methanol and washed with 

MilliQ water. The gel was imaged on a Gel Doc EZ System (BioRad). 

2.2.2.2. Hexosaminidase activity assay 

The enzymatic activity of the N-acetyl-β-hexosaminidase (Hex) of the HL-60 cell lysates was 

measured using a published protocol with minor modifications (103). In brief, 1.5 µg cell lysate (0.1 

µg/µL) and 1.5 ng recombinant human Hex A and Hex B (RnD Systems, 0.1 ng/µL, positive controls) 

were incubated with 30 µL pre-warmed 3 mM 4-methylumbelliferyl-2-acetamido-2-deoxy-b-D-

glucopyranoside (MUG) or 4-methylumbelliferyl-2-acetamido-2-deoxy-b-D-glucopyranoside-6-

sulfate (MUGS) substrate (Merck Millipore) in a phosphate-citrate buffer (pH 5.0) at 37°C for 30 min 

in the dark. The reaction was stopped by the addition of 0.25 M glycine-carbonate stop buffer (pH 

10.0). Upon Hex-mediated MUG and MUGS hydrolysis the fluorogenic product 4-

methylumbelliferone (4-MU) is released allowing fluorometric quantitation of the reaction using a 

plate reader (FLUOstar Optima, BMG Technologies) with an excitation of 360 nm and an emission 

of 450 nm. The absolute quantity of released 4-MU was determined from a pre-made standard 

curve created using known concentrations of 4-MU. 
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2.2.2.3. N-glycomics of HL-60 cell lysates 

2.2.2.3.1. N-glycan release and clean up 

The N-glycan release and subsequent handling steps were performed as previously reported (104). 

Briefly, 20 µg protein extracts from the cell lysates (n = 3) were reduced with dithiothreitol (DTT), 

alkylated with iodoacetamide (IAA) and immobilised onto an ethanol-activated polyvinylidene 

fluoride (PVDF) membrane. After drying and washing the membrane, the protein spots were 

visualised using 0.1% (w/v) Direct-Blue Stock 71 staining, excised with a scalpel and transferred into 

a 96-well plate. The wells were blocked to avoid non-specific binding by 1% (w/v) 

polyvinylpyrrolidone solution, which was subsequently removed. The N-glycans were released by 

the addition of 2 U N-glycosidase F (PNGase F, Elizabethkingia miricola, Promega) in 10 µL MilliQ 

water and left to incubate overnight at 37°C. The released N-glycans were collected and incubated 

in 100 mM ammonium acetate buffer (NH4CH3CO2, pH 5.0) at room temperature for 1 h, dried in a 

vacuum centrifuge and then reduced with 0.5 M sodium borohydride (NaBH4) in 50 mM potassium 

hydroxide at 50°C for 3 h. Next, 2 µL glacial acetic acid was added to quench the reactions. The 

glycans were desalted using solid-phase extraction (SPE) micro-columns packed with AG 50W X8 

strong cation exchange resin (200-400 mesh) (30 μL bed volume) (Bio-Rad) packed into C18 stage 

tips (Merck Millipore). After equilibration, the N-glycan samples were loaded onto the micro-

columns, followed by two rounds of washing with 50 µL MilliQ water. The flow-through fractions 

(containing the N-glycans) were dried in a vacuum centrifuge, dissolved in 100 µL methanol and re-

dried twice to remove any residual borate by evaporating off the volatile methyl borate. As a final 

clean-up step, the N-glycans were resuspended in 10 µL MilliQ water and passed through an 

equilibrated porous graphitised carbon (PGC) (BioRad) SPE micro-column packed onto a C18 stage 

tip (Merck Millipore). The column was washed twice with MilliQ water and the N-glycans were 

eluted with 25 µL 40% acetonitrile (ACN)/0.05% trifluoroacetic acid (TFA) followed by 25 µL 60% 

ACN/0.05% TFA. The eluted N-glycans were dried in a vacuum centrifuge and stored at -20°C until 

liquid chromatography electrospray ionisation tandem mass spectrometry (LC-ESI-MS/MS) analysis. 

Bovine fetuin was used as a standard to check the N-glycan release and handling protocol and 

ensure LC-ESI-MS/MS performance. 

2.2.2.3.2 PGC-LC-ESI-MS/MS-based N-glycan profiling 

The dried N-glycans were resuspended in 10 µL MilliQ water, centrifuged at 14,000 g for 10 min and 

the supernatant transferred into mass spectrometry glass vials (Thermo Scientific) for LC-ESI-MS/MS 

analysis. The N-glycans were separated by capillary PGC-LC (Hypercarb KAPPA capillary column, 180 
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μm internal diameter x 100 mm length, 5 μm particle size, 200 Å pore size, Thermo Scientific) using 

an Ultimate 3000 high performance liquid chromatography (HPLC) system (Dionex). The two 

solvents utilised for separation were solvent A i.e. 10 mM aqueous ammonium bicarbonate (ABC) 

and solvent B i.e. 10 mM ABC in 70% ACN (v/v). A linear gradient was utilised for the glycan 

separation starting at 2.6% (v/v) B and increasing to 45% (v/v) B over 80 min and finally equilibrating 

back to 2.6% (v/v) B. A post-column make-up flow was integrated into the LC-ESI-MS/MS 

configuration by the supplement of 98% (v/v) ACN at a 3 µL/min flow rate post column to enhance 

the glycomics performance (105). The separated N-glycans were introduced directly into a VelosPro 

linear ion trap (LTQ) mass spectrometer (Thermo Scientific) operated in negative ion polarity mode. 

The full scan acquisition range (m/z 200-2,200) was kept constant. Utilising data-dependent 

acquisition, the five most abundant precursor ions were selected for resonance-activation (ion trap) 

collision-induced dissociation (CID) MS/MS fragmentation. Dynamic exclusion was disabled. 

2.2.2.3.3. Data analysis of N-glycans 

The PGC-LC-ESI-MS/MS raw data was browsed and handled using the Xcalibur™ Qual Browser v2.2 

(Thermo Scientific). The N-glycan fine structures were manually characterised based on their 

monoisotopic precursor mass, CID-MS/MS(-) fragmentation pattern (106, 107) and absolute and 

relative PGC-LC elution time (108-110). GlycoMod (111) and GlycoWorkbench v2.1 (112) aided the 

structural characterisation. 

2.2.3. 3D structure representation and solvent accessibility of the MPO glycosylation sites 

The 3D structure of MPO was visualised using PyMOL Molecular Graphic System v1.74 

(Schrodinger).  A high-resolution x-ray crystallography entry of human MPO in the Protein Data Bank 

(PDB) was chosen (PDB: 1D2V). The most abundant N-glycans were modelled in silico on Asn323, 

Asn355, Asn391, Asn483 and Asn729 of each MPO monomer (PDB: 1D2V) with the default torsion 

angles provided by the Glycoprotein builder feature of GLYCAM web (http://glycam.org). 

To determine the site-solvent accessibility, NACCESS (113) was applied to five high-resolution x-ray 

crystallography 3D structures of human MPO deposited in the PDB (1D2V, 1CXP, 1DNU, 1DNW, 

5FIW). Both the monomeric and dimeric forms of MPO stripped for any pre-existing Asn-linked 

glycans were assessed for solvent accessibility. In short, NACCESS allows an assessment of the 

atomic interactions (Van der Waal’s interactions) between the Asn of the N-glycosylation site(s) of 

interest and a spherical probe (radius: 5 Å). The software outputs an arbitrary but comparable value 

which can be used to determine the relative solvent accessibility of each site. 
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2.2.4. Isolation of neutrophils from whole blood 

2.2.4.1. Drawing of blood 

Peripheral blood (187.5 mL/donation) was drawn and collected into a sterile cylinder containing 

acid-citrate-dextrose by a trained phlebotomist from the medial cubital vein of a healthy adult male 

donor after obtaining informed consent. The collection of blood and the subsequent isolation of 

resting neutrophils was approved by the Human Research Ethics Committee (Reference 

#5201500409) in addition to the completion of the BioHazard Risk Assessment (Non-GMO, 

#NIP041214BHA) at Macquarie University, Sydney, Australia. 

2.2.4.2. Neutrophil isolation 

All solutions were sterilised prior to commencing this procedure. The freshly drawn blood (187.5 

mL) was added to 62.5 mL acid-citrate-dextrose (1:4) and mixed with 250 mL 2% (w/v) dextran in 

0.9% (w/v) sodium chloride (NaCl) solution (1:1). The tube was mixed by repeated inversion (10 

times) and incubated at room temperature for 30 min to allow efficient sedimentation of the red 

blood cells (RBCs). The supernatant (light yellow plasma-rich layer containing peripheral 

mononuclear and polymorphonuclear cells) was collected and centrifuged at 200 g for 10 min at 4°C 

whilst the lower layer of RBCs was discarded. The pelleted white blood cells (WBCs) were 

resuspended in 30 mL 0.9% (w/v) NaCl, and 15 mL Lymphoprep™ (STEMCELL Technologies, 

Vancouver, Canada) was injected below the WBC suspension layer. The tubes were then centrifuged 

in a swing bucket rotor at 400 g for 30 min at 4°C with maximum acceleration and no deceleration. 

As a result, an upper layer of saline and plasma, an interface band containing the mononuclear cells, 

basophils and platelets, a layer of Lymphoprep™, a band of granulocytes, and a layer of sedimented 

RBCs were formed. The upper layers were removed by careful aspiration in a circular motion to 

avoid the adhesion of monocytes to the side of the tube and to avoid activation of neutrophils. For 

hypotonic lysis of the RBCs, the granulocyte band and the RBC pellet were resuspended in 10 mL 

sterile water, vortexed for 30 s. The tonicity was restored by the addition of 10 mL 1.8% (w/v) NaCl 

solution. After centrifugation at 200 g for 6 min at 4°C, the supernatant containing the lysed RBCs 

was removed. This lysis step was repeated once. The granulocyte pellet containing the neutrophils 

of interest (114) was resuspended in 5 mL 0.9% (w/v) NaCl to determine the cell count, viability and 

purity of the isolated neutrophils. 

2.2.4.3. Cell count, viability and purity of neutrophils 

The granulocyte count and viability of the resuspended granulocyte pellet was determined at 

different dilutions using a TC20™ Cell Counter (Bio-Rad). The purity of the isolated neutrophils was 
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measured by depositing and fixing the cell mixtures on a glass slide using the cytospin technique on 

a cell fixing centrifuge (Orbital 300, Clements), followed by Wright-Giemsa staining with Sorensen’s 

buffer for 15 min (115). The slides were then visualised using a bright field microscope (Olympus 

Life Science) at 10X, 20X and 40X magnification. The purity was determined by counting 

approximately 100 cells in a given field and determining the cell type based on morphology. 

2.2.5. Subcellular fractionation of isolated neutrophils 

2.2.5.1. Disruption of neutrophils by nitrogen cavitation 

The subcellular fractionation of isolated blood neutrophils was performed according to an 

established protocol (116). In brief, the neutrophils were resuspended in a protease inhibitor (PI) 

solution consisting of two PI mini-tablets (cOmplete™, Roche) dissolved in 5 mL 0.9% (w/v) NaCl and 

incubated on ice for 10 min. The cells were then centrifuged at 200 g for 6 min at 4°C and the 

supernatant was discarded. Subsequently, the cells were resuspended in 7.5 mL 1X disruption buffer 

(100 mM KCl, 3 mM NaCl, 3.5 mM MgCl2, 1.5mM ethylene glycol-bis (β-aminoethyl ether)-N, N, N’, 

N’-tetraacetic acid (EGTA), 10 mM piperazine-N, N’bis [2-ethanesulfonic acid] (PIPES)), 1 mM ATP 

(Na)2 and 0.5 mM phenylmethylsulfonyl fluoride (PMSF) – all stated as final concentrations. This 

buffer is designed to mimic the intracellular fluid of neutrophils to ensure that the granules do not 

lyse upon neutrophil cavitation. Plasma membrane disruption of the neutrophil was performed by 

nitrogen cavitation via a Parr cavitation bomb (Parr instruments). The sample tube was placed inside 

a container of ice within a pre-chilled (4°C) Parr bomb that was filled with nitrogen gas (>99.9% 

purity) and left for 15 min. The valve was slowly released allowing the cell suspension to pass 

through, and the disrupted material (known as the “cavitate”) was collected in a drop-wise fashion 

into a parafilm-covered 50 mL Falcon tube until the cell suspension was diminished. Prior to this, a 

volume of EGTA resulting in a final concentration of 100 mM was added to the parafilm-covered 

tube. The cavitate was then centrifuged at 400 g for 15 min at 4°C. The granule-containing 

supernatant was collected and mixed with 50 mM ATP (Na)2 and 100 mM PMSF. 

2.2.5.2. Granules separation 

Percoll (1.129 g/mL) was mixed with 10X disruption buffer and MilliQ water in separate tubes to 

create four densities of 1.03 g/mL, 1.09 g/mL, 1.11 g/mL, and 1.12 g/mL. The cavitate was mixed in 

a 1:1 (v/v) ratio with the 1.11 g/mL Percoll solution. Using a 14G x 31/4-inch needle, 9 mL of the 1.03 

g/mL solution was added to the bottom of a polycarbonate centrifuge tube (Beckmann Coulter, 50 

mL), followed by 10 mL of the cavitate 1.11 g/mL mixture, 9 mL of the 1.09 g/mL solution and finally 

9 mL of the 1.12 g/mL solution. Importantly, the same volume of each density solution was added 
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to two or more tubes to balance the centrifuge. The tubes were centrifuged at 37,000 g for 30 min 

at 4°C in a fixed angle rotor centrifuge (Beckmann Coulter). This separated the less dense plasma 

membrane on the surface, followed by the denser secretory vesicles, gelatinase (Ge) granules, 

specific (Sp) granules and lastly the azurophilic (Az) granules; the densest granule type containing 

the most MPO (42). In total, 37 fractions (1 mL) were collected from the bottom of the Percoll-

layered tube into Eppendorf tubes utilising a peristaltic pump (Amersham) and an automated 

fraction collector (FRAC-200, Amersham). 

2.2.5.3. Identification of the MPO-rich granule fractions using a 3,3’ ,5,5’-tetramethylbenzidine 

assay 

To determine the MPO-rich fractions, a 3,3’ ,5,5’-tetramethylbenzidine (TMB) assay was employed. 

TMB is a known substrate for peroxidases (117), such as MPO. In brief, 5 µL of each of the 37 

fractions was added to a 96-well plate with 150 µL ready-to-use TMB liquid substrate (Sigma) with 

shaking for 10 min. Subsequently, 100 µL 1 M sulfuric acid was added to quench the reaction, and 

the absorbance recorded using a plate reader (SPECTROstar Nano, BMG LABTECH) at 450 nm. To 

remove the LC-MS/MS-incompatible Percoll, the MPO-rich fractions were pooled, transferred to 

new tubes and ultracentrifuged at 100,000 g for 90 min at 4°C (Optima X, Beckmann Coulter). The 

isolated granules were collected in the supernatant. The Percoll pellet was discarded. 

2.2.6. MPO activity using a chlorination assay 

Human MPO purified from isolated neutrophils (5 nM final concentration, Lee Biosolutions, 

Maryland Heights, U.S.) was incubated with or without 1 µL endoglycosidase H (Endo H, 

Streptomyces plicatus, Promega, Australia) (500 U/µL) overnight at 37°C. The MPO activity was 

assayed by the formation of HOCl captured via taurine as described (118). Briefly, a HOCl standard 

curve was constructed by adding known concentrations of HOCl to taurine (5 mM final 

concentration dissolved in PBS), which were kept on ice for 30 min prior to assay. The concentration 

of HOCl was determined by measuring its absorbance at 292 nm at pH 12 (e292 350 M-1 cm-1) and 

subsequently neutralised before use. Protein extracts from each granule fraction (2 µg) and the 

Endo H-treated and non-treated MPO was combined with taurine (5 mM final concentration) in 

separate Eppendorf tubes and was incubated in the presence or absence of human ceruloplasmin 

(100 nM final concentration, Lee Biosolutions, Maryland Heights, U.S) for 30 min at room 

temperature. The reaction commenced upon the addition of H2O2 (20 µM final concentration) and 

was allowed to run for 20 min at room temperature. The reaction was stopped by the addition of 

bovine catalase (20 µg/mL, Sigma). 200 µL of each reaction and the HOCl standards were mixed with 
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50 µL developing reagent (2 mM TMB in 400 mM acetate buffer, 10% dimethylformamide and 100 

µM sodium iodide, pH 5.4) in a 96-well plate with mixing. The absorbance was measured in a plate 

reader (SPECTROstar Nano, BMG LABTECH) at 650 nm and the amount of HOCl produced was 

determined based on a standard curve. 

2.2.7. N-Glycopeptide analysis 

2.2.7.1 Generation of MPO (glyco)peptides 

To site-specifically determine the MPO N-glycoforms after Endo H treatment, Endo H-treated and 

untreated MPO was subjected to N-glycopeptide analysis (119). Briefly, Endo H-treated and 

untreated MPO was first separated by SDS-PAGE and stained with Coomassie Blue (as performed in 

Section 2.2.2.1). Bovine ribonuclease B with and without Endo H treatment was used as a control. 

The protein bands containing the MPO β-chains of interest were excised from the SDS-PAGE gel, cut 

into small pieces, and de-stained with ACN. The protein was then reduced with DTT and alkylated 

with IAA and digested with porcine trypsin (1:30 enzyme/protein, w/w ratio) in 25 mM ABC (pH 8.0) 

at 37°C for 18-20 h. The resulting (glyco)peptides were extracted with ACN and formic acid (FA), 

dried in a vacuum centrifuge and resuspended in 1% (v/v) FA for clean-up via reversed-phase SPE 

micro-columns. Here, a C18 disc was injected into a small pipette tip, primed with washes of 60% 

ACN/0.1% FA and then equilibrated with 0.1% FA. The (glyco)peptides were passed through the 

column, the column washed with 0.1% FA and the (glyco)peptides were eluted with 50 µL 60% 

ACN/0.1% FA and then 50 µL 90% ACN/0.1% FA. The eluent was dried in a vacuum centrifuge and 

stored at -20°C until LC-ESI-MS/MS analysis (120). 

2.2.7.2. LC-ESI-MS/MS analysis of (glyco)peptides 

The (glyco)peptides were reconstituted in 15 µL 0.1% (v/v) FA and centrifuged at 14,000 g for 10 

min. The supernatants were transferred into mass spectrometry glass vials (Thermo Scientific) and 

analysed via LC-ESI-MS/MS on a Q-Exactive™ HF-X Hybrid Quadrupole-Orbitrap™ mass 

spectrometer (Thermo Scientific) coupled to an Ultimate 3000 HPLC (Dionex) that were operated in 

positive polarity mode and reversed-phase chromatography mode, respectively. The 

(glyco)peptides were separated at a flow rate of 600 nL/min on an analytical column (25 cm x 75 

μm, 3 μm inner diameter) that was packed in-house with Reprosil-Pur C18-Aq resin (Dr. Maisch, 

Ammerbuch-Entringen, Germany). The mobile phases were 99.9% ACN in 0.1% (both v/v) aqueous 

FA (solvent B) and aqueous 0.1% (v/v) FA (solvent A). The concentration of solvent A followed an 

increasing linear gradient from 2% to 30% over 66 min, 30% to 50% over 5 min, 50% to 95% over 1 

min and finally 95% of solvent B for 7 min. The column was then equilibrated with 98% solvent B for 
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10 min before the next sample was loaded. Using data-dependent acquisition, the Orbitrap acquired 

a full MS scan at high-resolution 60,000 full width at half maximum (FWHM, measured at m/z 200) 

in the m/z range 350-1,800. The 20 most abundant precursor ions were selected from each MS full 

scan utilising higher-energy collision-induced dissociation (HCD) fragmentation with a normalised 

collision energy of 28% utilising only precursors that were at least doubly charged. Fragmentation 

was performed at high resolution (45,000 FWHM) using a precursor isolation window of m/z 1.0 and 

a dynamic exclusion of 30 s after a single isolation and fragmentation of a given precursor. 

2.2.7.3. Data analysis of (glyco)peptides 

The (glyco)peptide raw data was browsed and handled using Xcalibur™ Qual Browser v2.2 (Thermo 

Scientific). The MPO glycopeptides were either identified using Byonic™ v.3.4 (Protein Metrics) (121) 

with a protein FDR of 1% or via manual identification using accurate monoisotopic precursor mass, 

the HCD-MS/MS fragmentation pattern and the relative LC elution time. GPMAW v9.5 (Lighthouse, 

Odense, Denmark) (122) was utilised to assist the manual identification. The canonical protein 

sequence of human MPO was obtained from UniProtKB (P05164) and used for the identification.       

 

Chapter 3: Results 

The principal aim of this thesis was to provide evidence for the involvement of the N-acetyl-β-

hexosaminidase (Hex) isoenzymes in the formation of paucimannosidic proteins in human 

neutrophils. To this end, a number of CRISPR-Cas9-edited HEXA-/- and HEXB-/- HL-60 cell lines (called 

A1-3 and B1-2, respectively) were explored using different biochemical techniques and compared 

to a CRISPR-Cas9-infected but unedited HL-60 cell line (called mockHL-60) and a wild-type HL-60 cell 

line (wtHL-60), Table 1. HL-60 is a neutrophil-like precursor cell type often used in neutrophil 

biology. An additional aim of the thesis was to characterise the structure-function of the 

paucimannose-rich N-glycosylation features decorating myeloperoxidase (MPO), a key innate 

immune-related glycoprotein expressed in human neutrophils.  
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Table 1. Overview of the investigated HL-60 cell types. HEXA and HEXB encode the α- and β-subunit 

of the dimeric Hex, respectively. Hex A (αβ), Hex B (ββ), Hex S (αα). *Theoretical expression. The 

actual expression of the Hex isoenzymes was not measured. 

 

3.1. Characterisation of the generated CRISPR-Cas9-edited Hex-deficient HL-60 

mutants 

3.1.1. Next generation sequencing (NGS) 

To validate the CRISPR-Cas9 editing of the HL-60 mutants produced by our collaborators (Prof. 

Neelamegham, Buffalo Univ, NY), genomic DNA was isolated from sorted clones, and PCR was 

performed to amplify the putatively edited region. In short, the PCR products were separated on 

gels, extracted and sequenced via NGS by the collaborators, Appendix Fig. S1. NGS confirmed that 

all mutants contained no wild-type DNA in the target region. Various edits spanning insertions, 

mutations and deletions were identified around the PAM sequence in the HEXA-/- and HEXB-/- clones. 

The smallest gene edit, a single base deletion, occurred in A3. 

3.1.2. Morphology and growth profiles of the Hex-deficient HL-60 mutants 

HL-60 is a suspension cell type. To investigate the morphology of the Hex-deficient mutants relative 

to wtHL-60 and mockHL-60, the cells were fixed onto glass slides via the cytospin technique, stained 

with Wright-Giemsa stain, and visualised under a light microscope (Appendix Fig. S2). Neither the 

HEXA-/- (Fig. S2C-E) nor the HEXB-/- (Fig. S2F-G) HL-60 mutants showed major morphological or size 

Name HEXA 
genotype 

HEXB 
genotype 

Hex isoform(s) 
disrupted 

Hex isoform(s) 
still expressed* 

Description  

wt       
HL-60 

wt/wt wt/wt - 
Hex A, Hex B, 

Hex S 
Wild-type HL-60 

mock 
HL-60 

wt/wt wt/wt - 
Hex A, Hex B, 

Hex S 
CRISPR-Cas9-infected but 

unedited HL-60 

A1 -/- wt/wt Hex A, Hex S Hex B 

HEXA-disrupted HL-60 
mutants 

A2 -/- wt/wt Hex A, Hex S Hex B 

A3 -/- wt/wt Hex A, Hex S Hex B 

B1 wt/wt -/- Hex A, Hex B Hex S 
HEXB-disrupted HL-60 

mutants B2 wt/wt -/- Hex A, Hex B Hex S 
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differences relative to wtHL-60 (Fig. S2A) and mockHL-60 (Fig. S2B). All cells displayed the round 

promyelocytic morphology of approximately 10-20 μm in diameter, known cellular characteristics 

of undifferentiated HL-60 cells. The Hex-deficient HL-60 mutants, excluding A2, exhibited decreased 

viability when compared to wtHL-60 and mockHL-

60 (Appendix Fig. S2H). Suppressed growth was 

observed for B2 and, in part, also for A3. However, 

all HL-60 mutants were clearly viable and thus used 

for biochemical characterisation following multiple 

rounds of passaging to achieve sufficient biological 

material for the various assays. 

3.1.3. SDS-PAGE of HL-60 protein extracts 

After cell harvest and lysis, protein extracts (all 

adjusted to 10 μg) of the HL-60 variants were 

analysed by SDS-PAGE to visualise and compare 

their protein expression patterns (Fig. 11). Similar 

protein band patterns were observed across the HL-

60 mutants and the mock and wtHL60, which demonstrated that the Hex disruption did not 

significantly affect the general protein expression machinery of the HL-60 mutants. 

Figure 11. Unaltered protein expression of 
the Hex-deficient HL-60 mutants. wtHL-60, 
wild-type HL-60. mock, unedited control. 
A1-A3, HEXA-/-. B1-B2, HEXB-/- mutants. 
MW, molecular weight ladder. 

Figure 12. Hexosaminidase activity of wt 
and Hex-deficient HL-60 cell lysates. *p < 
0.05, **p < 0.005, ****p < 0.00005, ns 
not significant. All mutants were 
compared to mockHL-60 using Student’s 
t-tests (n = 3), mean ± SD plotted. The Hex 
B-specific activity was deduced from the 
total Hex and Hex A/Hex S activity. 
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3.1.4. Hexosaminidase activity of Hex-deficient HL-60 mutants 

To validate the functional disruption of Hex in the HL-60 mutants, the hexosaminidase activity of 

the HL-60 variants were measured using two related fluorescence-based enzyme assays (Fig. 12). 

The total hexosaminidase assay measuring the activity of all Hex isoenzymes (Hex A, Hex B and Hex 

S) was determined by the hydrolysis of 4-methylumbelliferyl-2-acetamido-2-deoxy-b-D-

glucopyranoside (MUG) to the fluorescent 4-MU compounds over time whilst the hexosaminidase 

activity of Hex A and Hex S was measured by the 4-MU production rate from the negatively charged 

4-methylumbelliferyl-6-sulfo-N-acetyl-β-D-glucosaminide (MUGS) substrate (123, 124). The Hex B-

specific activity was deduced from the Hex A/Hex S-specific activity relative to the total Hex activity. 

As expected, the Hex-deficient HL-60 cell lines demonstrated a significant reduction of the total 

hexosaminidase activity relative to mockHL-60. MockHL-60 rather than wtHL-60 was here used as 

the appropriate comparison control since the CRISPR-Cas9 infection procedure itself may impact 

the expression and/or activity level of Hex. The two HEXB-/- cell lines (B1-B2) displayed a greater 

reduction in the total hexosaminidase activity compared to the HEXA-/- cell lines (A1-A3) possibly 

reflecting the notion that Hex S (αα) contributes only little, if at all, to the Hex isoenzymatic activity 

of human cells (125). With regard to the Hex A/Hex S-specific activity, the A1-A3 mutants displayed 

an almost complete absence of hexosaminidase activity whilst the B1-B2 mutants displayed a 

significantly reduced but still clearly measurable activity most likely due to some formation and 

activity of Hex S and/or compensation mechanisms or the presence of nucleocytoplasmic forms of 

Hex encoded by different genes than HEXA and HEXB (discussed below). Possibly adding support for 

the existence of compensation mechanisms, it is interesting to note that the A3 mutant had a 

significantly higher Hex B-specific activity than wtHL-60 albeit this was only indirectly assayed. 

Interestingly, the total Hex (Hex A/B/S) activity of mockHL-60 was twice as high as wtHL-60 (data 

not shown). Taken together, the two hexosaminidase activity assays demonstrated that functional 

disruption of the HEXA and HEXB gene products was successfully achieved in all five HL-60 clones, 

but at the same time also showed that the Hex-disrupted mutants still displayed some residual 

hexosaminidase enzyme activities. 

3.1.5. N-glycan profiling of the Hex-deficient and wtHL-60 

LC-ESI-MS/MS-based glycomics was then used to investigate the involvement of the Hex isoenzymes 

in the formation of paucimannosidic proteins. In short, the N-glycans were enzymatically released 

by PNGase F from the protein extracts of the HL-60 variants and profiled in their reduced form by 

PGC-LC-ESI-MS/MS. Examples of the resulting MS profiles of mockHL-60, HEXA-/- (A1) HL-60 and 
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HEXB-/-(B2) HL-60, are displayed in Fig. 13 (see all profiles in Appendix Fig. S3). Again, mockHL-60 

rather than wtHL-60 was here used as the appropriate comparison control since the CRISPR-Cas9 

infection procedure itself may impact the glycome expression pattern.   

Figure 13. PGC-LC-MS profiles of N-glycans expressed by HL-60 variants. (A) wt, (B) HEXA-/- A1, 
(C) HEXB-/- B2. The MS profiles were summed from 18-65 min to allow for visual comparison of 
the most abundant N-glycans expressed by the HL-60 variants. Structures as solved by manual 
annotation are depicted. The two paucimannosidic species Man2GlcNAc2Fuc1 (M2F, m/z 895.3) 
and Man3GlcNAc2Fuc1 (M3F, m/z 1057.3) are boxed in red. See key for glycan symbol 
nomenclature and the utilised linkage representation (110).     
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The initial qualitative comparison of the summed mass spectra indicated that all HL-60 variants 

expressed similar N-glycome profiles including the presence of paucimannosidic-, oligomannosidic- 

and complex-type N-glycans. The glycan fine structures were manually solved using the glycan 

monoisotopic precursor mass, CID-MS/MS fragmentation pattern and PGC-LC elution time (106, 

108, 109). PGC-LC-ESI-MS/MS is advantageous over other N-glycan profiling methods e.g. matrix-

assisted laser desorption/ionisation-time of flight-MS profiling by allowing for detailed structural 

characterisation at the glycome-wide level while also providing quantitative data to establish the 

relative glycan abundances. The glycan structures are still most accurately solved by manual 

annotation of the CID-MS/MS data (Appendix Fig. S4) although assisting software is available. 

Inspection of the MS profiles indicated that the key paucimannosidic N-glycans i.e. 

Man2GlcNAc2Fuc1 (M2F, m/z 895.3) and Man3GlcNAc2Fuc1 (M3F, m/z 1057.3) were noticeably lower 

in A1 (Fig. 13B) and B2 (Fig. 13C) than in mockHL-60 (Fig. 13A). Concomitantly, the Hex-deficient 

mutant A2 showed, as expected, a higher expression of the GlcNAc-capped N-glycans (i.e. 

GlcNAc2Man3GlcNAc2Fuc1), putative Hex substrates, Fig. S3. (126) 

To further investigate these qualitative observations, extracted ion chromatogram (EIC)-based 

quantitation of the PGC-LC-ESI-MS/MS data was performed (Fig. 14). All Hex-deficient clones 

demonstrated a minor but still significant reduction in the total paucimannose level (10.4% ± 0.4% 

- 17.1% ± 1.0%, all p < 0.05, n = 3) when compared to mockHL-60 (20.0% ± 1.0%). This observation 

excitingly created support for a link between Hex and the formation of paucimannosidic proteins.  

Figure 14. N-glycan profiling of the HL-60 variants. The charts plot the distribution of the 
three observed N-glycan types, n = 3. *p < 0.05, **p < 0.005, ****p < 0.00005 (Student’s t-
test). Mock is the CRISPR-Cas9-infected but unedited HL-60 cell line. A1-A3 are the HEXA-
disrupted HL-60 mutants whilst B1-B2 are the HEXB-disrupted HL-60 mutants.  
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To further establish the link between Hex and the formation of paucimannosidic proteins, EIC-based 

quantitative comparisons of the levels of the putative Hex substrates i.e. two prominent 

paucimannosidic precursor N-glycans GlcNAc2Man3GlcNAc2Fuc1 and GlcNAc1Man3GlcNAc2Fuc1 and 

the paucimannosidic product N-glycans Man3GlcNAc2Fuc1 (M3F) were made between mockHL-60 

and the A1 (HEXA-/-) and B2 (HEXB-/-) HL-60 mutants (Fig. 15i-iii). Evidently, the GlcNAc-capped N-

glycans were significantly higher and M3F was significantly lower in the Hex-disrupted mutants 

compared to mockHL-60 (all p < 0.05, n = 3, with the exception of ii-iiiA1 that did not reach 

significance). 

  

 

Figure 15. Hex disruption elevates the 
putative Hex substrate levels. EIC-based 
comparison of the levels of the putative Hex 
substrates GlcNAc2Man3GlcNAc2Fuc1 (i), 
GlcNAc1Man3GlcNAc2Fuc1 (ii), and the 
paucimannosidic product Man3GlcNAc2Fuc1 
(M3F) (iii) between mockHL-60 (top), A1 
(HEXA-/-) (middle) and B2 (HEXB-/-) (bottom). 
The putative Hex substrates were higher in 
the Hex-disrupted mutants whilst M3F was 
lower compared to mockHL-60. n = 3, mean 
± SD. *p < 0.05, **p < 0.05, ns, not significant 
vs mock (Student’s t-test). #Interfering 
signals unrelated to the assayed structure. 
See key for symbol nomenclature and 
linkage representation (7). 

i) ii) 

iii) 
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EIC-based quantitation of the PGC-LC-ESI-MS/MS data was also used to assess if the Hex disruption 

affected the distribution of the paucimannosidic species relative to the mockHL-60 (Fig. 16). The 

non-core fucosylated paucimannosidic species (e.g. M2, Man2GlcNAc2) were of particular interest 

since these structures can potentially be generated directly from truncation of the oligomannosidic-

type glycans without the involvement of Hex isoenzymes. The Hex-deficient mutants did neither 

display significantly altered paucimannose distributions nor a higher M2 level (the only non-core 

fucosylated paucimannosidic glycan observed) possibly ruling out a significant Hex-independent (i.e. 

α-mannosidase-driven) formation of afucosylated paucimannosidic glycans, however, more 

experiments are required to investigate this further. 

 

3.2. Isolation and subcellular fractionation of resting neutrophils 

3.2.1. Characterisation of isolated neutrophils 

Resting neutrophils isolated from whole blood using Lymphoprep™ reagent were visualised under 

a light microscope at 20X magnification (Appendix Fig. S5). Significant stacking effects, possibly 

resulting from the use of high concentrations of the isolated neutrophils via the cytospin technique, 

made it difficult to accurately visualise and study the morphology and purity of the isolated 

neutrophils. However, most cells displayed a multi-lobed nuclei, an expected morphological 

Figure 16. Paucimannosidic N-glycan distribution of the HL-60 variants. To investigate if Hex 
disruption impacted the distribution of paucimannosidic species in the HL-60 mutants, the average 
relative levels of the main paucimannosidic structures M2 (Man2GlcNAc2), M2F (Man2GlcNAc2Fuc1), 
and M3F (Man3GlcNAc2Fuc1) were plotted. The Hex-disrupted mutants neither displayed a 
significant increase in the relative abundance of the M2 structure nor a widely altered distribution 
of the paucimannosidic species relative to mockHL-60, thereby ruling out compensation by the Hex-
independent pathway (see Discussion for more). In fact, A2 (HEXA-/-) displayed a significant 
decrease in M2 vs mock. Mean ± SD plotted, n = 3. A1-3, HEXA-/- HL-60 mutants; B1-2, HEXB-/- 
mutants. Mock, mockHL-60. See key for details. 
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characteristic of resting neutrophils, indicating high neutrophil purity comparable with the typical 

purity reached using the Lymphoprep isolation technique (>95%, (127)). The total cell count of the 

isolated neutrophil fraction was 4.21 x 106 cells/mL from a total of 187.5 mL blood, as determined 

by using an automated cell counter. 

3.2.2. Subcellular fractionation of neutrophils 

The granules from the isolated neutrophils were released for downstream separation using nitrogen 

cavitation to gently disrupt the neutrophil plasma membrane via an established protocol (116). The 

cavitate was then subjected to a high-speed centrifugation step in a four-layered Percoll gradient in 

order to separate the granule fractions (Appendix Fig. S6). Surprisingly, no distinct bands 

representing the various neutrophil granules were observed after high speed centrifugation (Fig. 

S6). Nonetheless, the samples containing the granular material were carefully fractionated from the 

bottom of the glass tubes using a Peristaltic pump and a TMB assay was performed to identify the 

MPO-rich fractions for downstream glycoprotein characterisation. 

3.2.3. TMB assay of the neutrophil granule fractions 

A TMB assay was employed to identify the MPO-rich fractions after Percoll separation of the 

neutrophil granules (Appendix Fig. S7). TMB is a peroxidase substrate that, once oxidised, changes 

colour and thereby absorbs light at 450 nm that conveniently can be used to identify the MPO-rich 

fractions. As expected, high MPO activity was observed in the bottom fractions (fraction 1-12) 

containing the densest granules, presumably the MPO-rich azurophilic (Az) granules (42). Better 

resolution of the granule separation was expected based on previous isolations using an identical 

four-layered Percoll isolation method, see Appendix Fig. S8.  Due to severe time constraints in this 

short MRes thesis period, it was decided that a previous granule isolation containing well-isolated 

specific (Sp), gelatinase (Ge) and secretory vesicles/plasma membrane (Se/Pl) fractions along with 

an already purified form of human MPO from whole (unfractionated) neutrophils (hereafter called 

nMPO, Lee BioSolutions, Maryland Heights, US) would be utilised for the subsequent structure-

function characterisation of neutrophil MPO. 

3.3. Structure-function characterisation of MPO N-glycans 

The structure-function investigation of the MPO N-glycosylation was carried out as part of a larger 

study involving several lab members and international collaborators. While I did not directly 

perform the detailed structural characterisation of the N-glycosylation of MPO, I benefitted from 

having access to this unpublished data (some of which can be found in the Appendix as indicated in 
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text), in order to explore some important biosynthetic and functional aspects of the peculiar MPO 

N-glycosylation. 

3.3.1. 3D structure of MPO, a link between N-glycan processing and solvent accessibility 

Deep structural characterisation of the fascinating site- and granule-specific N-glycosylation of 

nMPO was performed by my colleague (Harry C. Tjondro, lead author) and a number of international 

collaborators as part of a larger research project investigating the peculiar glycobiology of MPO. The 

manuscript in preparation building in part on data I have generated during this thesis, has been 

supplied in the Appendix Fig. S9-12. My contributions to this manuscript have been clearly indicated 

(highlighted in yellow in the captions).  

The site-specific characterisation of nMPO, elucidated by reverse-phase LC-ESI-MS/MS-based 

glycopeptide analysis, revealed that Asn323 and Asn483 are predominantly occupied by the 

paucimannosidic N-glycans M2F (Man2GlcNAc2Fuc1) and M3F (Man3GlcNAc2Fuc1) respectively, 

whilst Asn355 and Asn391 are predominantly occupied by the oligomannosidic M6 (Man6GlcNAc2). 

Asn729 of nMPO is predominantly unoccupied.  

With this knowledge in hand, I then set out to explore if there was a link between the observed N-

glycans at each site and the solvent accessibility of maturely folded MPO. NACCESS, a basic tool to 

determine solvent accessibility from PDB structures, was applied to five high-resolution x-ray crystal 

structures of human MPO deposited in the PDB (1D2V, 1CXP, 1DNU, 1DNW, 5FIW) in both the 

monomeric and dimeric forms. NACCESS provides arbitrary but comparable accessibility values by 

rolling a probe around on the 3D structure and determining the degree of Van der Waal’s 

interactions to the probe (113). As expected, monomeric MPO (depicted in Fig. 17Aiv) 

demonstrated a strong correlation between the relative solvent accessibilities (Fig. 17Ai) to the 

degree of the N-glycan type processing (illustrated as a proportion of N-glycans being processed 

from oligomannosidic to more mature N-glycans) (Fig. 17Aii) and to the degree of core fucosylation 

(Fig. 17Aiii) at each site.  
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Most strikingly, Asn355 and Asn391 displayed a significantly lower solvent accessibility relative to 

the highly accessible Asn323, Asn483 and Asn729 (p < 0.00005, n = 5), which coincided with a 

Figure 17. Site-solvent accessibilities of monomeric and dimeric MPO. (A) Strong correlation was 
observed between (i) the site-solvent accessibilities, and the degree of (ii) N-glycan processing 
(calculated as a proportion of the unprocessed oligomannosidic structures vs more processed 
structures at each site, and (iii) core fucosylation. The lowly accessible sites (Asn355 and Asn391), 
predominantly decorated with oligomannosidic-type N-glycans, are in light green. iv) Monomeric 
MPO depicted (a-chain in light blue, b-chain in cyan). (B) i) Asn483 (red) has a lower site solvent 
accessibility upon MPO dimerisation, as illustrated by a ratio of the monomeric:dimeric solvent 
accessibility. The two other processed sites Asn323 and Asn729 (orange) remain unaffected by MPO 
dimerisation. ii) Dimeric MPO (coloured the same as monomeric MPO, opposing monomer in grey). 
The occlusion of Asn483 is high-lighted, see zoom. PMG, paucimannosidic glycans. Mean ± SD 
plotted. ***p < 0.005, ****p < 0.001, *****p < 0.0005.        
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dominance of the less processed oligomannosidic structures at Asn355 and Asn391 and with a lack 

of core fucosylation for the few mature structures at those sites. Taken together, the close 

correlation between solvent site accessibility of monomeric MPO (as it is expected to appear while 

trafficking the Golgi) and the type of “early-stage” N-glycan processing that would be expected to 

be occurring in the Golgi on fully folded proteins provides novel insight into the mechanisms 

facilitating the site-specific N-glycosylation of MPO. Interestingly, the solvent accessibility of Asn483 

was significantly lower for dimeric vs monomeric MPO (as 

measured by the ratio of monomeric-to-dimeric accessibilities at 

each site) (Fig 17Bi). The solvent accessibility of the other two 

accessible (processed) sites (Asn323 and Asn729) was unaffected 

by MPO dimerisation. Asn483 is situated on the dimerisation 

interface of MPO. Thus, sterical occlusion may be occurring at this 

site upon MPO dimerisation (Fig. 17Bii), which reportedly occurs in 

the late Golgi or during granule trafficking (72). Interestingly, this 

dimerisation-dependent occlusion at Asn483 was found to 

correlate with a less “late-stage” processing (truncation) at this site 

including a lower degree of b1,2-GlcNAc and a1,3-Man removal 

relative to glycans decorating Asn323 and Asn729 (Appendix Fig. 

S11Biii-iv). Collectively, these observations shed new light on how 

the site-specific glycan processing is affected by MPO surface 

solvent accessibility and dimerisation during its "early-stage” and 

“late-stage” biosynthesis in the Golgi and granules, respectively.  

3.3.2. Glycoform-dependent MPO activity 

The identification of highly unusual glycoforms associated with 

nMPO and the discovery of granule-specific MPO glycosylation by 

my colleagues (see Appendix Fig. S10 and S12), prompted me to 

pose the following research question: Does MPO display glycoform-

dependent activity? 

The hypothesis of glycoform-dependent MPO activity was explored 

using a chlorination assay, which was used to measure the MPO 

activity of different MPO glycoforms including i) granule 

fractionated MPO (displaying different glycosylation, see Appendix 

Figure 18. Glycosylation-
dependent activity of 
neutrophil MPO. Top: An 
enhancement of activity was 
observed when treating nMPO 
with Endo H. Bottom: the most 
abundant N-glycan at each 
site across the samples as 
determined by LC-MS/MS 
profiling (see below for more). 
n = 3, mean ± SD plotted, **** 
p < 0.00005, ns not significant.     
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Fig. S12) and ii) an in vitro generated MPO glycoform that was created to simulate a key granule 

type of MPO (Fig. 18).  

For ii) intact nMPO was treated with endoglycosidase H (Endo H) to generate highly truncated 

GlcNAcβ-Asn residues on the two oligomannosidic-rich N-glycan sites of nMPO (i.e. Asn355 and 

Asn391), thereby partially recapitulating an MPO glycoform identified in the Sp and Ge granules. 

The in vitro generated MPO glycoform was biochemically characterised (see below). MPO residing 

in the Sp and Ge granules intriguingly demonstrated a significantly higher MPO activity per granule 

protein content than the MPO residing in the secretory vesicles/plasma membrane (Se/PI) granules 

as measured by the HOCl production rate using a chlorination assay (Appendix Fig. S12). MPO 

Figure 19. Validation of the Endo H treatment of nMPO. i) SDS-PAGE demonstrating a shift in the 
glycosylated b-chain of MPO and RNase B upon Endo H treatment and ii-iv) LC-MS/MS 
demonstrating that the highly processed sites i.e. Asn483 (ii) remain unaffected whilst the two 
oligomannosidic sites (Asn355 and Asn391) are affected (iii-iv) by the Endo H treatment. EICs were 
generated to each of the indicated glycopeptides to follow the extent of the deglycosylation 
reaction. *Interfering signals arising from in-source fragmentation.    
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residing in the Az granules was not included in these activity experiments due to its unavailability, 

however, AzMPO shares an almost identical glycosylation phenotype with nMPO.  

With respect to enzyme activity, the Endo H-treated nMPO glycoform (simulating the MPO 

glycoform of the Sp/Ge granule-resident MPO) excitingly recapitulated a highly active MPO 

glycoform when compared to nMPO (Fig. 18). In fact, the significant activity gain of the Endo H-

treated nMPO was replicated several times in separate assays on separate days to confirm this 

exciting observation. 

To validate that the in vitro-generated Endo H-treated nMPO simulated the glycosylation observed 

for the Sp/Ge granule-resident MPO, detailed biochemical characterisation was performed using 

SDS-PAGE and LC-ESI-MS/MS-based glycopeptide analysis. Firstly, nMPO and Endo H-treated nMPO 

were analysed via gel electrophoresis. A model glycoprotein i.e. bovine ribonuclease B, known to 

carry a single oligomannosidic N-glycan, was included as a positive control for the enzymatic activity 

(128) (Fig. 19i). The Endo H-treated nMPO showed a significantly higher mobility of the glycosylated 

MPO a-chain (55 kDa) than the a-chain of nMPO (58 kDa) while the non-glycosylated β-chains of 

the two nMPO types displayed similar migration (both 12 kDa). The a-chain bands of Endo H-treated 

and untreated nMPO were then excised, in-gel digested using trypsin, and subjected to LC-ESI-

MS/MS-based N-glycopeptide analysis. As expected from the previously defined substrate 

preference of Endo H (129), the MPO sites containing highly core fucosylated N-glycans, and 

complex- and paucimannosidic-type N-glycans at large, such as Asn483, were not affected at any 

measurable levels by the Endo H-treatment. This conclusion was reached by monitoring (via EIC-

based quantitation) key N-glycan signatures found at each site and their potential Endo H products 

(Fig. 19ii). As expected, the two sites containing oligomannosidic glycans (Asn355 and Asn391) 

resulted in the generation of single GlcNAcβ-Asn residues upon the Endo H treatment (Fig. 19iii-iv). 

3.3.3. Glycoform-dependent inhibition of MPO by ceruloplasmin 

The activity of human MPO can be inhibited by an endogenous inhibitor, ceruloplasmin (Cp) (63). In fact, a 

crystal structure of Cp bound to monomeric MPO is available (PDB: 4EJX, (64)). Interestingly, upon studying 

this protein complex I noticed that two N-glycosylation sites of MPO, Asn391 and, in particular, Asn355, are 

situated near the Cp binding site (Fig. 20). Thus, I hypothesised that the oligomannosidic N-glycans 

conjugated to these MPO sites may impact the binding and inhibition by Cp. To investigate this, I utilised the 
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previously characterised intact nMPO, 

Endo H-treated nMPO and the MPO 

residing in the isolated Se, Ge and Se/Pl 

fractions, see Fig. 18 for key glycoforms 

at each site. These MPO variants were 

incubated in the presence or absence 

of Cp at an optimised molar ratio of 

1:20 (MPO:Cp) (data from optimisation 

assay not shown) and their activity 

profiled by monitoring the HOCl 

production rate (Fig. 21). The addition 

of Cp unexpectedly increased the 

activity of nMPO (p < 0.00005, n = 3) 

carrying the oligomannosidic-rich (M6) 

Asn355 and Asn391. It is still unclear 

how Cp can enhance the activity of 

nMPO. In contrast, the activity of the 

Endo H-treated nMPO carrying the 

highly truncated GlcNAcb-Asn residues at Asn355 and Asn391 (depicted in Fig. 20), was significantly 

decreased (p < 0.00005, n = 3) upon Cp incubation indicating an enhanced interaction between Cp and MPO. 

A high degree of Cp inhibition of the MPO activity was recapitulated in the Sp, Ge and Se/Pl fractions of 

neutrophil MPO (all p < 0.005, n = 3) carrying very short Asn355 and Asn391 glycosylation similar to the Endo 

H-treated nMPO. These interesting observations suggest a glycoform-dependent binding and inhibition of 

MPO by Cp, a relationship not previously reported for MPO. While the glycoforms of MPO displaying highly 

truncated glycans at Asn355 and Asn391 are able to bind and thus be inhibited by Cp, the MPO glycoforms 

carrying elongated oligomannosidic glycans (e.g. M6) at these sites may not be inhibited. This putative 

enzyme-inhibitor molecular relationship will be discussed further below. 

 

 

 

Figure 20. 3D structure of 
ceruloplasmin (Cp) bound to 
monomeric MPO. Cp is white, 
MPO a-chain in light blue and b- 
chain in teal. Asn355 and Asn391 
near the binding interface are in 
red. Zoom of GlcNAcβ-Asn355. 
PDB 4EJX visualised in Pymol.   
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Chapter 4: Discussion 

Only just recently it was discovered that MPO and several other neutrophilic granule proteins are 

decorated with paucimannosidic (and the further truncated chitobiose core) N-glycans, a still under-

explored class of N-glycans in human glycobiology (8, 94). In fact, neutrophils are increasingly being 

recognised to abundantly express functional paucimannosidic proteins (94, 95, 98). Whilst taking 

cues from paucimannose-rich organisms within the eukaryotic kingdom (i.e. worm, flies and plants), 

the generation of human paucimannosidic proteins was in those papers speculated to be driven by 

the N-acetyl-β-hexosaminidase (Hex), which in human exists as various isoenzymes (localised in the 

lysosomes as opposed to the fused lobed or Golgi-resident forms of insects and plants) formed by 

the HEXA and HEXB gene products, the α- and β-subunits, respectively. Despite the tempting 

inference from other eukaryotic organisms, the Hex-dependent paucimannosidic protein formation 

in human still requires validation, which formed one of the aims of this thesis. 

As part of a larger research project with several team members and international collaborators, this 

thesis also aimed to advance our glycobiological knowledge of the biosynthesis and function of 

0

1

2

3

4

5

-CP

+CP

**** 

(2 µg protein extract) 
 + Endo H                                                                                        

   (0.5 µg)                     (0.5 µg)              

M
PO

 a
ct

iv
ity

 

(H
O

Cl
 p

ro
du

ct
io

n 
ra

te
 in

 µ
M

/m
in

) 

nMPO                 nMPO                    Sp                         Ge                       Se/Pl     

**** ** **** 

**** 

Figure 21. Glycoform-dependent inhibition of MPO by ceruloplasmin (Cp). The glycoforms of 
MPO carrying truncated glycans at Asn355 and Asn391 (i.e. nMPO + Endo H, specific (Sp), 
gelatinase (Ge) and secretory vesicles/plasma membrane (Se/Pl)) fractions were significantly 
inhibited by Cp, which was not achieved with the nMPO carrying oligomannosidic N-glycans at 
Asn355 and Asn391. All MPO variants were incubated in the presence or absence of Cp at a molar 
ratio of 1:20 (MPO:Cp). The quantities of granule protein extracts were normalised across the 
measurements (see legend). **p < 0.005, ****p < 0.00005. Student’s t-tests based on n = 3, data 
plotted as mean ± SD. 
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MPO, a key paucimannose-rich glycoprotein in the neutrophil-driven innate immunity, surprisingly 

still severely understudied with respect to its glycan decorations. 

Through biochemical characterisation of multiple 

CRISPR-Cas9-edited HEXA-/- and HEXB-/- HL-60 cell 

lines relative to unaffected wtHL-60 and mockHL-

60 variants using Hex-specific enzyme assays and 

powerful glycomics strategies (see Fig. 10 and 

Table 1 for experimental overview), this thesis is 

the first to provide direct in vitro evidence for the 

involvement of the HEXA and HEXB gene products 

in the generation of paucimannosidic proteins in 

immature human neutrophils.  

Furthermore, MPO-specific enzyme activity assays 

and other biochemical experiments were 

performed to gain novel insight into the 

biosynthesis and functional aspects of the peculiar 

N-glycans decorating MPO. In this thesis I have 

provided data to suggest that MPO displays a 

fascinating glycoform-dependent enzyme activity 

and an equally intriguing glycoform-dependent 

inhibition by its endogenous inhibitor 

ceruloplasmin (Cp). Limitations and opportunities 

of the applied methodologies and the data 

generated within this thesis are discussed in the 

context of the available literature in this section.  

4.1. Hex-mediated formation of pauci-

mannosidic proteins in human neutrophils 

The formation of paucimannosidic proteins across 

the eukaryotic kingdoms was recently reviewed 

(8). Contrasting the lower paucimannose-rich 

species in which the paucimannosidic proteins are known to be constitutively expressed, the 

Figure 22. Truncation pathways 
underpinning paucimannosidic protein 
formation in human neutrophils. This 
thesis has provided in vitro evidence 
supporting a Hex-mediated generation of 
paucimannosidic proteins in immature 
neutrophil-like cells via the GnT-I-
dependent pathway. Negligible 
paucimannosidic glycans (red boxes) seems 
to be formed via the GnT-I-independent 
pathway directly from oligomannosidic 
intermediates via a-mannosidase action, 
but requires more exploration. Modified 
from (8).   
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formation of paucimannosidic proteins in humans were suggested to be instigated outside the 

conventional biosynthetic machinery by the concerted action of two key glycoside hydrolases i.e. 

Hex and an a-mannosidase demonstrating a linkage preference for α1,3-mannose epitopes in a 

tissue-specific and physiology-dependent manner (94, 130). Two putative truncation pathways 

explaining the highly processed (truncated) N-glycan features observed on neutrophil proteins were 

proposed to exist in humans: the N-acetylglucosaminyltransferase (GnT-I)-dependent and GnT-I-

independent pathways (Fig. 22). The GnT-I-dependent pathway, as the name suggests, depends on 

the action of the key glycosyltransferase GnT-I (MGAT1) to add a β1,2-GlcNAc-cap on maturing 

oligomannosidic structures in order to form putative substrates for the Hex enzymes. This pathway 

is supposedly the main paucimannose-generating route since abundant core fucosylation, which is 

known to be driven by the Fut8 glycosyltransferase requiring β1,2-GlcNAc-cap intermediates, are 

prominent paucimannosidic features (e.g. M2F, M3F). In contrast, the putative GnT-I-independent 

pathway form paucimannosidic structures directly from oligomannosidic glycan intermediates due 

to the action of a-mannosidases. These two suggested pathways, which, in effect, can be considered 

as either Hex-dependent or Hex-independent, respectively, were explored in this thesis using a set 

of neutrophil-like (HL-60) mutants. 

Concerted genetical, morphological, and biochemical characterisation efforts of the Hex disrupted 

HL-60 mutants were used to generate evidence for a Hex-mediated formation of paucimannosidic 

proteins via the GnT-I-dependent (Hex-dependent) pathway. Unchanged level of M2 (Man2GlcNAc2, 

a structure that may have been formed via the Hex-independent pathway) in the Hex-deficient 

mutants indicate a lack of compensation by the Hex-independent pathway. However, GnT-I-

deficient mutants would provide more informative data when assessing the contribution of the Hex-

independent pathway. Compensation mechanisms by other Hex isoenzyme variants could not be 

ruled out for the investigated Hex disrupted HL-60 mutants. In fact, Hex compensation is possible 

given the residual Hex activity and paucimannosidic levels observed. Additionally, in humans, two 

additional nucleocytoplasmic enzymes with glycosidic activity against N-acetylhexosamine residues 

have been identified, known as Hex C and Hex D (encoded by the MGEA5 and HEXDC genes, 

respectively) (131-134). It is possible that these forms of Hex are present in the HL-60 lysates and 

may contribute to the residual activity observed in the assays, despite Hex C and Hex D having 

different substrate preferences and optimal pH ranges. Nonetheless, a proteomics profiling of the 

mutants would be useful in determining if these forms of Hex are present in the cells.  
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Attempting to build in vivo support for these in vitro observations, my colleague recently reported 

significantly reduced paucimannosylation of neutrophils from a homozygous HEXB-/- patient 

suffering from Sandhoff disease (20.7%) relative to an aged-matched healthy control (40.5%) 

(unpublished data, personal communication with Dr Ian Loke). Taken together, these observations 

confirm that the neutrophilic paucimannosidic proteins are formed by the Hex isoenzymes in the 

Hex-dependent pathway, and, importantly, have demonstrated that both the HEXA and HEXB gene 

products contribute to this formation.  

In this project, I only had access to single Hex KOs i.e. HEXA-/-- or HEXB-/--disrupted HL-60 mutants. 

Consequently, these mutants were still actively expressing Hex isoforms (i.e. Hex B (bb) in the HEXA-

/- and Hex S (aa) in the HEXB-/--disrupted mutants, see Table 1 in Section 3.1.). Thus, it is difficult to 

determine the exact contribution of each Hex gene in the formation of paucimannosidic proteins. 

However, my data indicates that HEXB-/- disruption more profoundly impacts the formation of 

paucimannosidic proteins, possibly due to less contribution from or a lack of compensation by Hex 

S (125). This unresolved aspect should be delineated by the study of a HEXA-/-/HEXB-/- double HL-60 

mutant, which is currently being developed in Prof Neelamegham’s Lab, Buffalo Univ, NY. This would 

allow me to test whether the Hex-free mutants are completely devoid of paucimannosidic glycans 

in their N-glycome. Only from such experiments can the exact truncation pathways be fully 

delineated. 

It is important to mention that the Hex-disrupted HL-60 mutants utilised in these studies were 

characterised in their undifferentiated (promyelocytic) state since this is the maturation time-point 

when the paucimannosidic machinery is supposedly being formed (94). It would be interesting to 

differentiate the HL-60 into mature neutrophil-like cells (135) to test if the differentiation would 

show a larger difference between the level of paucimannosylation of the Hex-disrupted mutants 

and the unedited HL-60 cells, in effect, recapitulate the dramatic reduction of paucimannose 

observed for the Sandhoff disease patient (see above). Further, genetic editing of isolated primary 

neutrophils is another avenue to complement my observations, but may be challenging given the 

short life-span of mature resting neutrophils (2). 

Whilst the SDS-PAGE gel of the Hex-disrupted HL-60 mutants showed a largely unaffected proteome 

in comparison to wtHL-60 and mockHL-60, it would be relevant to use (glyco)proteomics to perform 

a deep characterisation of the (glyco)proteome of these Hex-disrupted mutants to study the exact 
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impact of Hex-disruption on the (glyco)proteome. Due to severe time restraints this could not be 

performed within the period of this thesis. 

Sandhoff disease (HEXB-/-) and Tay-Sachs disease (HEXA-/-) are severe genetic lysosomal storage 

diseases that are characterised by GM2-gangliosidosis, the accumulation of the ganglioside GM2 in 

neuronal cells, due to the absence of Hex activity (136). This results in progressive degradation of 

the neuronal cells, and, ultimately, leads to the early death of affected individuals (4-6 years old). 

Transcriptional profiling of SD and TSD patients relative to healthy controls, demonstrated an 

elevated expression of many genes, and attributed these changes to activated macrophages, 

microglia and astrocytes, important immune cell types, pointing to a link between Hex and 

compromised innate immunity (137). As a result, whilst the pathological link between Hex-

disruption to lysosomal GM2 build-up has been proven beyond doubt in Sandhoff and Tay-Sachs 

disease, it can be hypothesised that the aberrations in the paucimannose machinery may also 

contribute to the compromised immunity displayed by affected patients. The Hex-disrupted HL-60 

mutants characterised in this thesis is a valuable tool to further investigate this hypothesis. 

The “targeting-by-timing” hypothesis proposed by Borregaard and colleagues is widely recognised 

as the likely mechanism driving the intriguing protein sorting during granule formation in human 

neutrophils (41). In brief, this hypothesis proposes that the neutrophil granules, and thus their 

protein content, form sequentially during the stages of neutrophil maturation (detailed in Section 

1.1.3). A large proportion of paucimannosidic proteins expressed in neutrophils, and thereby Hex, 

are localised in the Az granules (42, 94), the first granule to be generated in the early promyelocytic 

stage of neutrophil maturation (138). Despite this hypothesis, at present the most accurate model 

for the temporal granule formation, it remains unclear exactly where and when Hex facilitates the 

formation of paucimannosidic proteins in human neutrophils. Is the formation of paucimannosidic 

proteins happening during trafficking to the granules or, perhaps more likely, once the glycoprotein 

intermediates and Hex enzymes reach the granules where a more optimal pH for Hex exists (pH 4-

6) (125). These and many other aspects of the paucimannosidic truncation pathway still require 

validation and further investigation. 

4.2. Site-specific processing of MPO N-glycans reveals interesting facets of MPO 

biosynthesis 

An intriguing correlation between the degree of N-glycan processing and the solvent accessibility 

has previously been observed (98, 139). Sites dominated by oligomannosidic glycan generally 
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display a poor solvent accessibility. To investigate whether this relationship exists for MPO, I used 

data from a deep site-specific characterisation of MPO isolated from whole neutrophil lysates 

(nMPO) performed by my colleague Harry C. Tjondro and a solvent accessibility software (NACCESS) 

to probe the 3D structure of MPO. The solvent accessibilities of the glycosylation sites of monomeric 

MPO (representative of its form in the ‘early’ stages of processing i.e. the early Golgi) showed a 

strong correlation to the degree of N-glycan type processing and the degree of core fucosylation. 

Interestingly, when investigating the solvent accessibility of dimeric MPO (representative of its form 

in the ‘late’ stages of processing i.e. late Golgi or in the granules), the accessibility of Asn483 (a highly 

processed site situated in the MPO dimerisation interface) was significantly lower for dimeric MPO 

compared to Asn483 of monomeric MPO. The solvent accessibility of the two other highly processed 

sites, Asn323 and Asn729, were unaffected by MPO dimerisation. Additionally, this dimerisation-

dependent occlusion at Asn483 was found to correlate with less “late-stage” processing (truncation) 

at this site including a lower degree of b1,2-GlcNAc and a1,3-Man removal relative to the Asn323 

and Asn729 glycans. Taken together, these observations suggest a previously unreported 

dimerisation-dependent processing of the Asn483 N-glycan of MPO. 

To further investigate this putative relationship, site-specific N-glycan characterisation of 

monomeric MPO could be performed and compared to the characterisation of mature dimeric MPO. 

It is expected that monomeric MPO would demonstrate a high degree of b1,2-GlcNAc and a1,3-

Man removal at Asn483 and consequently more processed glycans at this site compared to dimeric 

MPO. The point of MPO dimerisation is speculated to occur in the granules of human neutrophils 

(72), but is still debated. The dimerisation-dependent processing at Asn483 proposed herein may 

shed light on such yet-to-be-fully-confirmed aspects of the complex MPO biosynthesis. 

To date, the N-glycans decorating MPO have been implicated in microbial binding (140), uptake by 

macrophages (141), and binding to the extracellular matrix (142) and lipids (143). Additionally, the 

functional advantages of dimerisation are not well characterised, particularly because the activity 

of hemi-MPO, a monomeric-like form generated by mild reductive cleavage, demonstrates 

chlorination activities that are similar to mature dimeric MPO (86). Interestingly, as per the 3D 

structure of MPO, mature dimeric MPO has six out of its ten N-glycosylation sites occupying an 

exposed planar surface (Asn323, Asn355 and Asn391), a feature not recapitulated in monomeric 

MPO. Hence, one could hypothesis that the functional advantage of MPO dimerisation is to form 

this planar surface of multivalently exposed N-glycans available for the binding to various interaction 

partners. This enticing hypothesis naturally requires further investigation. 
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4.3. Glycoform-dependent features of MPO 

Glycoprofiling of granule-isolated MPO (as performed by my colleague, Harry C. Tjondro) 

demonstrated that Asn355 and Asn391 exhibit strong granule-specific N-glycosylation. The N-

glycosylation of the more processed (and accessible) sites i.e. Asn323, Asn483 and Asn729 were 

surprisingly similar across the granules. Utilising this valuable insight, I hypothesised that MPO may 

display glycoform-dependent chlorination activity and Cp-mediated inhibition characteristics. 

4.3.1. Glycoform-dependent activity of MPO 

Surprisingly, MPO residing in the Sp/Ge granules, containing the highly truncated non-core 

fucosylated N-glycans M2 (Man2GlcNAc2) and bGlcNAc-Asn in Asn355 and Asn391, respectively, 

demonstrated a higher activity compared to the Se/Pl-resident MPO carrying M3 (Man3GlcNAc2) at 

Asn391. However, these samples were normalised per total granule protein extract, rather than 

being normalised to the amount of MPO in the sample (and thus profiling specific activity). 

Additionally, the Az-residing MPO, although being glycosylated highly similarly to nMPO, was not 

profiled for activity alongside the other granule isolates. I am currently waiting a new batch of 

isolated granule fractions to investigate this intriguing granule-specific activity of MPO. For these 

upcoming experiments alternative techniques including ELISA, western blotting and/or targeted 

proteomics will be utilised to normalise the samples to total MPO content rather than total protein 

content. Most importantly, when treating nMPO with Endo H, which specifically converts the 

oligomannose-rich Asn355 and Asn391 to sites carrying ultra-truncated bGlcNAc-Asn residues 

(while not affecting the more processed sites e.g. Asn483, in effect, creating an artificial glycoform 

simulating the Sp-/Ge-resident MPO), an increased chlorination activity was observed compared to 

the activity of nMPO. Thus, this provides evidence for the putative glycoform-dependent activity of 

MPO.  

A study investigating the function of MPO N-glycans proposed that glycosylation is required for the 

optimal activity of MPO (91). Here, the activity of a deglycosylated form of recombinantly-expressed 

MPO was profiled and demonstrated a significant reduction in activity compared to an untreated 

form. The reduced activity may be explained by a reduced solubility of MPO due to the removal of 

the N-glycans. In support of this hypothesis, I observed a pronounced loss of solubility when treating 

isolated nMPO with PNGase F during this thesis (data not shown), but this observation was not 

further explored. Glycans are known to influence the physicochemical properties of glycoproteins 

such as their solubilities (144).  
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Additionally, glycans are known to impact the dynamics, stability and functional activity of 

glycosylated proteins (145-148). Thus, the glycoform-dependent activity of MPO reported herein 

may be explained by such mechanisms. Asn355 and Asn391 are situated close to the active site of 

MPO. Asn391 is in fact positioned on a loop that connects directly to the catalytic residues of the 

active site (Fig. 23). Thus, one could 

speculate that the glycoform-

dependent MPO activity involving 

exactly the Asn391 and Asn355 

glycans is caused by glycan-driven 

changes to the conformation of the 

active site of MPO. To investigate this, 

molecular dynamic simulations of 

differentially glycosylated MPO have 

just recently been initiated together 

with expert collaborators in the field 

(Prof. Woods, University of Georgia, 

U.S.). These exciting simulations may 

provide some mechanistic insight into 

how the Asn355 and Asn391 glycans 

affect the MPO active site as 

experimentally demonstrated by this thesis. 

4.3.2. Glycoform-dependent inhibition of MPO by Cp 

Cp is a known endogenous inhibitor capable of strongly inhibiting the production of hypochlorous 

acid by MPO (63). Excitingly, the chlorination activity of Endo H-treated nMPO carrying bGlcNAc at 

Asn355 and Asn391 was significantly inhibited by Cp whereas nMPO carrying elongated 

oligomannosidic glycans (M6) at Asn355 and Asn391 could not be inhibited by Cp. This intriguing 

observation was recapitulated for Sp-, Ge- and Se/Pl-resident MPO all exhibiting truncated Asn355 

and Asn391 glycosylation. This relationship strongly points to a glycoform-dependent inhibition 

profile of MPO, a relationship that perhaps best is viewed in concert with the glycoform-dependent 

activity also demonstrated in this thesis. In short, the glycans at Asn355 and Asn391 seem to be 

critical for both the activity and inhibition of MPO. The biological relevance of the glycoform-

dependent activity and inhibition of MPO is still unknown, but it could be speculated that it may be 

Figure 23. The oligomannosidic glycans at Asn355 and 
Asn391 are close to the active site of MPO. Asn391 is 
positioned on a loop (cyan) that connects to the active site 
(yellow). MPO a-chain (orange), b-chain (dark grey). Key 
glycans (see Appendix Fig. S10) are depicted at Asn323, 
Asn355 and Asn391. Opposing MPO monomer in surface 
orientation. Image courtesy of Prof. Woods.     
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beneficial for neutrophils to express MPO in both a “highly-active” and “lowly-active” form 

depending on where these enzymes are required for action. Naturally the “highly-active” MPO 

(truncated Asn355 and Asn391-glycosylation) requires the greatest inhibition to avoid damage to 

the host cell once released upon neutrophil degranulation, and this is exactly what my data 

indicates. In other words, this thesis is the first to suggest that the highly peculiar and granule-

specific glycosylation of Asn355 and Asn391 impacts the activity and inhibition of MPO, an exciting 

putative relationship that clearly warrant further investigation. 

 

Chapter 5: Conclusions and Future Directions         

A principal aim of this thesis was to provide evidence for the involvement of the N-acetyl-β-

hexosaminidase (Hex) isoenzymes in the formation of paucimannosidic proteins in human 

neutrophils. To this end, a number of CRISPR-Cas9-edited HEXA-/- and HEXB-/- HL-60 cell lines were 

explored using different biochemical techniques and compared to unedited HL-60 cell lines. The 

Hex-disrupted mutants exhibited, as expected, a lower hexosaminidase activity, and, importantly, 

displayed reduced paucimannosylation compared to unedited controls. Adding further in vivo 

support to the Hex-mediated paucimannosidic protein formation, the link between Hex deficiency 

and paucimannosidic depletion was recently recapitulated in a N-glycome profiling study of 

neutrophils isolated from a homozygous HEXB-/-patient suffering from Sandhoff disease relative to 

an age-matched healthy control performed by a colleague (unpublished observation, personal 

communication with Dr. Ian Loke, see Discussion for more). 

This thesis therefore provides solid evidence confirming the involvement of Hex in the formation of 

paucimannosidic proteins in human neutrophils, and points to little, if any, utilisation of a Hex-

independent pathways, but leaves open several unanswered questions that would benefit from 

further investigation including i) what is the relative contribution of Hex A, B and S in the 

paucimannosidic machinery of healthy neutrophils?, ii) what compensation mechanisms exist in 

individuals homozygous or heterozygous for a single faulty HEX gene?, iii) how does the 

paucimannosidic glycan level of HEXA-/- or HEXB-/- HL-60 mutants change relative to unedited HL-60 

cells during differentiation to “mature” neutrophil-like cells?, and iv) is the double HEXA-/-/HEXB-/- 

HL-60 KO mutants (currently in development in Prof Neelamegham’s Lab, Buffalo Univ, NY) fully 

devoid in paucimannose? These and many more research questions including investigations of the 



 
 

50 

functional impact of paucimannosylation in neutrophil biology are obvious questions that can be 

addressed using this collection of now genetically, morphologically, and, in part, biochemically well-

characterised HL-60 mutants. 

Another key aim of this thesis was to characterise the structure-function of the N-glycosylation 

decorating the paucimannose-rich myeloperoxidase (MPO), an important innate immune-related 

glycoprotein expressed by human neutrophils. To this end, a deep site- and granule-specific 

characterisation of the N-glycosylation of MPO was performed in collaboration with my colleagues 

at Macquarie University and an international group of scientists. This large program of research has 

over the past year created an exciting body of evidence documenting that neutrophilic MPO exhibits 

a fascinating and highly peculiar site- and granule-specific N-glycosylation phenotype, and, further 

shown, as supported by my own data, that MPO displays both a glycoform-dependent chlorination 

activity and inhibition by it natural inhibitor in serum, ceruloplasmin. To the best of my knowledge, 

this is the first example of an innate immune-related protein exhibiting different glycosylation 

features defining important activity and inhibition characteristics depending on its cellular 

localisation. Needless to say, the ultra-short duration of this thesis has not allowed for the proper 

orthogonal validation that are required to confirm the many observations and findings presented 

herein. Such follow-up experiments that can take several pathways including in vitro, ex vivo and in 

vivo routes using genetically or enzymatically modified MPO from donor and patients suffering from 

congenital disorders of glycosylation or other pathologies involving MPO or neutrophil deficiencies 

are well-suited research questions for a PhD research project. 

This MRes thesis, albeit short, has given me a flavour of cutting-edge glycoimmunological research 

using innovative analytical approaches. Fortunately, I was able to present some of the outcomes 

generated by this thesis in the form of a poster at the recent 18th HUPO World Congress, Adelaide 

2019 (see Appendix Fig. S13 for poster), an experience I will always remember. I have observed that 

the field is highly dynamic, multi-disciplinary and works by close collaborations and open exchange 

of information, tools and samples between labs hosting expertise in various areas. Contributing data 

to the exciting novel discoveries and conclusions within a larger program of research (Tjondro et al., 

manuscript in preparation, see Appendix Fig. S9-12) has been highly stimulating, rewarding and 

educational. In conclusion, this thesis has generated novel insight into the fascinating glycobiology 

of neutrophils that I envisage can be of immediate and future use to fundamental, biomedical and 

clinical scientists alike. 
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Figure S1. NGS of HEXA and HEXB in the investigated CRISPR-Cas9-edited HL-60 mutants. The 
three HEXA-/- (A1-A3) and two HEXB-/- (B1-B2) HL-60 mutants produced by our collaborators (Prof. 
Neelamegham, Buffalo Univ, NY) were differently edited around the PAM sequence as a result of 
the genetic editing. NGS confirmed that all mutants contained no wild-type genomic DNA in the 
target region. HL-60 cells are diploid cells and, hence, contain two alleles of the respective HEX 
genes. A1 was the only mutant to have two different combinations of edits (in a 1:1 ratio of 
sequences with each combination of edits) and thus we assume that each allele is mutated 
differently. All other mutants demonstrated that both alleles are mutated the same (as 100% of the 
sequences identified by NGS demonstrated the same combination of edits). For each clone, the wild-
type (wt) and knockout (KO) sequences of the target regions are given. The 20 bp guide region (red), 
the PAM sequence required for CRISPR recognition (brown), insertions (green), mutations (blue) and 
deletions (yellow asterisks).    
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Figure S2. The morphology and growth profiles of Hex-deficient, mock and wtHL-60. The 
HEXA-/- (A1 (C), A2 (D) and A3 (E)) and HEXB-/- (B1 (F) and B2 (G)) clones appeared 
morphologically similar to wtHL-60 (A) and mockHL-60 (B). All images were taken at 40X 
magnification. White scale bars (20 µm). (H) Growth/viability profiles of the HL-60 cells.   
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Figure S3. Remaining PGC-LC-MS profiles of N-glycans expressed by HL-60 mutants. HEXA-/- A1 
(A) and A2 (B), HEXB-/- B1 (C). The MS profiles were summed from 18-65 min to allow for visual 
comparison of the most abundant N-glycans expressed by the HL-60 variants. Structures as solved 
by manual annotation are depicted. The two paucimannosidic species Man2GlcNAc2Fuc1 (M2F, m/z 
895.3) and Man3GlcNAc2Fuc1 (M3F, m/z 1057.3) are boxed in red. See key for glycan symbol 
nomenclature and the utilised linkage representation (7).     
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Figure S4. Ion trap CID-MS/MS (-) spectra. (A) a key paucimannosidic N-glycan M2F (m/z 
895.3, Man2GlcNAc2Fuc1) from mockHL-60. (B) an oligomannosidic N-glycan M6 (m/z 
698.1, Man6GlcNAc2) from HEXA-/- A1. (C) a biantennary sialyated complex N-glycan (m/z 
1111.4). The CID-MS/MS data was manually annotated with characteristic fragments 
circled in red. 
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Figure S5. Light microscopy-based 
visualisation of resiting neutrophils 
isolated via Lymphoprep™. 20X 
magnification. The white scale bar equates 
to 50 µm. 

Figure S6. Four-layered Percoll gradient (A) 
before and (B) after high speed 
centrifugation. The Percoll densities are 
indicated as are the individual neutrophil 
fractions after separation.  
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Figure S7. Identification of the MPO-rich 
fractions of separated neutrophil granule 
material (approximately fraction 1-12) using 
a TMB assay. 

Figure S8. Previous identification of the 
MPO-rich (primary granules) fractions of 
separated neutrophil granule material 
(approximately fraction 1-6) using a TMB 
assay of MPO activity. 
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Appendix Fig. S9-12. Manuscript in preparation (title, abstract, 
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Running title: Granule-specific Features of Human Myeloperoxidase 

Abstract 

The heavily glycosylated myeloperoxidase (MPO), a key component of neutrophil-mediated innate 
immunity, produces anti-microbial hypochlorous acid to combat pathogens, but the functional 
importance of MPO glycosylation remains unexplored. Herein, we first structurally characterised 
the N-glycosylation of MPO of unfractionated human neutrophils (nMPO) using mass spectrometry-
based glycomics, glycopeptide, and glycoprotein profiling. Unusual site-specific signatures were 
observed including paucimannosylation of Asn323 (47%) and Asn483 (56%), oligomannosylation of 
Asn355 (97%) and Asn391 (64%) while Asn729 was unoccupied (44%) or carried chitobiose core-
type N-glycans (33%). Native mass spectrometry revealed extreme glycoform heterogeneity of 
dimeric (142-146 kDa) and monomeric (70-73 kDa) nMPO. Native gel electrophoresis and 
glycopeptide profiling demonstrated that monomeric and dimeric nMPO displayed key glycan 
differences of Asn323/Asn483 located in the dimerisation interface. The solvent accessibility of the 
glycosylation sites of monomeric/dimeric MPO correlated with the observed early- (Golgi) and late-
stage (granule) N-glycan processing providing support for an oligomerisation-dependent processing 
of the Asn483-glycans. Further, glycoprofiling of granule-fractionated MPO demonstrated a granule-
specific Asn355- and Asn391-glycosylation across the neutrophil compartments. Notably, the 
specific/gelatinase granule-resident MPO displayed extreme glycan truncation to GlcNAcβ-Asn at 
Asn355 and Asn391. Interestingly, this unusual MPO glycoform exhibited a comparably higher 
chlorination activity than MPO from other granules, an observation that could be recapitulated for 
endoglycosidase H-treated nMPO. Molecular dynamics simulations of granule-relevant MPO 
glycoforms confirmed that Asn355- and Asn391-glycans perturb the conformation of the active site. 
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In conclusion, we are the first to report on the granule-specific N-glycosylation and chlorination 
activity of neutrophilic MPO revealing a novel feature of neutrophil glycobiology. 

Preliminary Figure 1 of manuscript 
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Figure S10. Site-specific N-glycosylation map of human neutrophil-derived myeloperoxidase 
(nMPO). A) Top: Schematics of the protein architecture and the common modifications including 
oxidation and polypeptide processing variants (truncation variants in parenthesis) of the heme-
containing (in black) dimeric nMPO. Bottom: 3D structure of nMPO (PDB: 1D2V). The light chain 
(light blue) and heavy chain (dark blue) are coloured and the N-glycosylation sites labelled in orange 
of one of the MPO monomers. The most abundant N-glycan identified at each site (see panel C) have 
been conjugated to the protein using Glycam. Asn729 was left unoccupied. B) Left: Overview of the 
fine structure and short-hand nomenclature of the N-glycans decorating nMPO as elucidated using 
PGC-LC-MS/MS-based glycomics. Right: Examples of CID-MS/MS (-) spectra of key N-glycans 
representing different N-glycan types of nMPO. C) Left: Site-specific N-glycosylation of nMPO as 
elucidated using reversed-phase LC-MS/MS-based glycopeptide analysis. The relative abundance of 
each N-glycan at each site is indicated (n = 3, mean ± SD). The most abundant N-glycan at each site 
is highlighted in red. Right: HCD-MS/MS (+) of the most abundant N-glycan at each site. See key for 
glycan symbol nomenclature and the utilised linkage representation. 

 

Preliminary Figure 2 of manuscript 

 

Figure S11. The early and late-stage biosynthetic processing steps of nMPO N-glycans are heavily 
impacted by the solvent accessibility at each N-glycosylation site. A) The early stage processing of 
maturely folded monomeric nMPO in the cis-Golgi demonstrates a strong correlation between the i) 
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Asn solvent accessibility and the degree of ii) N-glycan type processing and iii) core fucosylation. The 
relatively inaccessible sites i.e. Asn355 and Asn391 (light green) were found to carry largely 
unprocessed oligomannosidic N-glycans (illustrated as the proportion of N-glycans being converted 
from oligomannosidic to more processed N-glycans) while also displaying negligible amount of core 
fucosylation of their mature glycans (illustrated as the degree of core fucosylation out of the N-
glycans that are able to receive core fucosylation). The solvent inaccessible Asn355 and Asn391 and 
the solvent accessible Asn323, Asn483 and Asn729 are illustrated on the 3D structure of monomeric 
nMPO (PDB: 1D2V). B) i) The site-specific late-stage processing (truncation) of maturely folded nMPO 
happening presumably in the respective granules demonstrates a strong correlation between ii) the 
limited solvent accessibility of Asn483 (red) upon nMPO dimerisation and the degree of iii) β1,2-
GlcNAc and iv) α1,3-Man removal from Asn483 N-glycans illustrating that MPO dimerisation takes 
place before or quickly after arriving in the granule and that this event affects Asn483 processing. 
The accessibility of the other heavily truncated sites i.e. Asn323 and Asn729 were not impacted by 
nMPO dimerisation, which, as a result, did show more complete truncation of the N-glycans 
conjugated to these sites. V) The occlusion of the Asn483 N-glycan upon nMPO dimerisation is 
indicated on the dimeric nMPO (1D2V). The sterical occlusion is further illustrated in a zoom 
demonstrating contact between the Asn483 on one nMPO monomer and the protein surface of the 
other monomer. See Figure 1 for information of the glycan addition and the used colour coding of 
the PDB structure. n = 3, mean ± SD, *** p < 0.005, **** p < 0.001, ***** p < 0.00005. See Fig 1 for 
glycan symbol nomenclature and the utilised linkage representation.  
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Preliminary Figure 3 of manuscript 

        

Figure S12. Granule-specific N-glycosylation and activity of MPO from granule fractionated human 
neutrophils obtained from four healthy donors. A) Heat map showing that in particular the N-
glycans of Asn355 and Asn391 display strong granule-specific differences in their N-glycosylation of 
MPO profiled from the specific granules (Sp), gelatinase granules (Ge) and, in part, from the 
secretory vesicles/plasma membrane fractions (Se/Pl) relative to the MPO profiled from the 
azurophilic granules (Az). The latter profile matched as expected the profile of whole neutrophil-
isolated MPO (nMPO) due to the abundance of MPO in the azurophilic granules. The N-glycosylation 
of the more processed (and accessible) sites i.e. Asn323, Asn483 and Asn729 were surprisingly similar 
across the granules. The average relative abundance of each N-glycan is plotted (see intensity scales, 
n = 4 healthy donors), B) Top: The MPO residing in the Sp and Ge granules, which were found to be 
decorated with highly truncated non-core fucosylated N-glycans i.e. GlcNAc – M2 (or alternatively 
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found to be unoccupied) in position Asn355 and Asn391, were found to be significantly more active 
as measured by the hypochlorous acid (HOCl) production rate (μM/min) than the MPO in the Se/Pl 
fractions when normalised for the amount of protein extract. A similar enhancement of the nMPO 
activity was observed after treatment with endoglycosidase H (Endo H) that transforms the 
oligomannose-rich Asn355 and Asn391 to sites carrying ultra-truncated N-glycans while not 
affecting the more processed sites (e.g. Asn483) (main glycoforms indicated at each site) to mimic 
the MPO glycoforms of the Sp and Ge granules. C) Validation of the N-glycosylation of Endo H treated 
nMPO using i) SDS-PAGE and ii-iv) LC-MS/MS demonstrating that only the oligomannosidic sites 
were affected by the Endo H treatment and not the processed sites as exemplified by monitoring the 
Asn483 N-glycans. * Artificial in-source fragment ion. n = 3, mean ± SD, *** p < 0.005, **** p < 
0.001, ***** p < 0.00005. 
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Appendix Fig. S13. Poster presented at 18th HUPO World Congress, Adelaide, SA, 2019. 


