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Abstract  

The aim of this thesis is to enhance our understanding of the role of glycosylation in the 

reproductive process in both male and female tracts from both a glycomics and glycoproteomics 

perspective. Within the scope of this thesis, protein macro-glycosylation (at the cellular/tissue 

level) was investigated by analysis of aberrant glycosylation in STZ- and high glucosamine -

induced diabetic ovarian tissues of mice. The two diabetic models shared a relative decrease in 

protein N-linked oligomannose, and a decrease in sialylated, structures compared to non-diabetic 

mice. We are the first to report changes occurring in the glycan biosynthesis pathway in diabetes 

of any reproductive organ. The same level of analysis (macro-glycosylation) was investigated as 

a means of differentiating active sperm from inactive sperm. Active sperm were generated via two 

isolation protocols, namely Percoll density gradient centrifugation and “swim-up” collection and 

compared with inactive sperm. The most significant result was seen in the large individual 

biological variation within each donor’s sperm populations. On the other hand, the micro-

glycosylation (at the single glycoprotein level) focused on two functionally relevant reproductive 

proteins, namely: endometrial MUC1 and seminal Cluster of Differentiation 52 (CD52). MUC1 

on the surface of mouse oviduct and uterine tissues exhibited no significant difference in O-glycan 

structures at the time of window of implantation (WOI) or in diabetes, although the 

carbohydrate/protein abundance increased on MUC1 on the uterine lining in the WOI. CD52 has 

a proposed immune-suppressive function in semen, but only lymphocyte CD52 has been fully 

characterized from the point of view of activity. Lymphocyte CD52 initiates immunosuppression 

by binding to the sialic acid-binding immunoglobulin-like lectin-10 (Siglec-10) receptor on 

activated T cells. As a prelude to understanding the role of CD52 glycosylation in reproduction 

we comprehensively defined the glycan structures on lymphocyte CD52. Sialylation was essential 

for the immunosuppression and enabled the identification of the most immune suppressive CD52 

glycoforms. Overall, this thesis provides support for the inherent contribution of protein 

glycosylation, on a macro and micro level, in the process of reproduction in both male and female. 
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Introduction (Glycoscope into the male and female 
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1.1 Protein glycosylation  

The contribution of post-translational modifications (PTMs) of proteins to the overall functional 

complexity of organisms is well recognised [1]. Glycosylation is a predominant protein PTM in 

which carbohydrates (glycans) are added to the protein backbone. The presence of glycans 

influences the overall properties of a protein including mass, hydrophobicity, solubility and 

structural properties [2]. These glycans play important roles in many cellular processes including 

intercellular and intracellular interactions, and serve as markers for the cell physiological status 

[3]. Many monosaccharide building blocks are utilised for protein glycosylation including fucose 

(Fuc), N-acetylgalactosamine (GalNAc), N-acetylglucosamine (GlcNAc), glucose (Glc), galactose 

(Gal), mannose (Man), N-acetylneuraminic acid (NeuAc) and N-glycolylneuraminic acid 

(NeuGc), the latter found predominantly in non-human mammals [4]. The elongation of glycans 

with the addition of monosaccharides is facilitated by glycosyltransferases. Glycosidases act by 

removing monosaccharaides to initiate further glycosyltransferase activity or to degrade glycans. 

The degree of glycan processing is dependent on numerous factors including primary amino acid 

structure and three-dimensional protein conformation [5]. There are several types of protein 

glycosylation seen in mammals and this thesis will focus on the two main types: N-linked and O-

GalNac linked.  

1.1.1 N-glycosylation 

The process of N-glycosylation starts at the endoplasmic reticulum (ER) with the addition of a 

glycan to the amide nitrogen of the asparagine (Asn) in the Asn-X-serine (Ser)/ threonine (Thr) 

motif of a protein. The structure GlcNAc2Man3 (Figure 1.1) forms the basic core unit in the 

development of all N-linked glycans, and after removal or addition of monosaccharides in the 

Golgi, the structures then can be subdivided into oligomannose, hybrid, and complex glycan 

classes. There is a fourth class—namely paucimannose—that is widely expressed in invertebrates 

and plants, but has only recently been recognised in the human system [6]. Paucimannose 
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structures contain a truncated chitobiose N-glycan core displaying a composition less than or equal 

to GlcNAc2Man3 with or without core fucosylation (Figure 1.1) [7].  

1.1.2 O-glycosylation 

O-linked glycosylation is named according to the sugar attachment to the oxygen atom of Ser or 

Thr in a protein. Subtypes of O-linked glycosylation include α-linked O-Fuc and O-Man, β-linked 

O-GlcNAc, α- or β-linked O-Gal and O-Glc and mucin type (α-linked O-GalNAc) [8]. The 

orientation of the glycosidic bond between the carbon rings (up or down) defines their β or α 

linkage, respectively. In this thesis, the major mucin type α-O-linked glycosylation is investigated 

exclusively and is referred to as O-glycosylation.  

Mucin type O-linked glycosylation is synthesised in the Golgi bodies where GalNAc is attached 

to the hydroxyl of Ser/Thr residues on the folded protein and is elongated one monosaccharide 

residue at a time [9]. O-linked glycans on mucins have mainly core structures 1, 2 ,3 and 4, while 

other core structures are less described (Figure 1.1). Mucins are proteins that make up the main 

constituent of the mucus layer which covers the surface of various cavities and internal organs, 

giving the mucus layer its sticky, viscous and lubricating properties. Glycans are responsible for 

approximately 40-80% of the molecular weight of mucins. The majority of the glycosylation on 

mucins occurs within the variable number tandem repeat (VNTR) region of the mucin protein and 

is predominantly comprised of O-linked glycans [10].  

In humans, twenty different types of mucins are expressed and have been identified. Different 

tissues express different levels of different mucins resulting in altered glycosylation profiles across 

different tissues [11], and specific substructures on mucin glycans such as Lewis type antigens and 

sulphation further increases the diversity of the glycan epitopes displayed by mucins [9, 12]. The 

high amounts of O-glycans present on the mucins display a large variety of carbohydrate epitopes 

that can act as binding ligands or energy source for bacteria and viruses [13].  
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Figure 1.1: Four types of N-linked glycan classes are synthesised in eukaryotes (paucimannose, oligomannose, 

hybrid and complex). N-linked glycans are added to asparagine in the endoplasmic reticulum (ER) and undergo 

further modifications in the Golgi apparatus. O-linked glycans are added to serine (Ser) or threonine (Thr) residues 

in the Golgi apparatus. Four O-linked core structures that are typically found on the highly glycosylated mucin 

proteins are shown. GalNAc: N-acetylgalactosamine; GlcNAc: N-acetylglucosamine. 

 

1.2 Biological roles of protein glycosylation from a reproductive perspective  

There is a growing interest in the role of glycosylation in protein function, and glycosylation is 

being studied for its effects at the overall cell/tissue (macro) level as well as at the single protein 

(micro) level. At the macro-cellular level, the global glycosylation is seen to impact the 

physiological and interactive status of the cells [14, 15]. On the opposite end of the spectrum, 

aberrant glycosylation at the micro, single-protein level can influence protein structure, function, 

size, solubility, hydrophilicity and stability [2, 16]. 

In the case of a successful reproductive process, the importance of glycosylation has been 

implicated in several stages that mark the long journey of sperm to implanted blastocyst. For 

example, generally similar macro-cellular glycosylation can be seen at both the blastocyst and 
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uterine implantation sites of two animal species that can interbreed, namely the horse and donkey; 

this contrasts with the camel, which cannot interbreed with either horse or donkey, and shows a 

markedly different glycosylation profile of maternal (uterine implantation site) and foetal tissues 

(blastocyst), in particular in the abundance of Fuc and sialic acids (NeuAc or NeuGc) [17, 18]. 

Furthermore, glycosylation has been implicated in protection against vaginal infection, for 

example, where α1-2 Fuc epitopes on cervical mucin competitively bind to the yeast pathogen 

Candida, thereby reducing binding and infection of the vagina [19].  

A role for glycosylation at the micro-single protein level in the reproductive tract is demonstrated 

in the protein glycodelin.  Glycodelin, or PAEP (Progestagen-associated endometrial protein), is 

a glycoprotein with four distinct glycosylation expression profiles (glycoforms), each found at 

different locations in the reproductive system, namely in the amniotic fluid, follicular fluid, 

cumulus cells and seminal fluid. These glycoforms have distinct roles in sustaining a suitable 

pregnancy environment in the uterus including cell proliferation, differentiation, adhesion and 

motility [20]. For example, Glycodelin-S (seminal fluid) has roles in inhibiting premature 

capacitation through binding to sperm head. In the female reproductive tract, several glycoforms 

of glycodelin act to modulate sperm function such as Glycodelin-F (Follicular fluid), Glycodelin-

A (Amniotic fluid) and Glycodelin-C (Cumulus cells). Glycodelin-F prevents premature acrosome 

reaction, whereas Glycodelin-A inhibits spermatozoa binding to zona pellucida, and Glycodelin-

C stimulates the latter binding [21]. 

1.2.1 The female reproductive tract  

In all mammalian systems, the ovulated oocyte must be fertilised by sperm inside the oviduct 

during the fertile window of the menstrual cycle. The blastocyst, an early form of embryo, is 

formed in the oviduct wall and then rolled towards the uterus. The blastocyst implants in uterine 

epithelial cells during the window of implantation (WOI), the latter is characterised by the presence 

of a receptive uterus. This implantation is an essential process involving synchronised changes on 

https://en.wikipedia.org/wiki/Amniotic_fluid
https://en.wikipedia.org/wiki/Follicular_fluid
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the surface of the embryo as well as the uterine wall, resulting in significant molecular complexity 

[22].   

1.2.1.1 Glyco-macroscope into the female reproductive tract  

A glyco-macroscopic view encompasses the overall glycome of certain cells or tissues. In the 

context of the embryo implantation site, previous research has implicated the role of resident 

surface membrane glycoproteins in modulating the reception of blastocyst by the uterus. Ricketts 

and colleagues found changes in the surface labelling pattern of radio-iodinated surface proteins 

of the uterus at the window of implantation in rabbits [23]. Anderson and colleagues monitored 

the time of implantation using a lectin that binds to sialic acid (Wheat germ agglutinin: WGA) and 

found a decrease in sialic acid prior to blastocyst implantation that correlated with a change in 

morphology of the glycocalyx (a medium of glycolipids and glycoproteins) [24]. The decrease in 

charged components of the glycocalyx at the uterine surface is also seen in other attachment related 

surfaces such as sperm binding to egg [25, 26]. Sialic acid has also been implicated in immune 

cell activation by delivering inhibitory signals through binding to sialic acid binding 

immunoglobulin type lectins (SIGLEC) [27], and also plays several roles in white blood cell 

(leukocyte) trafficking, and as a ligand for microbes, all of these process have been documented 

with significance to the female reproductive tract. Structural proteomics using freeze-fracture 

techniques [28], has shown that integral membrane particles (pinopods) were seen to increase 

dramatically in the plasma membrane of endometrial epithelial cells during early pregnancy in the 

rat; these proteins were associated with a glycocalyx rod shaped component projecting into the 

lumen, possibly acting as a focal adhesive site for the blastocyst. Others have shown pinopods to 

be present throughout the luteal phase of the menstrual cycle [29]. 

1.2.1.2 Glyco-microscope into the female reproductive tract 

Whilst a glyco-macroscopic view is the result of many glycoproteins, a glyco-microscopic view is 

manifested via investigating each glycoprotein individually. A glyco-microscopic view of the 
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female reproductive tract highlights glycosylation of individual proteins involved in uterine 

receptivity [22, 30-32].  

The blastocyst's temporal and spatial management is due to a series of orchestrated events among 

several secreted glycoproteins including cytokines, chemokines, prostaglandins, growth factors 

and interferons, which provide the window of implantation [33]; and other glycoproteins that act 

as ligands, namely heparin sulphate, integrins, selectins, cadherins and, finally, mucins for the 

spatial tuning [34-37].  Moreover, the timing window seems to be controlled in part by PGs 

(prostaglandins) [33], whereas selectin-glycoprotein interactions direct spatial control by rolling 

the blastocyst (similar to leukocytes) over the oviduct, and ensure the blastocyst conforms to a 

polarized shape [36]. Chemokines and cytokines attract the blastocyst into the pinopods and both 

integrins and cadherins ensure temporal adhesiveness between endometrium and embryo [33]. The 

timing, function and clinical significance of pinopods has been strongly questioned in literature 

and the necessity of these structures for blastocyst implantation is not yet firmly established [29]. 

Above all, the mucin proteins, in particular MUC1, heavily decorated with O-glycans displayed 

as active ligands, appear pivotal to ensuring the blastocyst is implanted into the right location. 

MUC1 is the most abundant protein in the endometrium and has been the most studied factor in 

uterine receptivity, as described in more detail below. 

1.2.1.3 The mucins of the female reproductive tract  

Mucins have been seen in all reproductive organs, except the ovary, and the amount and phenotype 

of mucins change drastically during the menstrual cycle to facilitate sperm migration in the cervix 

[38]. There are many different MUC proteins expressed in the reproductive tract. By utilising 

Northern blot analysis, in situ hybridisation and specific immunohistochemistry to analyse biopsy 

samples of human reproductive tract epithelia including endocervix, ectocervix, vagina, 

endometrium and fallopian tube, different mucin gene and protein localisation was assigned for 

each tissue sample [39]. In this study, endocervical mucins were found to express the genes for 

Muc1, Muc2, Muc5c, Muc5b and Muc6. The ectocervical and vaginal tissues contained MUC1 and 
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MUC4. Endometrial mucins were found to be mainly MUC1 type and MUC6 at low level, and the 

fallopian tube contained MUC1 only. MUC6 immuno-reactivity expression was seen in scattered 

basalis glands from pre and postmenopausal women in the endometrium [39]. 

The endometrium (uterus MUC1 layer) microenvironments during the receptive phase are highly 

complex and constantly changing as implantation progresses [40]. MUC1 is a highly important 

factor for correct implantation where a very thick endometrial mucus is usually a sign of a non-

conception cycle [37]. In mouse endometrium, MUC1 values increase in response to estrogen and 

down-regulate with progesterone release [41, 42], while mRNA levels (Northern blot) and protein 

levels (immune-fluorescence) of MUC1 in human endometrium in contrast have been shown to 

increase with ovarian progesterone release [37]. Knocking out Muc1 and the removal of MUC1 

(selective enzymatic removal of mucins from the apical surface of uterine epithelium) led to an 

increase of blastocyst binding in mice [22, 43, 44].  

1.2.2 The male reproductive tract 

Mammalian sperm contains a 20-60 nm thick glycocalyx with significant diversity in its 

glycoprotein make-up, described below [26]. Sperm glycans are dynamic throughout their journey 

from generation in testis to successful fertilisation of the oocyte. During spermatogenesis in the 

testis, sperm experience continuous changes to their surface glycome that are essential for the 

sperm survival in the female reproductive tract. Tecle and colleagues have recently published a 

comprehensive review summarising the various roles of glycosylation in sperm functionality [26]. 

This review elaborates that once spermatogenesis is complete, spermatozoa lose the ability to make 

new glycans but existing glycans are modified and elongated via the activity of glycosidases and 

glycosyltransferases in the lumen of the epididymis [45, 46]. Also, several glycoconjugates are 

incorporated into the sperm membrane along the male reproductive tract [47, 48]. These temporal 

and spatial modifications further diversify the sperm glycocalyx by adding a layer of sperm-

coating antigens and other immune-modulatory glycoconjugates which is necessary for the sperm 
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passing through cervical mucus and uterotubal junction (path from the uterus to oviduct) as well 

as during capacitation [26, 49, 50] 

1.2.2.1 Glyco-macroscope into the sperm 

The sperm glycocalyx has several functions in the successful journey of a sperm. It facilitates the 

penetration of cervical mucus [51], protects the sperm from macrophages and neutrophils in the 

uterus [52, 53], and during capacitation, which is the physiological change that enables the sperm 

to fertilise the egg, specific monosaccharides (sialic acid) are shed [54]. During the journey inside 

the female reproductive tract, the sperm needs protections against humoral and cellular immunity 

which is partially provided by sperm glycans including sialic acid. This sialylation is then need to 

be removed during the process of capacitation [55, 56]. In fact, sperm has two sialidases - NEU1 

and NEU3 - that have been implicated in capacitation in vitro, where their inhibition led to 

diminished binding of the sperm to the zona pellucida of the egg and infertile patients showed 

decrease in sialidase abundance by antibody staining [57]. Overall, many questions are still to be 

addressed on the role of specific glycan structures during sperm capacitation. 

1.2.2.2 Glyco-microscope into the sperm 

Less is known about the glycosylation of specific glycoproteins found in sperm (micro 

glycosylation) [26]. Several glycoproteins have been implicated in the successful fate of a sperm. 

This includes equatorin, hyaluronidase and Basigin, the latter has its N-glycans involved in 

spermatogenesis [58]. Other sperm glycoproteins have important functions inside the female 

reproductive tract such as glycodelin S, Beta-defensin 126 and Cluster of differentiation 52, all of 

which contributes to sperm protection against female immunity. Glycodelin S has two main 

functions, which includes preventing sperm premature capacitation in vagina by inhibiting the 

initial step required for capacitation (triggering calcium flux). Glycodelin S de-glycosylation 

abolishes its ability to inhibit capacitation [59]. The second function of glycodelin S is also through 

its heavy glycosylation that provide the protein with inhibitory effect of both innate and adaptive 
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immunity response [26]. Beta-defensin 126 is another protein with multiple functions in the female 

reproductive tract including allowing sperm passage through cervical mucus through its sialic acid 

[51], formation of a sperm reservoir in the oviduct, and sperm immune protection in the uterus 

[26]. 

1.2.2.3 Cluster of differentiation (CD52) is suspected to be immunosuppressive of female immunity 

The sperm encounters female complement, antibodies and immune cells, such as macrophages and 

neutrophils [52]. The sialic acid displayed on the surface of sperm are recognised by Sialic acid-

binding immunoglobulin-type lectin (Siglecs), which are known to inhibit the immune response 

[60, 61]. The sperm sialylation is provided by several immune-active integral membrane proteins 

such as Cluster of Differentiation 52 (CD52), where analysis of N-glycans on Male reproductive 

tract mrtCD52 showed heavily sialylated glycans with N-acetlylactosamine repeats (GalGlcNAc) 

[62, 63]. MrtCD52 is secreted in the epididymis and inserted into the sperm membrane with a 

speculated role in immunosuppression of female response against sperm during leukocyte-

mediated immune reaction [64, 65] Subsequent work showed that the N-glycans of mrtCD52 

directly bind the complement component 1q (c1q) which activates the classical complement 

pathway resulting in an innate immune response [66], suggesting that mrtCD52 exhibits immune-

protective properties via its N-glycans that may play a role in sperm survival during a leukocytic-

mediated immune reaction in the vagina of the female.  

 1.2.3 Addressing challenges to the reproductive process through protein glycosylation 

Despite the established relationship between protein glycosylation and a successful reproductive 

process (discussed above), protein glycosylation presents a great tool for solving outstanding 

challenges in the reproductive field.   

Infertility refers to any disease of the reproductive process that causes disability. There is a 

significant overall burden in global health caused by infertility that has persisted over the last 2 
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decades [67]. Previous research on reproduction has enabled the introduction of assisted 

reproductive technology (ART), which encompasses any techniques used to treat infertility by 

using both women and male reproductive processes, and is used as pivotal techniques all around 

the world. For example, the utilisation of in vitro fertilisation  (IVF) technique has resulted in close 

to four million babies being born since its introduction in 1987 [68]. However, several issues 

contribute to the current poor rate of embryo implantation success, around 25% [69], including: 

the enigmatic fertility status of a sperm and the inadequate uterine receptivity which remains an 

elusive process responsible for approximately two-thirds of implantation failures [70].  Testing for 

uterine receptivity is likely to provide the next leap forward for infertility clinics. Such a test would 

provide clear information on whether inadequate uterine receptivity is the primary cause of 

unsuccessful IVF [33]. Many techniques have been utilised to treat the failure of implantation and 

few have proven to be successful including supplements with oral aspirin, Leukemia Inhibitory 

Factor and prostaglandin E [33].  

Research into post-translational modification of proteins such as O- and N-glycosylation at the 

window of implantation, along with IVF supporting techniques, has the potential to further the 

success of future embryo implantation. In fact, some IVF clinics already utilise the importance of 

glycosylation in their IVF procedures such as endometrial injury (involves mucins - a highly 

glycosylated protein) and hyaluronic acid (long branched polysaccharide) enriched embryo 

transfer medium, with both techniques promising improvements in IVF success rate. Scratching 

the endometrium preceding ovarian stimulation has been shown to improve implantation in women 

with recurrent implantation failures for 70% of the 2062 participants, but recent meta-analysis 

questioned the general use of scratching in improving IVF success rates [71]. Hyaluronic acid has 

been suggested to promote cell-cell and cell-matrix adhesion when added as supplement in embryo 

culture medium [72]. Regarding the enigmatic fertility status of a sperm, whether the sperm 

glycome can be used to determine the fertility status of a spermatozoa remains a key question in 

the reproductive field.  
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1.2.3.1 Diabetes as a useful model to correlate protein glycosylation with uterine receptivity  

One in seven pregnancies are complicated by diabetes worldwide, and Type 1 diabetes results in 

a ninefold increase in foetal loss [73, 74]. St Vincent’s Hospital, Liverpool. UK, published a 10 

years outcome of diabetic pregnancies type 1 to show 5.1 times the risk of perinatal mortality than 

infants in the general population [73].  Diabetes makes a useful model to study the role of 

glycosylation in the female reproductive tract for two main reasons: diabetes results in high failure 

rates of pregnancy and diabetes has been repeatedly shown to alter the glycome at both the macro- 

and micro- scopic levels in several organs/tissues[75]. We have recently published a review on 

aberrant glycosylation seen in several human diseases including diabetes at both the macro- and 

microscopic levels [75], Manuscript 1 (Page 42-55): Everest-Dass, A.V., et al., Human disease 

glycomics: technology advances enabling protein glycosylation analysis–Part 2. Expert review of 

proteomics, 2018. 15(4): p. 341-352.  

Regarding the effect of diabetes on the implantation process, diabetic non-obese mice have 

significantly higher loss of embryo compared to normal [76]. Immunohistochemical analysis has 

enabled the observation that diabetic mice are unable to express sufficient levels of cytokine and 

chemokine (IFN) mRNA needed to have receptive uterus in their uterine tissues [77]. Also, 

diabetic non-obese mice tend to express retarded pinopods, early matured with clustering of puffy 

microvillous tips on swelling cells and secretory droplets [78], and are believed to overexpress 

highly-glycosylated MUC1 at these implantation sites compared to normal -non-obese mice as 

seen by transmission electron microscopy [76]. Overall, diabetes has been shown to have major 

effects on the molecular players involved in embryo implantation and the uterine environment.  

1.2.3.2 Assessing fertility status of sperm through protein glycosylation  

New evidence has discredited the use of sperm parameters such as motility, concentration and 

morphology for infertility diagnosis [79]. Considerable variation in sperm parameters, such as 

count, morphology and motility, was detected in sperm longitudinally collected from 15 healthy 
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men over a 6-month period [80]. Whether there is a correlation between sperm glycocalyx and the 

quality of sperm is yet to be fully addressed. 

1.3 Methods to study glycans  

This section provides a brief overview on glycan analysis and some insights into experimental 

design used to study the roles of protein glycosylation in the reproductive process, which is a major 

focus of this thesis. We have recently published a review on technology advances enabling analysis 

of specific glycan structures on proteins [81], Manuscript 2 (Page 56-75): Everest-Dass, A.V., et 

al., Human disease glycomics: technology advances enabling protein glycosylation analysis–part 

1. Expert review of proteomics, 2018. 15(2): p. 165-182. 

1.3.1 Challenges with glycan analysis  

Unlike polypeptides, glycans are not directly encoded in the genome. They are formed via 

successive activity of transferases and glycosidases, the former’s activity is dependent on the pool 

of available nucleotide sugar donors [82]. Due to the wide combinatorial potential of the 

component monosaccharides, glycan analysis faces several challenges due to the complexity of 

glycans. This complexity is because of the large variety of glycan structures that can exist [83], 

variations in the occupancy and relative distribution of the glycans on potential glycosylation sites 

on a protein [84], and the fact that glycosylation is not template driven but a result of the concerted 

effort of cell-specific biosynthesis [85].  

1.3.2 Overview on glycan analysis methods  

There has been extensive method development in the field of glycomics that has enabled insights 

into glycan number, structure and function.  
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1.3.2.1 Lectin assays 

Lectins are proteins that bind to carbohydrates and the recent development of multi-lectin-array 

assays has allowed for the simultaneous determination of several specific glycan motifs in the 

same biological context [86, 87]. There are many types of lectins that can recognise several glycan 

epitopes such as specific sialic acid and fucose linkages [88]. However, this technique cannot 

produce detailed structural information of the glycan structure. 

1.3.2.2 Capillary Electrophoresis 

Capillary electrophoresis (CE) is another technique used for glycan separation. This technique is 

able to separate and detect chemically derivatised glycans by UV or fluorescence while allowing 

for quantitation through comparison with given standard compounds [89]. However, the use of CE 

is troubled by the necessity to ensure CE compatible mass spectrometry (MS) methods [90]. Liquid 

chromatography (LC) has also been used as a sensitive and flexible technique by itself and coupled 

to MS in the field of both glycomics and glycoproteomics.  

1.3.2.3 Liquid chromatography (LC) 

Separation of biomolecules is routinely performed by high-performance liquid chromatography 

(HPLC), where glycans can be frequently resolved. HPLC provides a high resolving power and is 

compatible with other analytical techniques such as mass spectrometry [81, 91]. Two main LC 

matrices were utilised in this thesis namely Porous graphitized carbon (PGC) and reversed phase 

(RP) chromatography in order to perform glycomics and glycoproteomics studies respectively. 

Glycomics is the analysis of the glycans released from conjugates at a system wide level , whereas 

glycoproteomics focuses on the intact glycopeptides identifying the protein carrier, glycan 

attachment sites, composition and occupancy [92].   

The use of PGC chromatography has advanced the field of glycomics, but our understanding of 

the way PGC retains glycans is still unclear. PGC has a hydrophobic, ionic and polar nature, all of 
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which can contribute to this retention process. However, PGC has proven to be superior to other 

conventional matrices in resolving released and reduced glycans [81]. Furthermore, PGC can be 

used in conjunction with specific glycosidase sequential treatments to aid in the identification of 

different glycan linkages by changes in chromatographic retention times [93]. Overall, PGC-ESI-

MS/MS in negative mode provides detailed characterisation of the glycans that exist in tissues, 

thus allowing a comprehensive comparison between treatment and control states.  

On the other hand, reversed phase (RP) chromatography is routinely used in glycoproteomics 

studies for the separation of glycopeptides/glycoproteins based on their protein hydrophobic nature 

while maintaining a relatively constant retention time for the same peptide backbone [94]. RP 

columns can be found as C4, C8 and C18, where the number of carbon reflects the degree of 

hydrophobicity. C18 columns are optimal for peptides and C4 columns are best utilised for the 

separation of large proteins.  

1.3.2.4 Mass spectrometry 

Glycan structures have multi-linkage branches that contain important and functionally-relevant 

information such bisecting, core-fucosylation and sialylation linkages. With mass spectrometry, 

glycan masses can be identified after releasing the glycan from the peptide backbone, and glycan 

structures can be verified based on the fragment masses resulting from tandem MS [95].  

The MS experimental approach used in this thesis consists of three main components: generation 

of charged molecules via “ion source”, separation of these molecules by “mass analyser” and final 

detection via “detector”. The first ionisation process can be done by two different methods: matrix 

assisted laser desorption ionisation (MALDI) and electrospray ionisation (ESI), both known as 

soft ionisation methods for their ability to deal with large molecules keeping them intact for further 

subsequent analysis [96, 97]. In this thesis, ESI enabled ionisation of molecules from an in-line 

liquid phase, generating charged droplets which decrease in size due to the presence of inert gas 

at atmospheric pressure.  The charged droplets then enter the mass analyser.  Ionising glycans in 
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negative mode is preferable to positive mode since it provides more fragments, thus enabling better 

characterisation [95]. However, positive mode ionisation is preferable for glycopeptide analysis 

since it is efficient and sensitive for molecules with a basic arginine or lysine residue at the C-

terminus of the peptide [73]. 

Mass analysers separate charged molecules in gas phase based on their mass-to-charge ratio (m/z). 

There are many types of mass analysers and our experiments utilise linear ion trap quadrupole 

(LTQ), Quadropole-Time-of-flight (Q-TOF) and Orbitrap analysers. These analysers provide the 

molecular mass information for any given analytes, but subsequent MS/MS fragmentation can 

elucidate the monosaccharide sequence, linkage position and branching for each specific glycan. 

This thesis has utilised Collision-induced dissociation (CID) as its main glycan MS/MS 

fragmentation tool. CID provides glycosidic cleavages between neighbouring residues with 

information on composition and sequence, as well as cross-ring cleavages with insights on 

different linkages types and internal fragments [98]. During this fragmentation event, glycans 

produce glycosidic cleavages as outlined in Domon and Costello (1988) [99]. In MS/MS, the 

fragment ions from the reducing end of a glycan are labelled A, B and C, where from the non-

reducing end are X, Y and Z, as seen in Figure 1, from Manuscript 2 [81]. The information from 

these fragment ions often enables the full characterisation of the parent ion molecule. To our 

advantage, ion mode fragmentation provides specific fragment ions that manifest important 

structural information on the corresponding structure for each given parent ion, such as core-

fucosylation [Z ion (m/z350) and Y ion (m/z368)] and presence of bisecting GlcNAc [Y ion 

(m/z670) and Z ion (m/z508)] [100, 101].  

Electron transfer dissociation (ETD), fragmenting the peptide portion of a glycopeptide via 

electron transfer to positively charged amino acids, while keeping the attached glycan intact, can 

be used to achieve an insight into glycan site occupancy of a given glycopeptide; ETD is used 

mainly for site localisation analysis of O-glycopeptide [102, 103] .   
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1.3.3 Our general protocol for glycan analysis 

Where described, this thesis has utilised PGC-LC-MS/MS as the method of choice to investigate 

the two main challenges addressed in this thesis: the aim to correlate protein glycosylation with 

uterine receptivity in diabetic tissues, and to determine the fertility status of sperm. The use of 

PGC chromatography enables the separation of isobaric glycan structural isomers, while the 

coupled electrospray ionization ESI-MS/MS in negative ion mode provides diagnostic fragment 

ions that allow identification of specific glycan structural features [104, 105]. Hence, this 

technique promises a more comprehensive analysis of the glycomes tested compared to other 

aforementioned techniques.  

In our chosen technique, intact N-linked glycans are released by enzymatic cleavage with PNGase 

F - a known robust enzyme for the release of N-acetylglucosamine linked glycans from the 

asparagine residue. The O-linked glycans are then chemically released from the remaining protein 

portion via reductive β-elimination [106]. After clean-up by cation exchange chromatography, the 

sugar alditols are separated by using porous graphitised carbon (PGC) liquid chromatography. The 

oligosaccharide masses from the spectra are identified and then translated to possible carbohydrate 

compositions using GlycoMod (ExPasy, http://web.expasy.org/glycomod/). Glycan structures are 

then deduced from the tandem MS fragmentation ions, often by diagnostic fragment ions [101].  

 

In this thesis, glycan analysis by PGC LC ESI MS/MS was utilised to characterise protein N- and 

O-glycosylation of components of both the male and female reproductive tracts. The investigation 

of female reproductive tract (specifically the mice ovary and endometrium) and human sperm 

glycosylation can further our understanding of the role of these PTM structures in a successful 

reproductive process, and hence initiate the understanding of the role of glycosylation in IVF and 

other relevant research. In addition, the glycosylation of CD52, a potential immunosuppressive 

sperm protein, was determined in the identification of the most active glycoform of CD52. This 

knowledge may feed into the discovery pipeline for the prevention of immunosuppression 

http://web.expasy.org/glycomod/
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involved in fertilisation. Overall, this thesis examines some of the significant roles of protein 

glycosylation in the female/male reproductive tract.  
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1.4 Aims 

The overall aim of this thesis is thus to analyse protein glycosylation in several reproductive organs 

in both female (mouse) and male (human) tracts while alternating between the micro and macro 

effect of protein glycosylation. These glycans can serve as biomarkers of diseases as well as 

functional ligands for several mechanisms within the reproductive process. The thesis also uses 

diabetes as a model to investigate the role of protein glycosylation in the low embryo implantation 

rates in women with this disease whilst exploring the role of the glycosylation of an 

immunoreactive protein and the optimal protein glycosylation needed for active sperm in men.   

 

The thesis aims specifically: 

 

1. To investigate the macro and micro role of glycosylation in the female reproductive tract, using 

diabetes as a highly relevant model in both glycosylation and reproductions aspects. Specifically, 

i. To understand the macro-effect of diabetes on protein glycosylation of mice ovary (Chapter 3). 

ii. To compare the mucin glycans (micro-effect) presented in the unreceptive uterus/oviduct of 

diabetic mice to normal (non-diabetic) (Chapter 4).   

2. To investigate the macro and micro role of glycosylation in the male reproductive system. 

Specifically,  

i. To compare the glycome (macro-level) of active and inactive sperm isolated from different 

techniques (Chapter 5).  

ii. To compare recombinant CD52 protein glycoforms (micro-level) and relate their glycosylation 

to their possible function in the female reproductive tract (Chapter 6).  
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Chapter 2 

Materials & Methods   
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2.1  Materials & Methods 

All chemicals and reagents were purchased from Sigma-Aldrich unless otherwise specified.  

2.2 N- and O-linked glycan analysis mass spectrometry  

This method was used throughout the thesis  

2.2.1 N- and O-linked glycan release for mass spectrometry analysis 

Samples (20 µg of proteins) were dot-blotted onto a Polyvinylidene fluoride (PVDF) membrane 

and N-glycans were released by an overnight incubation with 2.5 U N-glycosidase F (PNGase F, 

Flavobacterium meningosepticum, Roche, Australia) at 37°C, then O-glycans by β-elimination 

(0.5mM NaBH4, 50mM KOH) as described previously (1). A low binding Eppendorf tube was 

used to collect released N-glycans after incubation with 100mM ammonium acetate for 1 h. 

Samples were then reduced by the addition of 1 M NaBH4 in 50 mM KOH for 3 h at 50°C. The 

reduction was stopped by glacial acetic acid.  

2.2.2 Desalting and enrichment of released glycans  

Released glycans were desalted on a strong cation exchange chromatography column (Dowex 

resin AG-50W-X8, Bio-Rad). Residual borate ions were removed with a minimum of three 

methanol washes while drying in a vacuum concentrator after each wash. A PGC packing (Extract-

Clean carbon SPE cartridge, Grace) C18 reversed phase platform (Thermo Fisher Scientific 

(analytical scale), strataX, Phenomenex (preparative scale)) was used for further purification. 

Bound glycans are eluted with 40% acetonitrile with 0.1% v/v trifluoroacetic acid. Eluted glycans 

were then dried down and re-suspended in deionized water. For O-glycan release, reductive β-

elimination was performed using 0.5 M NaBH4 in 50 mM KOH for 16 h at 50°C. The reaction was 

stopped by the addition of glacial acetic acid. Released O-glycans were desalted and purified on a 

PGC column following the aforementioned protocol for N-glycans. 
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2.2.3 Neuraminidase treatment of released glycans  

A pooled mixture of released N-glycans from control and diabetic ovarian proteins (20ug) was 

used for neuraminidase treatment to determine sialic acid linkages. Glycans (from 3 ug proteins) 

were released and desalted as mentioned earlier. Glycans were treated with α2-3 neuraminidase 

(1mU/Prozyme) or broad specificity α2-3,6,8 neuraminidase  (1mU/Prozyme) and incubated at 

37°C overnight. Treated glycans were dried and solubilised in water for future MS analysis.  

2.2.4 Mass spectrometry analysis of released glycans  

Analysis of glycans was performed using a PGC column (5 µ particle size, 180 µ internal diameter 

x 10 cm, Hypercarb KAPPA Capillary Column, Thermo Fisher Scientific) by online porous 

graphitised column-liquid chromatography-electrospray ionisation tandem mass spectrometry 

(PGC-LC-ESI-MS/MS) on a ThermoFisher Velos LTQ mass spectrometer. The column was 

equilibrated with 10 mM ammonium bicarbonate (Sigma Aldrich) and samples were separated on 

a 0-70% v/v acetonitrile gradient in 10 mM ammonium bicarbonate over 75 min, with a flow rate 

of 4 µl/min. Capillary voltage for ESI was set at 3.2 kV, full auto gain control of 80000, scanning 

for ion masses of m/z between 600-2000 and mass spectra were acquired in negative ion mode. 

For MS/MS experiments, Collison Energy (CID) fragmentation was carried out by 30 normalised-

Collison Energy for the 5 top intense ions. Identified glycan masses (m/z) were assigned possible 

monosaccharide composition using GlycoMod (Expasy, http://web.expasy.org/glycomod/) (2). 

Analysis of MS/MS spectra was carried out using the Thermo Xcalibur Qual browser software 

(4.0). Possible terminal glycan structures were assigned based on diagnostic fragment ions and 

fragment ion mass differences (162Da for hexose, 203Da for N-acetylhexosamine (HexNac), 

146Da for fucose, 291Da for N-acetylneuraminic acid (NeuAc), with a 1 Da mass error tolerance). 

Diagnostic ions include: 368 and 350 m/z for detecting core-fucosylation, 670 and 508 m/z for the 

presence of bisecting GlcNAc and others seen in previous literature (3). Relative abundance was 

http://web.expasy.org/glycomod/
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determined on MS signal acquisition by calculating the area under the peak from the extracted ion 

chromatograms (EICs) of the precursor m/z as a percentage of the total peak area.  

2.2.5 Statistical analysis  

The average relative abundance for each glycan structure from all biological replicates was 

measured. The average of each N-glycan type was grouped by calculating the standard deviation 

from the three biological replicates.  Paired Student t-tests were used to detect any statistical 

differences between the relative abundance of N- and O-glycans between samples of interest, 

where p<0.05 was considered a significant value.  
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Chapter 3 

Effects of diabetes on ovarian protein N- and O-

glycosylation in two diabetic mice models.  
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As previously discussed in Chapter 1 (1.2.3.1), diabetes has drastic impacts on protein 

glycosylation as well as on a successful reproductive process. The research in Chapter 3 

investigated protein macro-glycosylation in the ovary of two common diabetic mouse models. We 

used ovaries because it is the first organ in a successful reproductive journey where eggs are 

formed and stored. By testing the relatively easy to collect organ (ovary), we aimed to find out if 

glycosylation is changed in the female reproductive tissues in diabetes before we move to other 

female organs in the next Chapter of this thesis (Chapter 4).There are two commonly used models 

for diabetes research using mice: Streptozotocin (STZ) induced and high-glucosamine injected. 

STZ is a chemical inducer of Type 1 diabetes [1], whereas feeding a high-glucosamine diet has 

been shown to induce type 2 diabetes by altering the hexosamine biosynthetic pathway that is 

heavily associated with protein N- and O-glycosylation [2]. The effect of diabetes on the 

glycosylation of ovarian proteins has not been investigated previously. In part 1 of this Chapter, 

N- and O-glycans of Type 1 diabetic (STZ induced) mice ovarian proteins were analysed using 

PGC-LC-MS/MS, and the results were then compared with the profile of liver tissue as a non-

reproductive organ from the same mice, Manuscript 3 (Pages 88-102): Shathili, A.M., et al., The 

effect of streptozotocin-induced hyperglycemia on N-and O-linked protein glycosylation in mouse 

ovary. Glycobiology, 2018. 28(11): p. 832-840.The inflammatory status of the STZ ovary samples 

was also probed using qPCR to detect proinflammatory markers to investigate any relationship 

between the observed changes in glycosylation and ovarian inflammation. In addition to the work 

presented in the manuscript, the mRNA expression of several glycosyltransferases/sidases was 

also measured to identify any correlations between glycosylation enzyme transcriptional levels 

and glycosylation structure profiles. In part 2, the N- and O-glycosylation of ovarian proteins of 

mice injected a high-glucosamine diet were analysed using the same methods to investigate the 

changes caused by altering the hexosamine biosynthetic pathway in a Type 2 diabetes model.  

Acknowledgements: Dr Hannah Brown performed the mouse handling and organ extraction.  
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3.1 Introduction   

3.1.1 Impact of diabetes on the female reproductive system   

Diabetes was illustrated as a useful model to investigate the female reproductive process. Many 

reproductive processes such as ovulation, menstruation and implantation display hallmark signs 

of inflammation in diabetes [3]. Irregular ovarian function, with impacts on the menstrual cycle, 

has been associated with both types of diabetes. The effect of type 1 diabetes on menstruation is 

first illustrated by ovarian hypofunction (failure to develop first menstrual cycle) [4, 5]. Type 2 

diabetes has also been linked with menstrual irregularities given the role of insulin in ovarian 

physiology such as energy production, oocyte maturation and cell growth and differentiation [6, 

7]. Furthermore, hyperglycaemia (high-blood glucose) exposure has been shown to be toxic to 

early embryo development resulting in lower implantation rates and higher embryopathy rates 

(abnormal development of an embryo) [8].  

3.1.2 Streptozotocin (STZ): a chemical inducer of hyperglycemia (type 1 diabetes) 

Streptozotocin (STZ) is a selective chemical toxin that destroys the insulin producing pancreatic 

B-cells by blocking Glucose transport (GLUT2) transporter system, causing DNA methylation and 

increasing free radical generation, which induces type 1 diabetes [9]. STZ fed mice have been 

repeatedly shown to express high levels of pro-inflammatory cytokines such as TNF-α and IL6 

[10-12]. In vitro changes in TNF-α, IL-1B and IL6 proteins have been linked to alteration in the 

monosaccharide building process, namely to the enzymes (glycosyltransferases) responsible for 

the addition of terminal glycan-epitopes including terminal fucose and sialic acid, for example, 

TNF-α resulted in an increase in α-2,3 sialyltransferase and α-1,2,3 fucosyltransferase mRNA 

expression [13, 14]. Others have used STZ affected kidney tissues to demonstrate a link between 

aberrant N- and O-glycosylation and diabetes progression [15, 16]. At the transcriptional level, a 

comprehensive study on the expression of various glycosyltransferases/ glycosidases in STZ 

affected rat kidney was performed using RNA-seq, showing an increase in the sialyltransferase 
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and Mannosyl-glycoprotein-acetylglucosaminyltransferase-4 (MGAT-4) (responsible for glycan 

structure branching by regulating the formation of tri-antennary complex glycans) [17].  

Although STZ has been extensively used over the last three decades as diabetes inducer, the 

associated toxicity and physiochemical characteristics associated with STZ– treated animals 

remain major obstacles for research using STZ as diabetes model [18]. For example, non-specific 

toxicity on other organs is associated with STZ treatment [19]. Also, STZ successful treatment on 

animals is dependent on age, animal species, gender and many other factors [20]. However, 

research has found that paying attention to several factors such as appropriate use of STZ, animal-

related characteristics and the target blood glucose level will enable the use of this model as a 

representative to hyperglycaemia (Type 1 diabetes) [18]. 

3.1.3 High-glucosamine feeding: a model of hyperglycemia (and possible type 2 diabetes) 

Whereas STZ is a known chemical inducer of hyperglycaemia by inducing toxicity to the 

pancreatic β cells which produce insulin, feeding a high-glucosamine diet is a different diabetic 

model used to specifically address one aspect of hyperglycemia - the hexosamine biosynthesis 

pathway (HBP) [21]. Many of the damaging effects of hyperglycaemia are facilitated by increased 

flux through the HBP (Figure 3.1).  HBP has been shown to be highly involved in the pathogenesis 

of type 2 diabetes as well as fat-induced insulin resistance [22-26]. For example, elevated free fatty 

acid levels have been directly linked to increased HBP influx which overall induces skeletal 

muscle insulin resistance [26]. In fact, activating the HBP (glucosamine infusion) has been shown 

to contribute to insulin resistance (type 2 diabetes) by inducing chronic hyperglycaemia [27]. 

Glucosamine (GlcN) has been shown to activate the hexosamine pathway (hyperglycaemia 

mimetic) where it is converted to GlcN-6 phosphate, which is an intermediate of the pathway that 

bypasses the rate limiting glucosamine-fructose-6-phosphate amidotransferase enzyme (GFAT) 

[28]. High-glucosamine feeding increases UDP-GlcNAc levels, the donor for N- and O-

glycoproteins glycosylation as well as nuclear and cellular O-GlcNAcylation (Figure 3.1) [26]. 
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The latter has been linked to regulation of insulin activity via disrupting Ser/Thr phosphorylation 

[21, 29].  

    

Figure 3.1: Hexosamine Biosynthetic Pathway (HBP) pathway showing glucose pathway as well as glucosamine 

alternative pathway; the latter acts through bypassing the rate limiting step of converting Fructose-6-P to GlcNAc-6-

P (GFAT). UDP-N-acetylglucosamine-dolichyl-phosphate N-acetylglucosaminephosphotransferase (DPAGT1) 

catalyses the initial step in N-linked glycosylation pathway. This figure also shows the route in which a high-

glucosamine diet may influence both N- and O-protein glycosylation. Inspired from [30]. 

 

The effect of hyperglycaemia on protein glycosylation has been investigated in some tissues and 

cell lines [31]. In one study, GlcN (ultimate glucosamine) has been used to reprogram the cell’s 

biosynthetic pathways via feeding the mice GlcN enriched water, resulting in an increase in growth 

and body weight. The oral introduction of GlcN increased N-glycan branching on hepatic 

glycoproteins in mice, where cultured cells exhibited enhanced glucose uptake and lipid synthesis. 

The study showed the effect of high-glucosamine in reprogramming the cells to enhance nutrient 

uptake via altering the N-glycan branching [32]. To the best of our knowledge, the relationship 
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between diabetes and protein glycosylation remain to be addressed in any reproductive tissues 

including the ovary. Also, any differential changes on ovarian protein glycosylation caused by 

type 1 and type 2 diabetes remains unexplored.   

 

The overall aims of the work reported in this Chapter were:  

i. To understand the macro-effect of hyperglycemia on protein glycosylation of STZ 

affected mouse ovaries, and correlating any changes to the inflammatory status of the 

ovaries.  

ii. To compare the macroscopic protein glycosylation of ovaries from STZ and high-

glucosamine injected diabetic mice models  

iii. To profile the protein glycosylation of the diabetic mouse liver, as an example of a non-

reproductive organ, and compare to diabetic ovary glycosylation. 
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3.2 Part 1: The effect of STZ-induced hyperglycemia on N-and O-linked protein 

glycosylation (Manuscript 3) 

Contribution: The writing of the manuscript, mass spectrometry analysis of ovary/liver 

glycosylation, and qPCR experiment and analysis were done by A. M. Shathili. A. M. Shathili also 

travelled to Adelaide to assist T.C.Y Tan in mice handling and sacrifice; Tan performed the animal 

handling and organ extraction. Dr Hannah Brown supervised, provided technical support and 

edited the manuscript. Dr A. Everest-Dass assisted with initial glycan analysis and reviewed the 

manuscript. Dr L. M. Parker assisted with qPCR experimental planning and reviewed the 

manuscript. Prof. J. G. Thomson supervised and reviewed the manuscript. Dr Robyn Peterson 

edited and reviewed this Chapter. Prof. Nicolle H. Packer supervised, reviewed and edited the 

manuscript and Chapter.  

Shathili, A.M., et al., The effect of streptozotocin-induced hyperglycemia on N-and O-linked 

protein glycosylation in mouse ovary. Glycobiology, 2018. 28(11): p. 832-840. 
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Chapter 4 

The effect of diabetes on protein and glycan complement 

of the oviduct and receptive uterus: the blastocyst 

journey through the female reproductive tract 
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Since our results in Chapter 3 showed that diabetes resulted in significant alteration in protein 

macro glycosylation of a female reproductive tissue (ovary) in Streptozotocin (STZ) -induced 

diabetic mice, we investigated whether STZ -induced diabetic mice also exhibit aberrant proteins 

and protein glycosylation in their oviduct and uterus during blastocyst implantation. The process 

of blastocyst implantation is managed by a series of orchestrated events among several 

glycoproteins found on the surface of oviduct and uterine tissues, and a change in the molecular 

surface (proteome and/or glycome) of the oviduct and uterine tissues would affect the blastocyst 

journey through the female reproductive tract.  

This Chapter provides a glyco-microscopic view of the surface of the oviduct and uterus that the 

blastocyst moves over after fertilisation of the egg, in diabetic mice. STZ chemically induces type 

1 diabetes by selectively destroying insulin-producing cells (β cells) in the pancreas. In Part 1, 

shotgun proteomics is used to investigate the changes to the oviduct and uterine membrane 

proteome caused by STZ treatment, before and post embryo implantation. Part 2 is an investigation 

of the glycosylation presented by the mucins on the surface of the oviduct and uterus in diabetic 

mice since these heavily glycosylated proteins have been shown to play an important role in 

blastocyst implantation [2]. MUC1 is the major mucin found on the lining of the uterus so in order 

to compare techniques for mucin analysis, porcine gastric mucin (PGM) was used as a suitable 

analogue for method development. The samples were from oviduct and uterus of control and STZ 

-induced diabetic mice, 1.5 and 3.5 days post coitus in order to profile the uterine mucin O-

glycosylation occurring before and after embryo implantation.  

Acknowledgements T.C.Y Tan performed the animal handling and organ extraction. David 

Handler wrote the code (Python) for proteomics analysis.   



115 
 

4.0 Introduction  

As previously described in Chapter 1, in all mammalian systems, the new embryo undergoes a 

well described journey once sperm and egg are fused. After attachment to the oviduct wall, the 

embryo undergoes its early divisions as it progresses along the oviduct, and enters the uterine 

cavity as an early blastocyst, and this process occurs in a limited time period known as the window 

of implantation (WOI). The endometrium needs to be receptive for implantation to occur. In mice, 

the zygote forms in the conductive oviduct around 1.5 days post coitus and then the developed 

blastocyst implants in the receptive uterus around 3.5 days post coitus (Figure 4.1).  

 

Briefly, in mice, prostaglandins (PGs) and ovarian hormones (progesterone and estrogen) seem to 

control the timing window [2]. Upon fertilisation, the blastocyst starts rolling over the oviduct via 

tethering to L-selectin ligands (sialyl Lewis x) found in the surface of the oviduct [3], then MUC1 

ensures blastocyst implants into the right location on the surface of the endometrial epithelial cells. 

Chemokines and cytokines direct the blastocyst onto the right location marked with a reduction in 

MUC1 expression, while adhesion molecules (integrin and cadherins) ensure temporal 

adhesiveness between endometrium and embryo [2] (Figure 4.2). Mice and human differ in their 

mucin expression during implantation. Mice and other rodents, unlike human, exhibit a decrease 

in MUC1 expression during the window of implantation [4-8] whereas humans MUC1 protein 

expression has been shown to increase during the same receptive window [8].  

Figure 4.1: Mice blastocyst implantation 

in the uterus. A drawing of the female 

productive tract showing fertilized egg 

located in oviduct at 1.5 days post 

coitus. Blastocyst implants in uterus at 

3.5 days post coitus. This figure is 

adapted from [1]. 
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Figure 4.2: Mice blastocyst implantation in the uterus. Endometrial differentiation starts due to increase in 

progesterone levels, starts around 1.5 days and peaks at 3.5 days post coitus (1). Fertilised egg begins rolling in oviduct 

tube towards uterus using L-selectin glycan ligands (sialyl Lewis x) found on oviduct surface (2). Mucin (MUC1) 

competes with mature blastocyst and prevents its adherence to the uterus surface (3). Cytokines and chemokines lead 

the blastocyst to pinopods, free of MUC1, while adhesion molecules (Cadherin, IntegrinB3) ensure firm attachment 

to pinopods (4). This figure is adapted from [9]  and from [2].  

 

This Chapter aims to determine any differences in the oviduct and uterus membrane proteome due 

to diabetes in the receptive window of implantation. In the same diabetic model, changes in oviduct 

and uterine mucin glycosylation (mainly MUC1) between pre-receptive and receptive uterus were 

also determined using mass spectrometry after comparing different mucin analysis protocols.   

 

The overall aims of this Chapter are thus:  

Part 1: Investigate changes in oviduct and uterus membrane proteomes due to diabetes during 

the journey from conception through the oviduct to the uterus. 
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Part 2:  Profile the O-glycomes found in the surface of oviduct and uterine MUC1 in the 

same diabetic mouse before and after embryo implantation, after optimisation of mucin 

analysis. 
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4.0.1 Samples from mouse female reproductive tract 

T.C.Y Tan (University of Adelaide), with the help of A. M. Shathili performed the animal handling 

and sacrificing. A. M. Shathili provided assistance in feeding mice and regular cleaning of mice 

cages. Also, A. M. Shathili provided assistance during mice STZ-injection, mating, glucose 

reading and sacrifice. Briefly, mice were purchased from Animal Resources Centre, Perth, 

maintained in 14 hr/ 10 hr light/dark conditions and given water and rodent chow ad libitum. All 

experiments were approved by The University of Adelaide Animal Ethics Committee (M-2013-

233/172) and conducted in accordance with the Australian Code of Practice for the Care and Use 

of Animals for Scientific Purposes. Eight-week-old female C57BL/6 mice were treated with STZ 

(180 mg/kg) dissolved in citrate buffer (pH 4.5). Blood glucose was monitored every two days by 

tail prick (Accu-Chek, Roche, Sydney, NSW, Australia). When blood glucose reached 14 mmol/L 

(approximately one week following injection), mice were available for experiments. Both control 

(n=6) and STZ -induced diabetic mice (n=6) were equally divided into day 1.5 post-coitus (n=3) 

and day 3.5 post-coitus (n=3). The days were counted as follows: female mice were first 

administered (i.p.) 5 IU equine chorionic gonadotrophin (eCG; Folligon, Intervet, Boxmeer, The 

Netherlands) in order to induce oestrus. Forty-six hours post-eCG injection, mice were 

administered 5 IU human chorionic gonadotrophin (hCG; hCG/Pregnyl; Merck, Kilsyth, VIC, 

Australia) in order to induce ovulation and to start progesterone production, and mated with males 

of the same strain. The following morning is considered day 0.5 post-coitus, and mice were culled 

and oviduct and uterus collected and snap frozen at 1.5 and 3.5 days post-coitus.  
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4.1 Part 1: The proteome of oviduct and receptive uterus 

The dynamic nature of the receptive human uterus during the WOI has been previously studied 

using proteomics approaches [10]. Using mass spectrometry (MS) based techniques, some have 

implicated the Jnk and EGF signalling pathways, involved in stress, growth and differentiation, 

as key regulators of protein expression between pre-receptive and receptive phases in human 

uterus using 2D differential in-gel electrophoresis [11]. Others have shown receptive human 

uterus to over express proteins involved in the process of destabilizing microtubules and adhesion 

molecules of embryo compared to pre-receptive uterus [12]. Specifically, the cell adhesion 

molecule (CAM) family members have been implicated in mediating cell to cell adhesion 

between embryo and receptive uterus [2]. This protein family, which is comprised of four types 

of glycoproteins: integrins, cadherins, selectins and immunoglobulins, all rely on glycans 

interaction in their adhesion function.  

On the other hand, diabetes results in many changes at the proteome level with many alterations 

in biological process linked to diabetes, such as metabolic pathways, fatty acid metabolic 

processes, oxidation reductions, the ubiquitin-proteasome pathway, protein folding and many 

others  [13-19]. Furthermore, human diabetes has been reported to result in overexpression of 

integrin presented in small human blood vessels. Immunostaining and mRNA expression have 

shown an increase in integrin in vivo of human diabetic retinopathy (B1 subunit) [20]. As a result, 

in the retinal microvessels, diabetes affects the interaction of vascular endothelial cells with their 

basement membranes in the direction of firmer cell-matrix adhesion, possibly leading to slow cell 

migration [20]. The effect of diabetes on the process of embryo implantation has been shown to 

affect the rate of foetal loss in human that increases by ninefold due to diabetes [21, 22]. In fact, 

there is a significantly higher loss of embryo in diabetic non-obese mice compared to normal 

mainly due to implantation factors  [23]. For example, in the uterus of diabetic mice, there was an 

insufficient expression of the cytokines and chemokines (INF-γ) required for directing the 

blastocyst into pinopods [23]. Few proteomics studies have been concerned with the effect of 
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diabetes on uterine tissues. One proteomics analysis of uterine lymphocytes of non-obese diabetic 

mice (2DE/MS) detected 24 differentially expressed proteins compared to wild type mice; results 

were confirmed by Western blot. Twenty proteins were down-regulated in diabetic and 4 were up-

regulated. The up-regulation was related to the overall protein functions of cell movement, cell 

cycle control and metabolism [24]. To the best of our knowledge, no study has focused on the 

proteome of oviduct during blastocyst formation in diabetes models. Overall, diabetes has been 

demonstrated to have a comprehensive and profound effect on the physiology of the whole human 

body, and we show that this includes changes in the uterus proteome. 

4.1.1 Materials and methods 

Protein sample preparation for proteomics experiments 

Tissue from mice uterus and oviduct from four states (diabetic/non-diabetic 1.5 and 3.5 days post 

coitus) was excised and ground with liquid nitrogen by the use of mortar and pestle. Ground tissues 

were then solubilised using homogenising buffer (1% w/v SDS with protease inhibitors) in order 

to extract soluble proteins. Soluble proteins were then subjected to acetone precipitation in 1:9 

ratio and incubated at 20°C overnight. Acetone precipitated protein pellets were solubilised with 

1% w/v SDS. After quantification using bicinchoninic acid (BCA) assay, 25ug of oviduct and 

50ug of uterus protein (optimised to obtain a similar number of protein IDs) was then run on a 

10% w/v SDS gel (BioRad Laboratories, Australia). Protein separated lanes were excised into six 

segments, chopped and digested using trypsin (1:100ug) with incubation overnight at 37oC 

degrees. Digestion was stopped using 2% v/v TFA and peptide samples were then zip-tipped using 

manually packed styrene-divinylbenzene (SVD) stage tips. Eluted peptides were dried and 

reconstituted in 0.1% v/v formic acid , then separated on a nanoLC column (ThermoFisher) in a 

85 min gradient (5–40% v/v acetonitrile, 0.1% v/v formic acid for 80 min followed by 90% v/v 

acetonitrile, and 0.1% v/v formic acid for 5 min) at 300nl/min flow rate. The peptides were ionized 

on a Q Exactive mass spectrometer (ThermoFisher) as per following MS parameters. Briefly, the 
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electrospray was maintained at 2.0 kV voltage with MS scan range between m/z 350 and1800Da, 

35,000 resolution and an automatic gain control (AGC) target of 1×106 ions in full MS; and 

MS/MS scans were carried out at 17,500 resolution with an AGC target of 2 × 105 ions. Precursor 

ion detection for MS/MS was made using a data-dependent “Top 10” method operating with CID 

fragmentation, with an isolation width of 2.0 Da and normalised collision energy of 35%.  

Protein database searching and analysis 

Raw MzXML files were analysed using Proteome Discoverer and a standard mouse (Mus 

musculus) library. Proteome Discoverer was used with the following settings: spectrum selector 

with 2-5 charges and 200-2000 kDa window; Mascot search based on 3 missed cleavages, 

precursor tolerance of 20 ppm, fragment tolerance of 0.1 Da and dynamic modifications including 

oxidation, acetyl (K) and deamidated (N) and one static modification which is carbamidomethyl 

(C); and percolator (a tool able to discriminate correct from incorrect peptide spectrum matching 

(PSM))  with strict/relaxed false discovery rate (FDR) of 0.05. In order to produce highly stringent 

protein identifications for subsequent analysis, a newly in-house developed module called 

PeptideWitch, developed by D. Handler (Manuscript 4: A software package for the 

production of high stringency proteomics data (PeptideWitch) ), was used. As previously 

reported in another paper, the production of high stringency datasets can be achieved by following 

the Scrappy rules – that is, the summing of protein spectral counts with no values missing from 

any replicate, the conversion of spectral counts into normalised abundance factors and 

comparisons being conducted on these highly stringent IDs [25]. PeptideWitch facilitates this 

process with an updated engine; the source code can be found in 

(https://bitbucket.org/peptidewitch/peptidewitch). PeptideWitch covers the typical spread of 

statistical measures that are standard within the field of proteomics – the production of high 

stringency/low FDR data, Volcano Plots, Venn Diagrams, as well as introducing a few novel tests. 

The improvements to the previous software include intra-replicate PCA analysis, P-value 

histograms and binned natural log NSAF histograms for each replicate state. The graphical nature 
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of PeptideWitch outputs allowed for the quick and reproducible verification of highly-stringent 

protein identifications from the complicated biological tissue time-point samples. 

4.1.2 Results 

4.1.2.1 High stringency proteomic comparative analysis of control, diabetic oviduct and pre-

receptive and receptive uterine tissues  

"The mass spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium via the PRIDE [1] partner repository with the dataset identifier PXD011847". 

Shotgun proteomic analysis was conducted on non-diabetic control and diabetic oviduct and 

uterine total tissues (from STZ -induced diabetic mouse model) during pre-receptive and 

receptive phases of WOI. High stringency protein identifications were obtained from both the 

oviduct and uterine tissues and were quantified by employing a series of rules based on 

previously published work [25]. The rules are as follows: a valid protein identity was produced 

where the sum of the spectral counts (SpC) across all replicates was greater or equal to five SpC 

and, in addition, where the protein was identified in all three replicates. ‘Unique’ proteins were 

assigned under strict conditions, namely a protein must be found in a minimum of two biological 

replicates within a single state while missing from the other state in two or more replicates, with 

minimum sum SpC of five. One separate biological sample from mouse testis was analysed 

between the two tissue samples as a control to reflect on differences in peptide spectral 

matching (PSM) and spectral counting arising from different tissue types (Tables 4.1). Table 

4.1 lists results on low stringency peptide identifications and peptide spectral matches whilst 

Table 4.2 gives an overview of the highly stringent peptide identifications. Although few 

differences in peptide spectral matching and spectral counting between oviduct and uterus were 

observed at low stringency (Table 4.1), the use of testis tissues as control run after oviduct and 

before uterine tissue peptide samples have allowed us to exclude the possibility of technical errors 

causing differential identities; although only one sample was used, this control confirms that the 
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differences seen are tissue specific (Table 4.2). In the high stringency analysis, Table 4.2, both 

oviduct and uterine tissues showed peptide SpC with relative standard deviation (±%RSD) 

averaging 2.23 and 1.38 respectively, demonstrating the robustness of our obtained data.  

Oviduct 
PSM – 

1 

PSM - 

2 

PSM - 

3 
Average  StDev  SpC – 1 SpC - 2 SpC - 3 Average  StDev  

C 1.5 44706 49830 40713 45083 3.38 15871 16625 14858 38274.3 1.87 

D 1.5 39884 45459 37822 41055 3.21 13910 15846 14316 36096.3 2.32 

C 3.5 41612 44738 41589 
42646.33

33 
1.42 14689 16458 15687 38510.3 1.89 

D 3.5 42948 46565 41005 43506 2.16 14985 16497 13485 37213 3.35 

Uterus 
PSM – 

1 

PSM - 

2 

PSM - 

3 
Average  StDev  SpC – 1 SpC - 2 SpC - 3 Average  StDev  

C 1.5 64872 61877 64205 63651.33 0.82 18374 17569 18358 18100.33 0.85 

D 1.5 67032 57074 67739 63948.33 3.11 20489 17046 16997 18177.33 3.67 

C 3.5 73961 65246 77239 72148.67 2.86 18203 17207 18374 17928.00 1.17 

D 3.5 71479 56882 61328 63229.67 3.94 17996 17343 18210 17849.67 0.84 

C (testis)  59142    10216   

Table 4.1: Low stringency peptide spectral matching (PSM) and confident spectral counts (SpC) of uterus and oviduct 

tissues from 1.5 days control, 3.5 days control, 1.5 days diabetes and 3.5 days diabetes with three biological replicates 

each. One testis sample was run on the MS between the two tissues and was used as control for technical variation. 

 

Mice 

model 

High stringency peptide 

spectral count (3 biological 

replicates) 

Average number of 

peptide (±%RSD) 

Number of R.I. 

proteins 

common to 

three replicates 

Oviduct  

C 1.5 13934 14579 13195 1.66 1717 

D 1.5 12538 13814 12480 1.94 1588 

C 3.5 12963 14655 13673 2.06 1685 

D 3.5 13317 14222 11704 3.25 1618 

Uterus  

C 1.5 16017 16070 16619 0.68 1760 

D 1.5 17376 15202 14096 3.58 1803 

C 3.5 16289 15822 16166 0.50 1722 

D 3.5 15677 15813 16364 0.76 1717 

 

A series of descriptive statistical analyses were used for confirmation of data reproducibility. 

In addition to the production of high stringency data, PeptideWitch was used to produce several 

valuable measures of inter-replicate variability and overall quality. A Venn diagram was 

produced to compare highly stringent protein identifications between the samples (Figure 4.3 

and 4.4, A). Volcano plots were produced in order to visually display the relationship between 

Table 4.2: Highly 

stringent peptide 

identifications of uterine 

and oviduct tissues from 

1.5 days control, 3.5 

days control, 1.5 days 

diabetes and 3.5 days 

diabetes with three 

biological replicates 

each, 1 replicate wildcard 

included. The analysis 

was performed using 

PeptideWitch. 
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fold change and t test significance (Figure 4.3 and 4.4, B). Intra-replicate PCA plots display in 

two dimensions the amount of variation between all replicates; in low stringency test states with 

a lower overall RSD% have more of their variability explained in the first axis of differentiation 

compared with replicates of higher RSD% (Figure 4.3 and 4.4, C). PCA plots examine the level 

of variability on the natural log spectral abundance factors. Reproducibility can also be 

examined by the lnNSAF histograms, where deviations from a bell shape inform us as to the 

distribution of abundance factors (Figure 4.3 and 4.4, D). Combined, these specific statistical 

measures highlighted the strong reproducibility among our biological replicates.  

Figure 4.3: Descriptive statistical analyses for testing data reproducibility obtained for oviduct tissues via 

PeptideWitch. A: a Venn diagram was produced to compare highly stringent protein identifications between each 

two test states. B: volcano plots visually display the relationship between fold change and t test significance. C:  

intra-replicate PCA plots display in two dimensions the amount of variation between all replicates. D: lnNSAF 

histograms showing deviations from a bell shape as a distribution of abundance factors. Combined, these specific 

statistical measures highlighted the strong reproducibility among our biological replicates.  
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Figure 4.4: Descriptive statistical analyses for testing data reproducibility obtained for uterine tissues via 

PeptideWitch. A: a Venn diagram was produced to compare highly stringent protein identifications between each 

two test states. B: volcano plots visually display the relationship between fold change and t test significance. C:  

intra-replicate PCA plots display in two dimensions the amount of variation between all replicates. D: lnNSAF 

histograms showing deviations from a bell shape as a distribution of abundance factors. Combined, these specific 

statistical measures highlighted the strong reproducibility among our biological replicates.  

 

4.1.2.2 Protein network and functional analysis revealed several altered biological processes in 

oviduct and uterine tissues due to both WOI and diabetes. 

The analysis of altered biological processes due to WOI and diabetes in mice generated several 

differentially expressed as well as unique proteins between the different states. To provide a better 

view on molecular pathways and biological process altered in our comparisons, DAVID online 

software was used to perform functional annotation by describing a protein’s biological 

identity, molecular functions and roles, subcellular location and others. DAVID enables the 
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rapid annotation of protein identifiers by grouping differentially expressed and unique proteins 

into classes of biological process and pathways according to shared categorical data for protein 

domain and biochemical pathway membership [26]. Mice oviduct and uterine tissues had very 

different responses to WOI and diabetic treatments, which can be explained by the difference in 

protein IDs found in both tissues (Figure 4.5. and 4.6).  

 

Several biological process and pathways were seen to be significantly altered in both tissues, 

including fatty acid metabolism, oxidation-reduction, response to endoplasmic reticulum (ER) 

stress, ER mediated transport and many others (Table 4.3 and 4.4). 

Oviduct  Term Count Benjamini 

Down-regulated in receptive diabetic (1.5 days) 

GOTERM_BP_DIRECT GO:0006412~translation 24 0.000 

GOTERM_BP_DIRECT GO:0006631~fatty acid metabolic process 13 0.004 

GOTERM_BP_DIRECT GO:0098609~cell-cell adhesion* 13 0.019 

KEGG_PATHWAY mmu01100:Metabolic pathways 53 0.001 

Up-regulated in receptive diabetic (1.5 days) 

COG_ONTOLOGY Posttranslational modification, protein turnover, chaperones 8 0.033 

KEGG_PATHWAY mmu04510:Focal adhesion* 15 0.006 

KEGG_PATHWAY mmu04512:ECM-receptor interaction* 10 0.012 

Down-regulated in receptive (1.5 days) non-diabetic mice 

GOTERM_BP_DIRECT GO:0006412~translation 22 0.001 

GOTERM_BP_DIRECT GO:0006397~mRNA processing 18 0.007 

GOTERM_BP_DIRECT GO:0015031~protein transport 23 0.042 

GOTERM_BP_DIRECT GO:0008380~RNA splicing 14 0.043 

KEGG_PATHWAY mmu04510:Focal adhesion* 16 0.004 

KEGG_PATHWAY mmu04512:ECM-receptor interaction* 9 0.029 

Figure 4.5: A Venn diagram is 

produced to compare highly 

stringent protein identifications 

between oviduct and uterus 

tissues. A: indicates 

differences in 1.5 days and B: 

shows 3.5 days post coitus. 
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KEGG_PATHWAY mmu04151:PI3K-Akt signaling pathway 18 0.034 

KEGG_PATHWAY mmu03015:mRNA surveillance pathway 9 0.039 

KEGG_PATHWAY mmu03040:Spliceosome 11 0.039 

KEGG_PATHWAY mmu04611:Platelet activation 10 0.049 

Up-regulated in receptive (1.5 days) non-diabetic mice 

GOTERM_BP_DIRECT GO:0055114~oxidation-reduction process 37 0.000 

GOTERM_BP_DIRECT GO:0034976~response to endoplasmic reticulum stress 11 0.001 

GOTERM_BP_DIRECT GO:0006412~translation 23 0.001 

GOTERM_BP_DIRECT GO:0015031~protein transport 29 0.001 

GOTERM_BP_DIRECT GO:0006810~transport 59 0.001 

GOTERM_BP_DIRECT GO:0008152~metabolic process 24 0.002 

GOTERM_BP_DIRECT GO:0006457~protein folding 12 0.003 

GOTERM_BP_DIRECT GO:0050821~protein stabilization 12 0.003 

GOTERM_BP_DIRECT GO:0006886~intracellular protein transport 15 0.012 

GOTERM_BP_DIRECT GO:0045454~cell redox homeostasis 8 0.023 

 

Table 4.3: Analysis of the differentially expressed and unique proteins from comparisons of uterine tissues between 

1.5 days C (control) VS 1.5 days D (diabetes), 3.5 days C VS 3.5 days D and 1.5 days C VS 3.5 days C using DAVID 

software. The table contains term, count (protein #) and Benjamin values, the latter reflecting the significance of these 

biological process with values < 0.05. 

Uterus  Term Count Benjamini 

Down-regulated in receptive diabetic (3.5 days) 

GOTERM_BP_DIRECT GO:0098609~cell-cell adhesion* 16 0.000 

GOTERM_BP_DIRECT GO:0006412~translation 18 0.042 

KEGG_PATHWAY mmu03013:RNA transport 13 0.044 

Up-regulated in receptive diabetic (3.5 days) 

GOTERM_BP_DIRECT GO:0098609~cell-cell adhesion* 14 0.001 

GOTERM_BP_DIRECT GO:0008152~metabolic process 22 0.002 

GOTERM_BP_DIRECT GO:0006888~ER to Golgi vesicle-mediated transport 10 0.002 

GOTERM_BP_DIRECT GO:0055114~oxidation-reduction process 26 0.003 

GOTERM_BP_DIRECT GO:0008380~RNA splicing 13 0.039 

KEGG_PATHWAY mmu03040:Spliceosome 12 0.025 

Down-regulated in receptive (3.5 days)  non-diabetic mice 

GOTERM_BP_DIRECT GO:0055114~oxidation-reduction process 31 0.004 

GOTERM_BP_DIRECT GO:0070527~platelet aggregation 7 0.035 

KEGG_PATHWAY mmu04145:Phagosome 17 0.002 

KEGG_PATHWAY mmu01100:Metabolic pathways 53 0.025 

Up-regulated in receptive (3.5 days) non-diabetic mice 

GOTERM_BP_DIRECT GO:0006397~mRNA processing 15 0.048 

KEGG_PATHWAY mmu03013:RNA transport 12 0.045 

 

Table 4.4: Analysis of the differentially expressed and unique proteins from comparisons of Oviduct tissues between 

1.5 days C (control) VS 1.5 days D (diabetes), 3.5 days C VS 3.5 days D and 1.5 days C VS 3.5 days C using DAVID 
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software. The table contains term, count (protein #) and Benjamin values, the latter reflecting the significance of these 

biological process with values < 0.05. 

 

As we were specifically interested in the effect of diabetes on the embryo implantation 

environment, membrane proteins were analysed separately to show differences in biological 

processes directly impacting the embryo adhesion event. Membrane proteins were grouped via the 

use of Panther classification system. In the WOI (from 1.5 to 3.5 days post coitus), the oviduct 

membrane proteome showed a significant reduction in four transport processes including: 

vesicle mediated transport, intracellular mediated transport, retrograde transport (endosome to 

Golgi) and, small GTPase mediated signal transduction, which regulates vesicle mediated 

transport. This implies that all these processes are essential for the zygote interaction with a 

conductive oviduct at 1.5 days. Diabetes resulted in a significant reduction in the process 

involving vesicle mediated transport (Figure 4.6).  
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In the receptive uterus, the analysis of the membrane proteome of the receptive uterus showed 

a reduction in oxidative phosphorylation processes compared to pre-receptive uterus. In 

diabetes, there was a reduction in autophagosome assembly in the receptive uterine membrane 

proteome and an increase in ER Golgi vesicle mediated transport (Figure 4.7).  

 

As for proteins involved in embryo adhesion in the uterus, two CAM proteins (integrinB3 and 

cadherins) were observed in our analysis, with integrinB3 seen highly expressed in both oviduct 

and receptive uterus and cadherin showing no changes in the WOI. With respect to proteins 
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controlling growth and proliferation: Epidermal growth factor receptor (EGFR) and Platelet 

derived growth factor (PDGFR) showed significant increase in the receptive uterus, while these 

same proteins exhibited a significant decrease in receptive diabetic uterus (Figure 4.8). 

 

Figure 4.8: The expression of four proteins involved in growth and adhesion, namely: Epidermal Growth Factor 

Receptor (EGFR), Platelet Derived Growth Factor Receptor (PDGFR), IntegrinB3 and Cadherin 11.  The analysis 

was performed for oviduct and receptive uterus and their diabetic counterparts. 

 

4.1.3 Discussion 

In our study, the use of MS based technologies has enabled the establishment of the proteomic 

landscape for the process of blastocyst implantation. Our proteomics results serve as a useful 

starting point upon which researchers can investigate protein expressions in both oviduct and 

uterine tissues during the process of blastocyst implantation. Also, the effect of diabetes in the 

proteomes of these tissues allow further investigations into molecular players involved in the onset 

of this disease.  Mice oviduct and uterine tissues reported significant changes in several biological 
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and pathway processes in the WOI and the effect of diabetes on these. Oviduct was considered 

conductive to embryo transfer at 1.5 days and post conductive at 3.5 days post coitus. Uterus was 

considered pre-receptive at 1.5 days and receptive at 3.5 days post coitus. 

Little similarity was observed between oviduct and uterus at the proteome level in both the WOI 

and diabetes, reflecting that different tissues exhibit different proteomes [27](Figure 4.5). Our 

proteomics analysis was facilitated via the use of a newly developed in-house statistical package 

called PeptideWitch to provide statistical validation for the replicates of our test states and to 

produce high-stringency shotgun data. PeptideWitch covers the typical spread of statistical 

measures that are standard within the field of proteomics – the production of high stringency/low 

FDR data, Volcano Plots, Venn Diagrams, as well as introducing a few novel tests. These include 

intra-replicate PCA analysis, P-value histograms and binned natural log NSAF histograms for each 

replicate state. The graphical nature of PeptideWitch outputs allowed for the quick and 

reproducible verification of highly-stringent protein identifications from the complicated 

biological tissue time-point samples. 

4.1.3.1 The physiology of the oviduct and uterus at the time of initial blastocyst attachment to the 

endometrium (WOI) 

The use of DAVID for functional and pathway annotations facilitated grouping of differentially 

expressed and unique proteins into biological processes. At the whole proteome level, conductive 

oviduct exhibited many changes including an increase in the response to ER stress, which has been 

reported as a  result of the accumulation of unfolded or misfolded proteins in the ER lumen as a 

response to ER stress stimuli [28]. Previous reports on receptive uterus have reported an alteration 

in ER stress response with no reported studies carried out on oviduct tissues, to the best of our 

knowledge [11].  

Increase in protein transport and decrease in oxidative phosphorylation 

Associated with ER stress, the analysis of oviduct membrane proteome (i.e what the zygote 

interacts with) in conductive oviduct exhibited a significant increase in biological processes 
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involved in vesicle mediated transport, which occurs in the ER, compared to post-conductive 

oviduct. On the other hand, receptive uterine membrane proteome exhibited a significant decrease 

in oxidative phosphorylation compared to pre-receptive uterus. Alteration in the oxidative 

phosphorylation process of receptive uterus has been previously suggested as an early sensor of in 

vitro embryo implantation, where the higher metabolism and molecular transport in the uterus 

requires more energy and affects the oxidative status at the embryo implantation surface [29].  

Overexpression of cell adhesion molecules (Cadherin and Integrin) 

Receptive uterine tissue has been previously shown to have increased expression levels of 

adhesion molecules compared to pre-receptive uterine tissue in humans [12]. Analysis of our 

conductive oviduct and uterine tissue implicated two main cell adhesion molecules (CAM), 

namely: cadherin and integrin (Figure 4.8). Cadherin is a type of CAM that is important for 

adhering cells to each other. Defective preimplantation development was observed from a 

mutation in the E-cadherin gene in mouse embryo implantation  [30]. Although E-cadherin mRNA 

levels have been shown to be regulated according to the menstrual cycle [31], several studies have 

failed to detect these variations at the protein level using immunohistochemical studies in uterus 

[32-34]. Our study has aligned with previous findings by reporting unchanged protein levels of 

cadherins in receptive uterus using MS techniques. Another important CAM protein in embryo 

implantation is integrin. The importance of integrin is highlighted in its absence in some diseases 

that promote infertility such as luteal deficiency, endometriosis and others [2]. There are several 

integrin proteins found in uterine tissues but mainly integrinB3 is shown highly expressed during 

the WOI in rabbit uterus [35]. The same subtype of integrin (integrinB3) was seen with 

significantly higher expression in receptive uterus in our mice model.  

Increase in two main growth and proliferation receptors in receptive uterus 

Other researchers have pointed out growth and proliferation as key regulators of protein 

expression between pre-receptive and receptive uterus [11]. Our receptive uterus showed an 

increase in two main proteins involved in growth and proliferation, namely: Epidermal growth 

factor receptor (EGFR) and Platelet derived growth factor receptor (PDGFR) (Figure 4.8). 
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Generally, EGF stimulates cell proliferation via binding to its EGFR. In endometrium, EGF has 

been associated with hormonal regulation of CAM molecules such as integrinB3 [36]. In our 

study, receptive uterus was seen with an increase in EGFR as well as integrinB3. The other 

growth regulator (PDGFR) has been reported to be highly regulated with Leukemia inhibitory 

factor (LIF) expression in receptive uterus [2]. LIF contributes to blastocyst development and 

implantation through controlling proliferation and differentiation, and LIF mRNA expression 

was, in a previous report, detected to peak at the receptive window in biopsies of fertile women 

[37]. In our study, conductive oviduct showed unique expression of CAM proteins (cadherin and 

integrinB3) and lack of EGFR expression.  

Overall, the physiology of mice oviduct membrane proteome, seemed to change due to zygote 

presence towards a higher capacity to transport and deliver proteins to their proper locations. The 

membrane proteome of uterus exhibited different changes, probably due to different tissue 

function, with a decrease in the oxidative phosphorylation process in the WOI as the only 

significantly down-regulated biological process, and also showed an increase in expression of cell 

adhesion molecules (integrinB3) and growth factors (EGFR and PDGFR). 

4.1.3.2 Effect of diabetes on zygotes and blastocyst adherence environment  

Our diabetic oviduct and uterine whole proteome showed a series of significant changes in many 

biological processes that have been previously linked with diabetes, such as metabolic pathways, 

fatty acid metabolic processes, oxidation reduction and the spliceosome (Table 4.3 and table 4.4) 

[13, 14][15][16, 17][18]. 

Decreased autophagosome activity and increased oxidative phosphorylation in diabetic tissues 

In our study, from the membrane proteome viewpoint, diabetes resulted in the alteration of several 

biological processes in both oviduct and uterus. In conductive oviduct, a significant decrease in 

vesicle mediated transport was observed, a phenomenon that has been repeatedly linked with 

diabetes and metabolic diseases [38].  Regarding the uterus, our diabetic receptive uterine 

membrane proteome showed a significant decrease in auto phagosome assembly proteins. 
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Autophagy is a catabolic process involved in maintenance of cellular homeostasis by delivering 

cytoplasmic constituents to the lysosomes for degradation. Some have reported an inhibition in 

auto phagosome protein recruitments in diabetic patients with prolonged exposure to highly 

elevated insulin levels [39].  

Furthermore, our diabetic uterine membrane proteome exhibited a significant increase in ER to 

Golgi vesicle transport and oxidative phosphorylation.  Diabetes is known to cause mitochondrial 

dysfunction while generating considerable reactive oxygen species [40]. Mitochondria have the 

capacity to invoke adaptive mechanisms that have evolved to defend against oxidative stress [41]. 

One putative mechanism is a physiologic or “mild” uncoupling of oxidative phosphorylation, 

which would reduce superoxide generation by reducing mitochondrial membrane potential [42]. 

Interestingly, in our dataset, oxidative phosphorylation is significantly reduced in receptive 

membrane proteome, but significantly upregulated in diabetic receptive uterus. As a result, 

oxidative phosphorylation represents a strong candidate as a biomarker for diabetic uterus failure 

of embryo implantation and, therefore, an unreceptive uterus.  

 

Little change in the expression of cell adhesion molecules (Cadherins and Integrin) 

Regarding the effect of diabetes in CAM and growth factors in oviduct and receptive uterus, 

diabetic receptive uterus expressed a decrease in the receptors of two main growth factors (PDGFR 

and EGFR), without observed changes in CAM proteins. Cadherin and integrinB3 were seen with 

unchanged levels in expression in diabetic tissues compared to control tissues. Although some 

previous research has shown a significant decrease in integrinB3 in infertile women during the 

receptive window [43], others have reported no temporal relationship between integrinB3 

expression and pinopod formation in both normal and infertile women regardless of WOI, which 

keeps the functional significance of integrinB3 yet to be established [44].  

Decrease in two main growth and proliferation receptors in diabetic receptive uterus 

Regarding growth factors, as previously mentioned, PDGFR regulates LIF expression which is 

very important for embryo implantation [11]. In fact, female mice with LIF gene deficiency were 
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unable to have a successful embryo implantation in the endometrium, which was rescued by LIF 

supplementation to the gestational carrier [45]. Further work is needed to see whether there is a 

link low PDGFR expression to LIF expression levels and subsequently the low successful rates of 

embryo implantation in diabetic uterus.  

Overall, several changes were observed in diabetic receptive uterus including increase in 

oxidative phosphorylation and vesicle transport and a decrease in autophagosome assembly, no 

change in the expression of CAM proteins (IntegrinB3 and Cadherin) and a decrease in growth 

factors (EGFR and PDGFR). Interestingly, both oviduct and uterus have shown differential 

response in their membrane proteome to diabetes which reflects the molecular complexity and 

specificity of this disease as well as the difference in the proteomes of these two tissues despite 

the close proximity. 

4.2 Part 2: The glycome of oviduct and receptive uterus 

Using freeze-fracture technique, pinopods have been seen [46] to increase dramatically in the 

plasma membrane of endometrial epithelial cells during early pregnancy in the rat; these proteins 

were associated with the glycocalyx (a medium of glycolipids and glycoproteins). Pinopods are 

rod shaped component projecting into the lumen, possibly acting as a focal adhesive site for the 

blastocyst. In fact, cell surface glycoconjugates have been previously implicated in cell-cell 

adhesion in several biological systems. Milk contains abundant and structurally diverse glycan 

structures, and these glycans has been previously investigated in cellular binding inhibition studies 

including microbial binding to the gut lining [47, 48]. One of seven tested milk oligosaccharides, 

named Lacto-N-fucopentasaccharide I[LNF-1=Fucα(1-2)-Galβ(1-3)-GlcNAcβ(1-3)-Galβ(1-4)-

Glc], resulted in significant reduction of mouse blastocyst attachment to uterine epithelial 

monolayers [49]. In fact, fucosylated epitopes have been reported previously in the uterus of 

pregnant domestic animals [50, 51] and women [52]. However, no complete inhibition of 

blastocyst attachment was observed in the LNF-1 experiments, thus showing the need to further 

research the role of the uterine glycome surface.  
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The glycome of a receptive uterus has also been studied in monkeys during different phases of 

implantation by Niklaus [53], using different lectins. Endometrial tissues (displaying uterine 

mucins) from different reproductive cycle phases showed a significant reduction in WGA 

(GlcNAc + sialic acid) binding at receptive state compared to non-receptive pre-ovulatory state. 

Anderson [54] has also demonstrated the decrease of WGA binding in a receptive uterus in rabbit 

compared to non-receptive. Both binding experiments showed a reduction in WGA binding after 

sialidase treatment suggesting that WGA reactivity is related to sialic acid instead of GlcNAc 

epitope. As a result, both rabbit and monkeys share the decrease in sialic acid at receptive phase.  

Many other carbohydrate components have been reported to exhibit stage-specific alterations prior 

to implantation (Table 4.7). 

Observation/scope Physiology of a receptive endometrium Technique used Ref 

The presence of sulphated and 

sialomucin  

The presence of sulphated and sialomucin 

(8.4% and 6.2% respectively) 

Scraping of 10 endometrium, from 

women made receptive via synthetic 

progesterone. CsCl density for 

mucin extraction 

[55] 

Binding of ConA (Mannose 1-3); 

SBA (terminal GalNAc); WGA 

(GlcNAc-1-4GalNAc + sialic 

acid): LCA (Core fucose); PHA 

(Gal, GlcNAc and Mannose) 

All lectins showed some degree of binding 

with PHA given a variable cycle 

dependent activity   

48 human endometrial biopsy 

during pregnancy with lectin 

staining performed on paraffin 

sections 

[56] 

Activity of antibodies specific to 

MUC1 (PankoMab) and 

Thomsen-Friedenreich F (Nemod 

TF) epitope  

Up regulation of TF epitope colocalised 

with overexpression of MUC1, 

Human endometrial tissue was 

obtained from 54 premenopausal 

patients and was 

immunohistochemically analysed 

with monoclonal antibodies against 

MUC1, TF epitope 

[57] 

Cationic Ferritin and Ruthenium 

Red staining 

Decrease in negative charge during 

receptive phase  

The use of negative charging labels 

in pregnant rat uterine epithelial 

cells  

[58] 

Increase binding of FBP (fucose) 

and SBA (terminal α-GalNAc) 

lectins 

Increase in fucose and terminal α-GalNAc Staining of rats uterus surface 

during implantation and post 

insemination  

[59] 

Loss of PNA (Gal-β(1-3)-

GalNAc) binding at secretory 

(receptive) phase and restoration 

post sialidase treatment  

Increase in Gal-β(1-3)-GalNAc sialylation 

during   receptive  phase 

Mice endometrial tissue fixed in 

formalin and processed in paraffin 

wax prior to lectin staining  

[60] 

Expression of Lewis a, sialyl 

Lewis a, Lewis b, Lewis x, sialyl 

Lewis x and lewis Y 

Lewis a, sialyl Lewis a and Lewis b were 

detected at apical surface of a minority of 

glandular epithelial endometrial cells. 

Lewis x, sialyl Lewis x and lewis y were 

present in cytoplasm in both phases with 

Lewis x decreases at secretory phase 

Lectin staining and microscopy of 

mice endometrial tissues using 

several antibodies specific to Lewis 

structures  

[61, 

62] 

[63] 

Table 4.7 Reported glycosylation seen in endometrium at receptive stage. All examples are performed in human tissues 

except shown otherwise.  

 

Most of these observations have used lectin staining which does not give quantitative information 

or definitive evidence of the glycan structures. In contrast, glycan analysis by mass spectrometry 

https://en.wikipedia.org/wiki/Galactose
https://en.wikipedia.org/wiki/N-Acetylgalactosamine
https://en.wikipedia.org/wiki/Galactose
https://en.wikipedia.org/wiki/N-Acetylgalactosamine
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has the ability to show more detailed structural information on the glycan markers for uterine 

receptivity, such as the type and abundance of glycan classes, expressed structural epitopes and 

sites of attachment. To the best of our knowledge, no MS analysis of uterine glycosylation has 

been performed to date. Only cervical mucus has been analysed using MS based techniques [64]. 

Glycans analysed from cervical mucins by MS demonstrated glycosylation changes between 

before and after ovulation such as an increase in core type 2 O-glycans and neutral fucosylated 

structures, with a relative decrease in sialylated structures [64]. 

The importance of the highly glycosylated MUC1 in embryo implantation 

Previously published data has implicated O-glycosylated mucin proteins in the success of 

embryo implantation since one of the most important phenomena observed in a receptive uterine 

endometrium is the decrease in MUC1 expression in mice [2]. Mice, unlike human, exhibit a 

reduction in MUC1 expression during blastocyst implantation [4-8],but mice uterine MUC1 is 

significantly increased during the window of implantation in diabetes mellitus [23]. The reported 

increase in MUC1 expression in diabetic mice endometrium is a probable cause for the low embryo 

implantation rates seen in diabetes mellitus [23]. Due to the mucin’s large size and high 

glycosylation of serine and threonine repeats, our sample preparation for shotgun proteomics in 

Part 1 of this Chapter was not optimal for mucin identification. However, in our proteomics 

comparison, we were able to detect several altered protein functions involved in mucin production 

such as reduction-oxidation process, ER stress and vesicle mediated transport (Table 4.4 and 4.5) 

[65-67]. Although our analysis did not detect the MUC1 protein, several unique proteins in our 

comparison between states are highly involved in mucin functionality such as EGFR, PDGFR and 

proteins involved in vesicle meditated transport (Table 4.6).  
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Process/protein Relationship to MUC1 in 

other tissues 

Conductive oviduct  

(1.5 days) 

Receptive uterus (3.5 days) 

Vesicle mediated transport 

proteins  

Mucus secretion [68] Decrease compared to post-

conductive 

Increase in diabetes when its 

expected to decrease (Figure 

4.7) 

Platelet-derived growth 

factor receptor 

Required for normal 

development of the mucosa 

lining [69] 

Unchanged  Decrease in diabetes 

Epidermal growth factor 

receptor 

Phosphorylates MUC1 and 

increases MUC1 

interactions [70] 

Increase in diabetes Decrease in diabetes  

 

Table 4.6: The differential expression of biological process and proteins involved in MUC1 expression and function 

due to WOI or diabetes in mouse.  

 

Overall, our data supports a possible alteration in diabetic uterus of the highly glycosylated MUC1, 

a protein with a fundamental role in the correct embryo implantation process [71] [72] that requires 

a highly spatial and temporal regulation of cellular events occurring in the uterine surfaces [73]. 

One of these cellular events is the regulation of the mucin layer expression on the surface of uterus 

[74]. Mucins are large, sticky, extensively O-glycosylated and have been seen in most reproductive 

organs, with reported changes in their amount and phenotype during the menstrual cycle [71]. 

MUC1 was found to be the most abundant mucin protein expressed in oviduct and uterus [75]. 

MUC1 is a large glycoprotein (>250KDa) that obstructs interaction through steric hindrance and 

hence the inhibition of blastocyst implantation is proportional to the length of MUC1 ectodomain. 

As illustrated in Brayman [72], the proline residues and glycosylation give rise to a rigid extended 

MUC1 structure that projects 200-500 nm above the cell surface, much further than the distance 

spanned by most cell-surface proteins including integrins (Figure 4.2)  [76] [77]. In mice, and in 

more localised regions around pinopods in humans, MUC1 experiences a transcriptional and 

translational reduction at the surface of pinopods, at embryo anchor sites, and at the implantation 

moment [74].  

MUC1 abundance during the window of implantation   

The endometrium (MUC1 layer) microenvironments during the receptive phase are highly 

complex and constantly changing among molecular players as implantation progresses [78]. As 

previously mentioned, unlike human and rabbits, MUC1 is down regulated before implantation in 
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the receptive endometrium of mice [4, 5], rats [6] and pigs [7]. Interestingly, in rabbit, direct 

studies of implantation utilising affinity purified rabbit antibody to the peptide CT-1 of MUC1 

(immune-fluorescence localisation) have shown that MUC1 is absent at the interface between 

trophectoderm (blastocyst) and uterine epithelium [79]. Scanning electron microscopy combined 

with immuno-histochemistry has succeeded in precisely showing MUC1 missing from the surface 

of uterine pinopods [80]. Indeed, human in vitro implantation models indicate MUC1 loss at the 

site of embryo attachment [81]. This in vitro three-dimensional system showed MUC1 staining to 

be absent from epithelial cells beneath and in the surrounding vicinity of the attached embryo, 

where its expression was unaffected at greater distances [72, 82].  

MUC1 glycoforms during the window of implantation   

The importance of different MUC1 glycoforms in the reproductive tract is seen in the different 

patterns of expression of MUC1 glycoforms observed between pre-receptive and receptive 

implantation phases on the luminal (surface) epithelium [83, 84]. In human, although MUC1 

protein expression has been shown to not change on glandular (secretory) epithelium, antibody 

CT-1, directed against the cytoplasmic domain found in all cell-associated MUC1 species, and two 

MUC1-ectodoamin epitopes, HMFG-1 and HMFG-2, of biopsy samples have observed 

differences in their immunohistochemistry morphology [84]. Luminal epithelium is responsible 

for embryo attachment and HMFG-1 ectodomain expression was shown to decrease in luminal 

epithelium during the receptive phase; and its reactivity was seen to be restored by keratanases 

and neuraminidase treatment suggesting a decrease in keratan sulphate and, interestingly, sialic 

acid-D-Galactose in MUC1 during receptive implantation phase compared to pre-receptive with 

no differences in MUC1 glycoforms seen in glandular epithelium [85]. Although derived from 

glandular epithelium, MUC1 covered luminal epithelium has acquired distinctive glycosylation 

patterns. Overall, the use of specific antibodies has determined MUC1 epithelial glycoforms to be 

distributed in a regional and cycle-dependent fashion [84]. The glycosylation found on MUC1 

glycoforms is yet to be studied in mice.  

Diabetes and MUC1 glycosylation  
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A thick endometrium is indicative of non-conception cycle [4, 5, 8, 86], and some have reported 

thick uterine lining in diabetic mice during the receptive window [23]. STZ-induced diabetic mice 

have been shown to exhibit reduced embryo implantation rates, retarded pinopods and above all 

overexpression of the highly O-glycosylated MUC1 mucin protein at the receptive phase compared 

to normal non-obese mice, the latter seen by transmission electron microscopy (Table 4.8) [87-

89][23]. The high expression of MUC1 is believed to cause steric hindrance of the binding between 

blastocyst and cell adhesion molecules such as cadherins and integrins (Figure 4.8) [90]. Diabetes 

has also been repeatedly shown to alter protein glycosylation, (reviewed in paper 1 and Chapter 

3).  

Mice model 1.5 days (post coitus) 3.5 days (post coitus) 

Oviduct Uterus Oviduct Uterus 

Presence of embryo Two-cell zygote No No Multi-cellular 

Blastocyst 

Hormones Estrogen (proliferation) Progesterone (differentiation) 

tissue state Conductive to 

embryo transfer 

Pre-receptive Post-conductive Receptive 

Docking sites  No  Present 

Docking sites in diabetes No Retarded 

MUC1 expression High High low Low 

MUC1 expression in diabetes N/A High N/A High 

Table 4.8: Details on mice oviduct and uterine tissue samples used in this work. Two time points, 1.5 and 3.5 days 

post coitus, of control and STZ-induced diabetic mice oviduct and uterine lining were analysed.  

 

Thus, the increase of MUC1 expression in receptive STZ-induced diabetic mice uterus is 

established and we have investigated the MUC1 glycosylation patterns as well, which would 

influence the size, hydrophilicity and above all binding ligands (glycan epitopes) of MUC1 on the 

surface of oviduct and uterus [2]. Unlike mice, human receptive uterine tissues do not experience 

an overall reduction in MUC1 expression but may rely on specific changes in MUC1 glycosylation 

patterns [4, 5, 8]. Given the established overexpression  of MUC1 expression in diabetic mice [23], 

changes in MUC1 glycosylation patterns in diabetic mice may also occur in diabetic human 

receptive uterus, and be related to the the low successful embryo implantation rate in diabetic 

individuals. In fact, diabetes has been repeatedly shown to alter the glycosylation of several 

proteins  [91]. Overall, the effect of diabetes in mice, and human on MUC1 glycosylation is still 

unknown. 
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Challenges of studying mucins and their O-glycans 

Mucus is composed primarily of water (95%), but also contains salts, lipids such as fatty acids, 

phospholipids and cholesterol [1]. However, the main component that is responsible for its viscous 

and elastic gel-like properties is the glycoprotein mucins.  

Mucins are made up of a family of 20 molecules and 8 possible core O-linked glycan structures 

[92]. Mucins are highly O-glycosylated with repeats of serine and threonine residues forming a 

large number of glycans in very close proximity [93]. Jensen et al has summarised the reasons that 

make O-linked glycans more difficult to analyse than N-linked protein glycans [94]. First of all, 

there is the absence of a known amino acid consensus glycosylation sequence. Secondly, there is 

no universal enzyme to cleave the O-glycans from protein substrates. The commercially available 

O-glycanase only cleaves the structure Gal-GalNAc and leaves other structures alone, hence 

resistance to O-glycanase does not mean the absence of O-linked glycans [95]. Finally, mucins are 

very heterogeneous in O-glycan structures and their possible glycosylation sites [94]. As mucin 

proteins differ in their number of repeat sequences, large size and heterogeneous glycosylation 

(hydrophilicity), this results in inherent difficulties in analysing these molecules.  

Mucins have been reported to have numerous functions in several diseases such as cystic fibrosis, 

asthma, cancer and others [96-98]. As a result, a reliable analytical protocol is pivotal to investigate 

the importance of these molecules and their wide involvement in biology, including in the context 

of this thesis, diabetes.  

Common mucin isolation protocols. 

Due to the difficulties with working with mucins using conventional separation techniques, several 

techniques have been tested for the purification of these proteins. Properties that make mucins hard 

to study (high molecular weight and high glycan content) are beneficial for their purification from 

other proteins. There are varieties of methods that can be applied to study mucins, yet only few 

are reproducible, low cost and can be used in high-throughput studies. Several techniques have 

been used routinely for mucin purification such as Cesium chloride (CsCl) density gradient 
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centrifugation [99], Agarose-Polyacrylamide electrophoresis (Ag-PAGE) [100, 101]  and 

Supported Matrix Membrane Electrophoresis (SMME) [102].  

Traditionally, CsCl density gradient has been well-established for the extraction of mucins. 

Following mucin solubilisation with guanidine hydrochloride, CsCL density gradient 

centrifugation has been applied to purify mucins from proteins and DNA [99]. The high-molecular 

weight of mucins prevents their migration in regular polyacrylamide gels. Ag-PAGE gels contain 

large pores via mixing agarose and polyacrylamide, thus allowing mucins to enter the gel [103]. 

Gels can then be transferred onto a PVDF membrane via a vacuum blotter, and the mucin glycans 

typically released via β-elimination of the O-linked glycans directly from the immobilized mucin 

on the PVDF [100, 101].  

A relatively new membrane electrophoresis technique has been developed for the purification of 

mucins called Supported Matrix Membrane Electrophoresis (SMME). SMME has promised 

simplicity and rapid characterisation [102]. SMME requires fixing mucins on a PVDF membrane 

and adding water-soluble polymer (such as Polyvinylpyrrolidone (PVP)) in the fixation process. 

By this method MUC1 has been detected in several cancer cell lines and O-glycans were released 

for analysis; SMME was also able to detect MUC1 using antibodies to demonstrate that the 

migration pattern and glycan profile was different between different cell lines [104].  This part 2 

of the Chapter aims to compare any differences in oviduct and uterine mucin glycosylation (mainly 

MUC1) between pre-receptive and receptive using mass spectrometry after comparing different 

mucin isolation protocols.   

4.2.1 Materials and methods 

4.2.1.1 Testing different mucin isolation techniques  

For all protocols, as an example of highly glycosylated mucin proteins, porcine gastric mucin 

(PGM) was reduced with fresh 10 mM DTT (Sigma Aldrich, Australia) and incubated at 37˚C for 
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5 hours with slow mixing (300 rpm). Alkylation was performed with 25 mM IAA (Sigma Aldrich, 

Australia) at room temperature overnight in the dark. 

PVDF and in-solution O-linked glycan release for mass spectrometry analysis  

PGM (20 ug) was dot-blotted onto a PVDF membrane using a vacuum blotter and N-glycans were 

removed by an overnight incubation with 2.5 U N-glycosidase F (PNGase F, Flavobacterium 

meningosepticum, Promega, Australia) at 37°C, then O-glycans were released by β-elimination by 

the addition of 1 M NaBH4 in 50 mM KOH for 3 h at 50°C as described previously [105].  

For in-solution release, PGM (20 ug) was kept in-solution while incubated with 2.5 U N-

glycosidase F (PNGase F, Flavobacterium meningosepticum, Promega, Australia) at 37°C to 

remove N-glycans. Proteins were acetone precipitated (1:9 ratio) by incubation at 20°C overnight. 

Protein pellets were washed with 300 ul of 60% v/v methanol at -20˚C repeated twice; the 

acetone/methanol extracts contained the released N-glycans. Pellet was then subjected to β-

elimination using 0.5 M NaBH4 in 50 mM KOH for 16 h at 50˚C, reduction was neutralised by the 

addition of 2ul of glacial acetic acid. Effervescence will be observed upon the addition of acid. 

Samples were desalted and cleaned as described in section 2.2.  

CsCL density gradient centrifugation 

PGM (100ug) was added to a Cesium Chloride (CsCL-Biochemicals, Australia) at a concentration 

of 1.4 g/ml. Samples were added onto the CsCl in polyallomer tubes (12ml) and balanced for 

subsequent ultracentrifugation. Ultracentrifugation was performed using Beckman SW41 Ti rotor 

at 36000 rpm for 72 hours. A fraction collector (GE-HealthCare, Australia) was used to carefully 

remove fractions at a speed of 1ml/min (from bottom). The density of each fraction was measured. 

All fractions were spotted onto a PVDF membrane and stained with Alcian blue to detect 

negatively charged (sialylated/sulphated)-mucin rich fractions. Briefly, dry membranes were 

immersed into 0.1% w/v Alcian blue 8GX dissolved in 10% v/v acetic acid and 25% v/v ethanol, 

while gently shaken for 2 min [106]. Membrane was washed with methanol for a few min to 

determine the spots positive for Alcian blue staining. Mucin fractions, stained positive with Alcian 

blue and had 1.3 g/ml density, were dialysed overnight in 1000ml milliQ-water to remove access 
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CsCL salts. Samples were then spotted onto PVDF membrane using a vacuum blotter and used for 

subsequent O-glycan release as described in section 2.2.1. 

Agarose-Polyacrylamide (Ag-PAGE) 

Ag-PAGE gels were made by mixing two solutions of agarose and acrylamide using a special in-

house apparatus in a 70˚C oven [107]. The upper chamber solution contained 0.5% w/v agarose 

while the lower chamber solution contained 2% w/v agarose: 3% w/v acrylamide: 2% v/v glycerol. 

TEMED (0.07% w/v) and 2ul ammonium persulphate (40% w/v) were added into lower solution 

before mixing began. The mixed solution was slowly poured into gel cassettes before incubating 

for 30 min at room temperature followed by storage at 4˚C. After adding lithium dodecyl sulfate 

(LDS) sample loading buffer to PGM (100ug), the gel was run at 10mA for 2 hours. Gels were 

stained with Coomassie Blue G-250 overnight and de-stained with 3% v/v acetic acid. Proteins 

were transferred from the gel to a PVDF membrane, without any staining, via semi-dry transfer 

technique (Trans-Blot SD semi-Dry Transfer cell (BioRad, Australia)). The semi-dry transfer 

apparatus was first made wet with ion trap solution (10x 3 M Tris base) in order to trap charged 

particles between the PVDF membrane and blot papers. PVDF membrane wetted with methanol, 

and then added to cathode buffer solution (10x 250mM Tris base, 400mM α-amino-n-hexanoic 

acid) for 10 min. Two blot papers (BioRad, Australia) were soaked in cathode buffer solution for 

10 min. Two more blot papers were then soaked in anode buffer solution (10x 250mM Tris base) 

for 10 min. The gel was soaked in cathode buffer solution for 5 min. Papers soaked in ion trap 

solution were stacked first, then papers from anode followed by PVDF, then gel and finally cathode 

paper; while making sure to remove any air bubbles formed between each layer. Ice was placed 

on top of apparatus to keep cool while blotting at 5mA for 80 min. Alcian blue was used to stain 

PVDF membrane while Coomasie blue was used to stain gels before and after transfer. Stained 

spots on the PVDF membrane were used for subsequent O-glycan release as described in section 

2.2.1. 
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Supported matrix membrane electrophoresis (SMME) 

SMME was performed as described in a recent publication by Kameyama [108]. PVDF 

membrane wetted with methanol and then immersed into 0.25%w/v hydrophilic polymers 

(PEG/PVA 3:2) for 30 min. Excess polymers were removed by membrane filtration. Membranes 

were then placed into the SMME apparatus using 0.5%v/v pyridine as running buffer (Figure 

4.9). 10ug PGM was run onto the starting line with constant current 1mA for 90 min. Mucin 

fractions were stained with Alcian blue and used for subsequent O-glycan release as described in 

section 2.2.1. 

 

Figure 4.9: An image of supported molecular matrix electrophoresis (SMME) apparatus. The image shows two electrical poles 

(cathode and anode), PVDF membrane, filter paper and running buffer (0.5% pyridine).  

 

Desalting and carbon cleaning of released glycans 

Only released O-glycans were desalted on a strong cation exchange (SCX) chromatography 

column and enriched using a Porous Graphitised Carbon (PGC) column as described in section 

2.2.2.  

Mass spectrometry analysis of released glycans 

Analysis of released O-glycans was performed using a PGC column coupled to a ThermoFisher 

Velos LTQ mass spectrometer as described in in section 2.2.4. No analysis was performed for 

released N-glycans in this Chapter. 
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4.2.1.2 The analysis of oviduct O-glycome and uterine mucin layers 

Mucin preparation for glycomics experiments 

For uterus, the endometrial epithelial surface was scraped to remove the glycocalyx away from 

cells, to collect mucins using a blunt instrument (forceps) to collect mucins. For oviduct, tissue 

was homogenised using a Polytron homogeniser in 10mM Tris buffer (pH 7.5) for 3 min (30 sec 

on:10 sec off). For both endometrial uterine scrapings and homogenised oviduct cells, samples 

were acetone precipitated overnight in 1:9 ratio. Acetone pellets from all samples weighed about 

50ug measured by subtracting the weight of the tube containing acetone pellets from the tare 

weight. The epithelial scrapings and oviduct acetone pellets were placed in at least five volumes 

of ice-cold 6 M guanidinium chloride extraction buffer and dispersed with the Polytron for 3 min 

(30 sec on:10 sec off). Samples were gently stirred overnight at 4°C, then centrifuged (23,000 × 

g, 4°C, 45 min). Supernatants were poured off and termed “guanidinium chloride soluble” mucins. 

Extractions steps were repeated two more times and all extracts were pooled together. 

Guanidinium chloride (6 M) reduction buffer containing 10 mM DTT was added to the extracts 

and incubated for 5 h at 37°C. Iodoacetamide (IAA) (25 mM) was added and left to incubate 

overnight in the dark at room temperature. Supernatant was termed the “reduced/alkylated 

guanidinium chloride insoluble” mucins [99]. Both fractions were mixed and dot blotted onto 

PVDF membrane using vacuum blotter.  

Periodic acid-Schiff and Direct Blue staining 

For two PVDF membranes, 5ug mucins protein from all uterine mice samples were immobilised 

using a vacuum blotter. One membrane was oxidized in 1% w/v periodic acid in 3% v/v acetic 

acid for 30 min before staining with Schiff’s reagent for 15 min (Sigma-Aldrich, Australia). The 

second membrane wetted using methanol, then stained with Direct Blue (10% v/v acetic acid, 40% 

v/v ethanol, 0.1% w/v direct blue), and de stained (10% v/v acetic acid, 40% v/v ethanol). Spot 

intensities were measured using image G (USA National Institute of Health). Each class 

(control/diabetic pre-receptive and receptive) was prepared as 3 biological replicates and two 
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technical replicates. Protein intensities were normalised from the intensity of empty spots 

containing no proteins. Human saliva, purified as per [109], was used as a control to reflect the 

accuracy of our staining methods.   

O-linked glycan release for mass spectrometry analysis 

Reduced and alkylated mucin samples were then spotted onto PVDF membrane using a vacuum 

blotter. Blotted samples were treated with 2.5 U N-glycosidase F (PNGase F, Flavobacterium 

meningosepticum, Roche, Australia) at 37°C, then O-glycans by β-elimination (0.5mM NaBH4, 

50mM KOH) as described in section 2.2.1. 

Released O-glycans were desalted and enriched using SCX and PGC column respectively (details 

found in sections 2.2.2). 

Mass spectrometry analysis of released O-glycans  

Released O-glycans were analysed using a PGC column coupled to a ThermoFisher Velos LTQ 

mass spectrometer and statistical analysis was performed using Student t-tests as described in 

sections 2.2.4 and 2.2.5. 

4.2.2 Results 

4.2.2.1 Comparison between different mucin analysis protocols 

The overall results from most of the techniques tested showed Porcine Gastric Mucin (PGM) to 

be carrying around 85% non-charged glycan structures. In-solution β-elimination release allowed 

the characterisation of the least number (23 O-glycan strtucres) of individual glycan strctures, 

while PVDF and all other techniques (CsCL density gradient, Ag-PAGE and SMME) released 27 

or 28 O-glycan structures (Figure 4.10).  
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Figure 4.10: O-linked released glycans from PGM using five different techniques: PVDF (dot blotting), in-solution, 

CsCL density gradient, SMME and AgPAGE. The abundance of each glycan class is calculated from the EIC 

measured for each individual glycan mass in that class. The figure also provides the overall number of individual 

glycans (including isomers) detected by each technique.  

 

There are reported advantages and disadvantages for each of the mucin analysis protocols (Table 

4.9). Due to high purity (only MUC1) [2][9], low amount of samples in oviduct and uterine mucin 

proteins and large cohort (total of 24 biological samples), PVDF blotting was chosen over CsCl 

density gradient, Ag-PAGE and SMME for the work presented in the remaining part of this 

Chapter. See Supplementary figures in chapter 4 for details on the comparison of mucin analysis 

protocols. 
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Protocols Advantages Disadvantages 

PVDF blotting 

(vacuum blot) 
• High signal to noise ratio. 

• Little loss of sample material. 

• Not applicable with complex mucin mixtures. 

In-solution • Little loss of sample material. • Low signal to noise ratio. 

• Not applicable with complex mucin mixtures. 

• The only method lacking in number of 

detected O-glycan structures. 

Cesium chloride 

density gradient 

centrifugation 

(CsCL) 

• Isolation of different mucin proteins 

or glycoforms. 

• Optimal for purifying mucins from 

complex mixtures and tissues. 

• Requires large amount of sample. 

• Not required with relatively pure mucin 

samples to avoid sample loss. 

• Loss of sample during dialysis with mucin 

sticking to the dialysis bags. 

Supported 

matrix 

membrane 

electrophoresis 

(SMME) 

• Most resolution of PGM mucin 

proteins or glycoforms. 

• Irreproducibility with the loading PGM into 

the polymer matrix (fixation process) 

• Irregularities due to basic/hand-made 

apparatus 

• Few spots can be made per each run; difficult 

for large cohort 

 

Agarose-

Polyacrylamide 

(Ag-PAGE) 

• Isolation of different glycoforms. 

• Purifying mucins from complex 

mixture. 

• Requires large amount of sample. 

• Hard to accurately reproduce gel casting and 

membrane transfer of large mucin proteins. 

• Not suitable for large cohort of samples. 

 

 

Table 4.9: Comparison of mucin (PGM) analysis protocols: PVDF (dot blotting), in-solution, CsCL density gradient, 

SMME and AgPAGE. Observed advantages and disadvantages are shown with details found in Supplementary Figure 

4. 

 

When comparing PVDF and in-solution glycan release technique, the main difference between the 

two profiles was the signal to noise ratio generated from the same amount of PGM amounts such 

that the in-solution technique release gave a higher signal to noise ratio. Also, PVDF release 

generated more O-glycan individual structures (27) compared to in-solution (23) (Figure 4.11).  
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Figure 4.11: Summed MS of O-glycans released from PGM via in-solution (top) and PVDF dot-blotting (bottom) 

methods. The x-axis represents mass over charge with each signal characterized by its assigned O-glycan structure.  

 

Our comparison between in-solution and PVDF mucin glycan release has answered a very 

important question: What is the best approach to release O-glycans from purified mucins? Our 

results show that blotting mucin using a vacuum blotter before β-elimination provides a clean O-

glycan profile compared to in-solution release. Also, the PVDF approach has enabled the 

characterisation of more O-glycan structures than in-solution release (4 more glycans), mainly due 

to the higher signal-to-noise MS ratio, so was the method of choice for the following mucin 

glycosylation analyses.  

4.3.2.2 A micro-glycomic view of the uterine and oviduct O-glycome surfaces 

Using PGC-ESI-MS/MS, the analysis of O-glycans in oviduct and uterine scraping showed no 

significant difference between 1.5 and 3.5 days post coitus. Also, there was no significant change 

in the individual O-glycan structures between control and diabetic samples of oviduct and uterine 

surfaces (Figure 4.12, A and B). 
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Figure 4.12: Analysis of MUC1 glycosylation in conductive/receptive and diabetic oviduct and uterine tissues. A: 

O-linked released glycans from control and diabetic mice oviduct. The abundance of each class is relative to the EIC 

measured for all glycans found in this class compared to all other glycans. SDs are shown (n=3). B: O-linked released 

glycans from control and diabetic mice uterine scraping. The abundance of each class is relative to the EIC measured 

for all glycans found in this class compared to all other glycans. SDs are shown (n=3). 

 

Increased total glycans in receptive uterine surface compared to pre-receptive.  

In order to measure the abundance of glycans on the surface of uterine scrapings, the Periodate 

acid-Schiff (PAS) carbohydrate staining method was used. In the above glycan structure analyses 

the initial protein amount added to each spot was normalised to total protein amount (5ug) via 
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Direct Blue staining. Saliva was used as a control with the same amount of protein to reflect the 

accuracy of measurements of this method seen from the standard deviation of n=2 (Figure 4.13, 

A). PAS stain of mucins scraped from uterine surface revealed an increase (around 300%) in the 

amount of carbohydrate displayed in the receptive phase compared to non-receptive phase. There 

was an increase in PAS stain relative to normalised mucin protein amount (Direct Blue stain) in 

receptive (3.5 C; 8.8±3.4) compared to pre-receptive (1.5 C; 1.4±0.6) mice uterus (Figure 4.13, 

B). Also, there was an increase (around 100%) in the amount of carbohydrate on the mucins of 

diabetic pre-receptive mice (1.5 D; 4.2±1.4) compared to control pre-receptive (1.5 C; 1.4±0.6); 

this increase was not evident in the comparison between diabetic receptive mice (3.5 D; 7.4±3.8) 

and control receptive mice (3.5 C). Overall, our results suggest an increase in carbohydrate on 

receptive uterine surface mucin. 

  

Figure 4.13: Analysis of MUC1 
glycosylation in receptive and 
diabetic uterus tissues. A: PAS and 
direct blue staining of uterine 
scraping from control and diabetic 
of 1.5 and 3.5 days post coitus. B: 
normalised intensity obtained from 
part A using image G.  
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4.2.3 Discussion 

Due to the importance of mucin proteins in uterine receptivity and the fact several proteins 

(PDGFR and EGFR) and processes involved in mucin secretion and maintenance showed 

significant changes in our proteomic analyses of oviduct and uterine tissues due to WOI and 

diabetes, the mucin component was analysed using carbohydrate staining as well as mass 

spectrometry to determine glycan amount as well as structures.  

All mucin analysis protocols (PVDF (dot blotting), in-solution, CsCL density gradient, SMME 

and AgPAGE) provided a similar number  O-glycans found and similar glycan type profile of, 

except for in-solution techniques which showed lower number of O-glycan found. Released O-

glycans from PGM on a PVDF dot blot provided better signal-to-noise ratio compared to in-

solution release. The other mucin analysis protocols had several disadvantages that made them 

inapplicable to the use of endometrial mucin analysis. These disadvantages include the 

requirement of large amount of sample, big loss of sample, irregularities with apparatus setup, hard 

to accurately reproduce and unsuitability for a large cohort of samples (Table 4.9). Endometrial 

mucins are made mainly of MUC1 [2][9] and produce low amount of sample. Also, our study has 

a large cohort of samples (total of 24 biological samples). As a result, PVDF blotting was chosen 

over other release protocols in our subsequent analysis of mucins in the oviduct and uterine 

scrapings.  

Our study is the first report on the O-glycosylation of mice conductive oviduct and receptive 

uterine mucin using MS techniques. Our glycomic analysis of oviduct tissues might contain O-

glycans expressed in the surface of other oviduct membrane proteins but mainly are MUC1 O-

glycans [75]. Several glycan epitopes were present on both oviduct and receptive uterine tissues 

(Table 4.10). 
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Glycan epitopes 

found in both oviduct 

and uterine receptive 

surfaces  

Importance   Previous observations References  

Sialylated epitopes  Sialic acid is proposed to inhibit 

blastocyst implantation  

WGA binding (sialic acid) was shown to 

decrease in receptive uterus of rabbits, 

monkeys and human  

[53, 54, 85] 

Fucosylated epitopes   Fucose is proposed to form epitopes 

for blastocyst docking  

Fucose is highly present in receptive 

endometrium  

[49] 

 

Expression of sialyl 

Lewis x, Lewis x and, 

Lewis a  

These epitopes are known to bind to 

glycoproteins found in the surface of 

blastocyst such as L-selectin.  

 

These epitopes were previously observed 

in endometrial cells  

 

[61-63, 110] 

Sulphated epitopes  N/A Human endometrial scraping was 

previously reported to contain 8.4% 

sulphated mucins 

[55] 

Table 4.10: Summary table of glycan epitopes reported in oviduct and receptive uterine mucin surfaces. 

 

To date, little is known about O-GalNAc linked glycan structures on proteins (membrane) in 

diabetes mellitus compared to studies on the single monosaccharide addition, O-GlcNAc 

(cytoplasmic) which has been extensively investigated due to its direct involvement in signalling 

and diabetes [111]. Using PGC-LC-MS/MS glycan analysis, no significant changes in the 

individual O-glycan structures were found on the surfaces from oviduct and uterine scraping 

between 1.5 and 3.5 days post coitus, as well as between control and diabetic states. Despite a 

common trend towards a lower relative abundance of core type 1 O-glycans and a trend to higher 

relative abundance of core type 2 and >6 subunits (large) structures exhibited by diabetic oviduct 

and uterine tissues seen in both time windows; this trend was not shown to be significant. There 

has been a reported increase in MUC1 expression in diabetic mice during receptive phase [23], 

and our carbohydrate staining results reflect this as an increase in total carbohydrate on the mucin 

proteins in pre-receptive uterine lining, as well as in diabetes (1.5 days) to a lesser extent. 

Possible increase in the number of MUC1 O-glycosylation sites on the uterine lining during WOI 

The comparison between pre-receptive and receptive stages showed more carbohydrate/protein 

staining of receptive uterine scrapings, whereas the MS glycomic analysis of the same samples 
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showed no significant difference in the relative abundance of observed structures. As a result, the 

increase in carbohydrate/protein staining and the absence of change in the relative abundance of 

the displayed structures suggests there was an increase in the number of O-glycosylation sites on 

the mucins which would account for the increase in overall glycan abundance. Alternatively, 

mucin proteins have been reported to decrease in expression in receptive uterus in the mouse 

(contrary to in humans) [86] [8] [4, 5], which implies that there may be less mucin proteins but 

with higher glycosylation present on the lining of the receptive uterus.  

Using lectin binding, the uterine cell surface (Monkey) has been shown to exhibit changes in 

sialylation expression due to WOI [53, 58, 60]. As our MS analysis of the O-glycans on mucin 

scraping from oviduct and uterus have shown no structural differences due to WOI, any differences 

between our results and previously published reports could be a result of several reasons including 

differences in animal models or the fact our study measures relative abundances of each structures 

such that absolute glycan abundance may be different. Also, previous reports have used lectin 

binding, which will detect epitopes found on both lipids and proteins; our study only focuses on 

protein (mucin) glycosylation. Overall, there was an increase in carbohydrate staining of receptive 

uterine scaping (mucins) compared to pre-receptive uterine, which suggests an increase in the 

number of O-glycosylation sites on the expressed mucins.  

4.3 Conclusions 

Testing for uterine receptivity is likely to provide the next leap forward for infertility clinics. 

Several biological events are essential to allow for sperm-egg fertilisation in oviduct and 

subsequent blastocyst implantation in a receptive uterus during the window of implantation (WOI), 

including adhesion and proliferation. To gain insight into oviduct and receptive uterine surfaces, 

MS technologies were utilised to analyse changes in biological processes acquired from the 

membrane proteomes and the glycosylation of the mucin layer covering the surface of diabetic-

mice uterus at 1.5 (conductive oviduct) and 3.5 days (receptive uterus) post coitus. The production 

of highly stringent protein IDs was facilitated by the use of a software package called 
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PeptideWitch. At the event of zygote formation (1.5 days post coitus), the membrane proteome 

of oviduct exhibited a change towards higher capacity to transport and deliver proteins to their 

proper locations, while uterus showed a decrease in oxidative phosphorylation; the latter oxidative 

phosphorylation process was shown to significantly increase in uterus in response to diabetes 

treatment. Diabetes resulted in two other changes in receptive uterus including increase in vesicle 

transport and a decrease in auto phagosome assembly. In addition, cell adhesion molecule 

(integrinB3) and growth factors were shown to be expressed significantly higher in control 

receptive uterine surface, but the growth factors group was significantly reduced due to diabetes.  

However, an important marker of a receptive uterus is the reduction in mucin surface proteins [2]. 

Diabetic mice have been shown to exhibit reduced embryo implantation rates and overexpression 

of the highly O-glycosylated MUC1 mucin protein in uterus at the receptive phase [23]. Using an 

optimised protocol of mucin analysis, no significant differences in individual O-glycan structures 

were found in oviduct and uterine surfaces due to WOI or diabetes. However, the 

carbohydrate/protein staining of receptive uterine lining increased in the WOI from 1.4±0.6 (1.5 

C) to 8.8±3.4 (3.5 C), and in diabetes to a lesser extent from 1.4±0.6 (1.5 C) to 4.2±1.4 (1.5 D), 

implying that there is in an increase in the number of O-glycosylation sites on the expressed mucins 

in these conditions. 
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4.5 Supplementary Data: Comparison between different mucin analysis protocols  

In-solution vs PVDF release 

As previously shown in figure 4.11, PVDF bound techniques has resulted in higher number of O-

glycan structures found compared to in-solution, with in-solution technique given relatively higher 

signal to noise ratio (Figure 4.11). 

CsCL density gradient centrifugation 

On the other hand, the relatively more established CsCl protocol was tested for the purification of 

PGM mucins. Each of the overall 12 fractions was measured for its density giving a range between 

1-1.5 g/ml. PGM fractions had a density of 1.3 g/ml as expected from mucin proteins (fraction 8 

and 9). The same fractions stained positive to charged carbohydrate staining (Alcian blue). 

Fraction 12 is suspected to contain DNA and possible insoluble mucin because it stained positive 

for Alcian blue (Supplementary Figure 4.1, A). Both fractions (8-9) have also shown a very clean 

O-glycan spectrum but very different overall spectra suggesting a good isolation of different mucin 

proteins or possibly glycoforms. This method allowed more coverage of the PGM glycans with 29 

glycan found in total (Supplementary Figure 4.1, B).  
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Supplementary figure 4.1: A. Alcian blue staining of 12 fractions generated via CsCL density gradient with their 

associated density g/ml; showing fraction 8 and 9 with 1.3 g/ml density and positive staining for sialylated and 

sulphated mucins. B. Summed MS of O-glycans released from two fractions (8 and 9) of PGM isolated via CsCl 

density gradient. The x-axis represents mass over charge with each signal characterized by its assigned O-glycan 

structure.  

 

Agarose-Polyacrylamide (Ag-PAGE) 

For Ag-PAGE analysis, the choice of 100ug PGM was made after testing several amounts of 

proteins in order to reach a successful membrane transfer and sufficient amount for subsequent 

glycan release. Also, several attempts were tried to reach a visual separation of the different PGM 

mucin proteins in the Ag-PAGE. The separation was seen irreproducible and hard to achieve. In 

this approach, PGM was allowed to enter the relatively large pore size gel resulting in a smear and 

for PGM proteins to separate according to different size and glycosylation profiles. The membrane 

was cut into four fractions, each used separately for subsequent O-glycan release (Supplementary 

figure 4.2, A). Due to the large amount of initial PGM used, all fractions gave a good signal-to-
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noise ratio. The overall profile of the first three fractions seemed very similar, with only fraction 

4 (the most travelled in the Ag-PAGE) containing lower amounts of large O-glycan structures ≥ 4 

subunits. Overall, Ag-PAGE resulted in detection of a total of 28 O-glycans (Supplementary figure 

4.2, B).  

 

Supplementary figure 4.2: A. Commasie blue staining of gel before (right) and after (left) transfer. B. Summed MS of 

O-glycans released from four fractions of PGM isolated via AgPAGE. The x-axis represents mass over charge with 

each signal characterized by its assigned O-glycan structure.  

 

Supported matrix membrane electrophoresis (SMME) 

The investigation of the relatively new mucin purification technique SMME showed some 

promising results. Several spots were seen to travel through the electrophoresis membrane 

(Supplementary figure 4.3, A). From the MS glycan analysis, these spots were seen with the 

strongest differences between them compared to fractions obtained in Ag-PAGE and CsCL density 

gradient centrifugation, thus implying SMME provides the most resolution of PGM glycoforms. 

Fraction 1 (non-travelling from the original blotted spot) resembled the profile from the PVDF 
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released PGM experiment in Supplementary figure 4.3, inferring this spot contains non-travelling 

PGM spot (Supplementary figure 4.3, B). The other two fractions show a very good separation of 

two communities of O-glycan structures each with very different profiles. SMME enabled the 

characterisation of 29 O-glycan individual structures. 

  

Supplementary figure 4.3: A. direct blue staining of PGM glycoforms migrated by SMME technique. B. Summed MS 

of O-glycans released from three fractions of PGM isolated via SMME. The x-axis represents mass over charge with 

each signal characterized by its assigned O-glycan structure.  

 

 

Discussion  

The porcine gastric mucin (PGM), although of different origin, provided a relatively cheap and 

commercially available representation of mucins, and was used for comparison between different 

protocols. Three mucin proteins are present in human stomach, namely: MUC 5AC (surface 

epithelium), MUC 6 (glandular) and MUC 1 (membrane epithelium) [112, 113]. In porcine, the 

gene for the PGM protein backbone is very similar to the human MUC5AC gene but the 

glycosylation of other mucin proteins are still not fully determined [114]. 
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In CsCL gradient centrifugation, PGM was identified from its expected density at 1.3-1.4g/ml 

[115]. Staining with Alcian blue has been widely used to visualise acidic mucin and it is compatible 

with glycan analysis, unlike PAS staining of glycan structures, which is used for mucin 

characterisation but destroys the carbohydrates [106]. The spots seen in fraction 8 and 9 showed 

the presence of acidic mucins. CsCL density gradient centrifugation is essential to purify mucins 

from complex mixtures and tissues [99], but seems unessential for the use with relatively pure 

mucin samples in order to avoid sample loss. In fact, CsCL density gradient would require a lot of 

sample (100ug) to account for loss of samples during dialysis, mainly caused by mucins sticking 

to the dialysis bags.  

Regarding Ag-PAGE, it was hard to accurately reproduce several steps in this protocol such as gel 

casting and membrane transfer. This technique has been previously used to separate different 

mucin proteins from each other [100, 101, 105], but it would be hard to reproducibly use this 

technique with a large cohort of samples. This technique has few disadvantages such as the need 

for large amount of mucin proteins and difficulties with transferring large mucin proteins. 

However, it would be a very useful technique in case of a large amount of mucins and small cohort 

studies.  

CsCL and SMME have shown a greater separation of different mucin glycoforms compared to 

Ag-PAGE. For SMME technique, there was an issue with reproducibility with mucin dots not 

moving occasionally. The issue seems to be concerned with unsuccessful loading of PGM into the 

matrix inside the PVDF. The very basic/hand-made apparatus might also be a disadvantage to this 

technique producing some irregularities. Finally, only few spots can be made per experiment 

which would prove difficult for a large cohort study.   

Overall, when comparing between techniques, CsCl density gradient seems to provide a better 

glycoform separation compared to Ag-PAGE with both needing a very large amount of protein to 

work successfully (Supplementary Figure 1 and 2). On the other hand, SMME seems to show 

promising separation of different mucin glycoforms but it would require modifications to 

accommodate the PVDF apparatus and large cohorts (Supplementary Figure 3). As a result, each 
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mucin analysis protocol has its advantages and disadvantages and the choice among them is 

dependent on the case studied.   
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Chapter 5  

Characterising the protein N-glycome of active and inactive 

sperm  
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The remaining two Chapters of this thesis will focus on the male contribution to successful 

reproduction, mainly the sperm capacity for fertilisation. The primary aim of the work in this 

Chapter was to profile and compare protein N-glycosylation of active human sperm as a means of 

differentiating active sperm from inactive sperm. Active sperm samples were generated via two 

main isolation protocols, namely Percoll density gradient separation and “swim-up” collection [1, 

2]. Both techniques are regularly used for preparation of active sperm for in vitro fertilisation 

(IVF). Sperm samples from Percoll density gradient were separated into 50% v/v (inactive) and 

100% v/v (active). Mostly active (100% v/v) sperm are able to fertilize an egg after the treatment 

with capacitating medium, and our active sperm were subjected to in vitro capacitation. All 

measure of sperm quality such as motility, concentration and morphology has largely been 

discredited for infertility diagnosis [3]. Using sperm glycosylation as a marker of sperm capacity 

to fertilise is promising, mainly for the relevance of glycosylation in sperm functionality such as 

sialic acid masking of sperm proteins involved in fertilization [4]. Global protein glycosylation of 

the human sperm proteins was first compared using three different protein preparation techniques, 

namely cell lysis and two membrane enrichment methods: differential detergent extraction and 

ultracentrifugation [5, 6]. The protein N-glycosylation of sperm isolated via Percoll density 

gradient and swim-up protocols was analysed using PGC-LC-MS/MS with the aim to utilise the 

glycome to differentiate between active and inactive sperm. The results of this work have been 

prepared as a manuscript to be submitted to Fertility and Sterility. 
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Abstract 

The protein N-glycosylation of sperm derived from five men, isolated via Percoll density gradient 

and swim-up protocols, was analysed using Porous Graphitized Carbon-Electrospray Ionization-

Mass spectrometry (PGC-ESI-MS/MS). Protein N-glycosylation was compared using a cell lysis 

protocol and two membrane enrichment methods. All three methods produced similar protein 

glycomic profiles. Sperm samples were separated by Percoll density gradient centrifugation into 

poor quality (low Percoll density 50% v/v: 0.695 g/ml)) and high quality (high Percoll density 

100% v/v: 1.39 g/ml) fractions. No significant correlations were found between active 

spermatozoa protein glycosylation isolated via Percoll density gradient and swim-up protocols 

when compared with the low quality Percoll density fraction. Higher quality spermatozoa showed 

trends toward less sialylation and an increase in paucimannose structures compared to low quality 

sperm. These trends might represent a link between the sperm N-glycome and its efficiency for 

fertilization. Active Percoll (100% v/v) spermatozoa were then subjected to in vitro capacitation. 

Contrary to expectation, no observed change was seen in sperm protein N-glycosylation compared 

to before capacitation. Above all, donors were seen with large individual variation in terms of the 

glycosylation of their sperm which shows the importance of considering personalised medicine as 

the appropriate treatment for infertility. 
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Introduction 

Recently, Tecle and colleagues published a comprehensive review summarising the role of 

glycosylation in sperm survival and functionality [4]. This review elaborates that once 

spermatogenesis is complete in the seminiferous tubules, spermatozoa lose the ability to make new 

glycans yet new integral glycoproteins are incorporated and existing glycans are modified and 

elongated via the trans activity of glycosidases and glycosyltransferases in the lumen of the 

epididymis in order to form maturing spermatozoa [7-9].  

The sperm glycocalyx has been implicated in several roles including capacitation, which is the 

physiological change that enables the cell to fertilise an egg [10-13]. As spermatozoa pass through 

the epididymis, heavy sialylation coats their surface which may allow them to survive as allogeneic 

cells in the female reproductive tract without rejection by the female immune system [14]. During 

in vivo capacitation, it has been reported in both human and mouse spermatozoa that a fraction of 

their glycosaminoglycans and their sialic acid moieties are lost. Loss of these negatively charged 

glycans is thought to promote sperm binding to oocytes [15, 16]. In confirmation of this notion, 

two sialidases (NEU1 and NEU3) have been shown to cleave sialic acid residues during 

capacitation in vivo, and furthermore, inhibition of the sialidases results in failure of sperm binding 

to zona pellucida [17].  

There are two common sperm preparation techniques that are used to separate active sperm from 

seminal plasma for in vitro fertilisation (IVF) procedures, namely Percoll density gradient and 

‘swim-up’ collection; each of which have reported advantages and disadvantages [2, 18]. Percoll 

is suitable for density gradient separation of live cells due to its low viscosity and toxicity [1]. 

Using isocratic gradients, sperm can be separated on the basis of their density. Whilst lower density 

cells have defective motility, poor morphology and poor chromatin compaction [18], the higher 

density cells are those used for the purpose of IVF [2]. Active-motile sperm (high-density) are able 

to be capacitated and eventually fertilize an oocyte whereas the inactive sperm show less capacity 

to fertilize oocytes. Capacitation involves shedding of the sperm glycocalyx by sperm glycosidases 

[4]. In vitro capacitated sperm was previously described by its reaction with 
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fluoresceinisocyanated conjugate-Pisum sativum agglutinin (FITC-PSA=specific to mannosylated 

structures) that stained only the anterior of the sperm head [36]. In vitro capacitation medium 

contains BSA which binds cholesterol to deplete sperm plasma membrane, and ions (HCO3
− and 

Ca2+) resulting in an increase in tyrosine phosphorylation which is essential for capacitation [36]. 

On the other hand, swim-up, which separates motile sperm from non-motile sperm and seminal 

plasma, is the most widely used technique in IVF [19].  

In case of yak and bovine spermatozoa isolated via swim up technique, the cells showed higher 

motility and higher percentage of intact plasma membranes and acrosomes (sperm head), while 

Percoll gradient centrifugation produced higher recovery of spermatozoa [20, 21]. Swim-up 

preparations have been reported to produce higher rates of motility with less debris and percentage 

of sperm failing the hypo-osmotic swelling (HOS) test.  This test determines membrane integrity 

by testing the ability of the sperm membrane to maintain equilibrium against the environment [22]. 

In contrast, density-gradient isolated spermatozoa achieve a much higher yield [23]. However, 

there is no difference when spermatozoa are isolated in terms of the number of successful 

blastocyst formations [21].  

A key question in regard to the sperm glycome is whether it can be used to determine the fertility 

status of a spermatozoa. Despite intensive research effort, the use of sperm parameters such as 

motility, concentration and morphology for infertility diagnosis has largely been discredited [3], 

due to considerable variability, and the inability of a semen analysis to determine what is occurring 

at the molecular level [24]. Furthermore, a major reason for disparity in sperm parameters is 

within-subject biological variation [25]. Whether there is a correlation between sperm glycocalyx 

and the quality of sperm is yet to be fully addressed.  

The N-glycome of sperm proteins has been shown to contain bi-, tri and tetra- antennary Lewis x 

and Lewis y sequences with varying degree of sialylation, as well as bisecting structures [26]. 

Individual sperm molecular composition and phenotypes are an expression of the male phenotype 

and not its inherited haploid genome [27, 28]. Despite the expected uniformity in sperm 

glycocalyx, some have reported sperm surface heterogeneity between different sperm from the 
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same donor with variations in glycosylation composition, such as polysialic acid (PolySia) [4, 29, 

30]. The importance of sperm glycocalyx in sperm functionality suggests the potential of using 

sperm glycosylation as a means to select for active sperm for IVF use. 

Little is known about the relationship between glycosylation variation and the fertility of 

individual spermatozoa, yet it is plausible to think that differences in the glycocalyx might 

influence the quality of individual spermatozoa [4]. The aim of this work was to compare the N-

glycosylation of sperm samples prepared by different techniques namely, Percoll density gradient 

and swim-up, as well as the effect of in vitro capacitation, on sperm protein glycosylation. 

Analysing the N-glycome of active sperm may assist future IVF applications due to the reported 

relevance and importance of protein glycosylation in sperm functionality.  

Results  

All three protein extraction methods produced similar N-glycosylation profiles  

Due to reported technical challenges associated with extraction, solubilisation and purification of 

glycoproteins [31], we compared three common methods for the isolation of sperm glycoproteins. 

Using active sperm isolated from high density Percoll gradient, the N-glycan profile of proteins 

extracted by three methods were compared; total cell lysis, membrane enrichment with differential 

detergent extraction and membrane enrichment by ultracentrifugation, to determine the optimal 

technique based on the number of observed N-glycans. All three methods generated similar N-

glycan MS profiles. However, membrane enrichment by ultracentrifugation prior to PNGase F 

treatment generated the best signal-to-noise ratio N-glycan spectra. As a result, ultracentrifugation 

was used in the following analyses to purify sperm membrane proteins. Preliminary results showed 

expression of many types of N-glycans structures including bisecting GlcNAc, oligomannose, 

paucimannose, Lewis epitope containing, sialylated and GlcNAc/Gal capped (Figure 1). 
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Figure 1: Comparison of N-glycans released from different protein extraction protocols of a capacitated human sperm 

sample using PGC-LC-MS/MS. A: whole cell lysis, B: membrane enrichment with differential detergent extraction, 

C: membrane enrichment with ultracentrifugation. 

 

Sperm N-glycosylation profile is ineffective in differentiating spermatozoa isolated by Percoll 

density gradient or swim-up separation protocols.  

Active spermatozoa prepared by swim-up were similar to the poor quality (low Percoll density) 

sperm cells in their relative abundance of oligomannose and sialylated structures classes. 

Similarly, the relative abundance of structures with Lewis epitopes was similar between active 

sperm prepared by swim-up and high Percoll density before capacitation (Figure 2). As a result, 

swim-up sperm share similar N-glycans to both high and low density Percoll separated sperm 

populations. 

The comparison of the glycan classes between the two different Percoll density separated 

populations showed high quality sperm (high Percoll density) with a trend towards a lower relative 

N-glycans released after 
total cell lysis   

N-glycans released after 
differential detergent 
extraction  

N-glycans released after 
ultracentrifugation 
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abundance of oligomannose, sialylated and Lewis epitope containing structures when compared 

to inactive low Percoll density sperm.  Also, high quality spermatozoa exhibited a trend towards a 

higher relative abundance of paucimannose and GlcNAc/Gal-capped structures compared to low 

quality ones. This data suggests high quality sperm can possibly be differentiated by their protein 

N-glycan profile, exhibiting less sialylated structures and more paucimannosylated and 

GlcNAc/Gal-capped structures, than low quality sperm. Both swim-up and high density, quality 

spermatozoa have a lower relative abundance of sialylated and Lewis structures when compared 

to poor quality (low Percoll density) spermatozoa (Figure 2) which reinforces the possibility of 

using sperm glycosylation as a means to select for active sperm for IVF via measuring the level of 

sialylation/Lewis structure abundance. Little difference in the relative abundance of individual N-

glycan structures was observed between swim-up and both populations isolated from Percoll 

density gradient. 

In vitro capacitation resulted in no change to the relative abundance of the N-glycome.  

In order to understand the effect that capacitation has on the N-glycome of human spermatozoa, 

we compared sugar structures before and after capacitation.  In contrast to other reports, neither 

oligomannose, paucimannose, Lewis containing, sialylated and GlcNAc/Gal capped showed any 

significant difference after capacitation (Figure 2). 
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Figure 2: The relative abundance of N-glycan classes seen in sperm isolated by  swim-up and Percoll density gradient 

tecqhniues. Percoll density gradient generated two populations of sperm: low quality (50% v/v) and high quality 

(100% v/v) sperm. High quality sperm were subjected to in vitro capacitation (capacitated).  N-glycan classes includes: 

oligomannose, paucimannose, Lewis (Lewis x, Lewis y and sialyl Lewis x), total sialylated, sulphated and 

GlcNAc/Gal (structures capped with galactose or N-acetylglucosamine). 

 

Large biological variations limited our statistical analysis   

Interestingly, when we looked at individual variation across different sperm donors (swim-up 

preparation), we observed great differences, mainly in sialylated and paucimannosylated 

structures. To a lesser extent, individual variation was seen for oligomannose and GlcNAc-Gal 

capped classes (Figure 3). This large biological variation is also observed when comparing 

between sperm preparation techniques across different sperm donors (Figure 4).  
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Figure 3: Comparison between sperm N-glycan structures from 4 men (using swim-up collection) analysed by PGC-

LC-MS/MS. This graph shows the large individual variation exhibited in the individual glycan structures from 4 

individuals.  
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Figure 4: The relative abundance of N-glycan classes from 50% v/v, 100% v/v (non-capacitated) and swim-up sperm 

are displayed for each individual biological replicate (5 men). This graph shows the large individual variation 

exhibited across these samples. Each biological replicate was assigned a fixed shape to represent 50% v/v, 100% v/v 

(non-capacitated) and swim-up, black, white and red respectively.  
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Discrepancies between sperm N-glycome and published literature: the possible influence of 

seminal N-glycome 

A previously published report [26] showed that swim-up sperm are heavily decorated with Lewis 

x and y structures and with a very low degree of sialylation (roughly 50% Lewis structures and 

only one low-abundant sialylated structure), whereas our work showed approximately 10% Lewis 

structures and 20% sialylated structures on sperm proteins. We also profiled human seminal 

plasma (semen without sperm) that also showed the presence of Lewis structures (50% Lewis 

structures) (Figure 5, B), which matched a previously published profile of human seminal plasma 

analysis  [32]. Our human seminal plasma contained similar overall percentage of Lewis structures 

(50%) compared to the previously reported swim-up sperm profile, but showed more sialylated 

structures than  the previously published swim-up sperm [26] (Figure 5, B),. The total seminal 

plasma protein samples that we analyzed contain mainly high-mannose and bi-antennary N-glycan 

structures with a large presence of tri-antennary structures with several Lewis antigens (Figure 5). 

Due to the small mass difference between sialic acid and two fucose units (0.5 Da), MS/MS 

fragments were needed to differentiate between the two types of terminal glycan structures. As an 

example, in the abundant bi-antennary core-fucosylated N-glycans, MS/MS analysis enabled the 

differentiation between Lewis and sialic acid containing structures in swim-up and semen samples 

(Figure 5).  
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Figure 5: Comparison between semen and sperm (swim-up) N-glycans profile using PGC-LC-MS/MS.  Part A (i) 

shows summed MS of N-glycans from swim-up sperm proteins. The figure displays the relative abundance of each 

individual glycan (intensity) against their mass/charge ratio. A (ii): EICs of two bi-antennary core-fucosylated N-

glycan structures found in swim-up sperm:  m/z 1184.52-(GlcNAc4Man3Gal2Fucose1NeuAc2) and m/z 1185.42-

(GlcNAc4Man3Gal2Fucose3). A (iii): MS/MS fragment spectra from the doubly charged negative ions of two bi-

antennary glycans: m/z 1184.52-(GlcNAc4Man3Gal2Fucose1NeuAc2) and m/z 1185.42-

(GlcNAc4Man3Gal2Fucose3). Part B (i) shows summed MS of N-glycans from human seminal plasma isolated 

without the interference of sperm (2). B (ii): EICs of two Bi-antennary core-fucosylated N-glycan structures found in 

semen:  m/z 1184.52-(GlcNAc4Man3Gal2Fucose1NeuAc2) and m/z 1185.42-(GlcNAc4Man3Gal2Fucose3). B (iii): 

MS/MS fragment spectra from the doubly charged negative ions of two bi-antennary glycans: m/z 1184.52-

(GlcNAc4Man3Gal2Fucose1NeuAc2) and m/z 1185.42-(GlcNAc4Man3Gal2Fucose3). The MS/MS spectra are able 

to differentiate specific ions unique to each structure.  

 

Discussion 

In this work, two sperm preparation techniques were compared, namely Percoll density gradient 

and ‘swim-up’ collection of active sperm. Although the two techniques are commonly used for 

active sperm collection, they produce sperm with differences in motility, plasma membrane and 

acrosome components and sperm concentration [20, 21, 23]. Since all these measured parameters 

have failed to diagnose male infertility [3], the study of sperm N-glycome produced by these 
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common techniques might provide us a means to better differentiate active sperm for use in IVF. 

Furthermore, the swim-up protocol has been reported to produce active sperm with a higher 

percentage of plasma membrane (glycoproteins) when compared to the Percoll gradient technique 

[20, 21]. This was further evidenced by the lower MS signal to noise ratio presented in the MS 

spectrum of the N-glycans released from 100% v/v Percoll collected (active) sperm compared to 

50% v/v (inactive) and swim-up sperm (Supplementary Figure 1).  

In addition to comparing sperm preparation techniques, we also compared protein preparation 

techniques. Sperm N-glycome was released from the sperm glycoproteome using PNGase F and 

analyzed by the technique of PGC-LC-ESI-MS/MS. In order to isolate sperm glycoproteins from 

other cellular (nuclear and cytoplasmic) components, three protein isolation techniques were 

compared. All of the glycoprotein preparation techniques - cell lysis and membrane enrichment 

via ultracentrifugation and detergents - produced similar N-glycan profiles for high quality sperm 

isolated by Percoll density gradient (Supplementary Figure 1). As a result, the cell lysis protocol 

was chosen for subsequent analysis to maintain the same protocol as previously published 

literature, as well as to consider possible differences in membrane and cellular components arising 

from different sperm preparation techniques [20, 21]. 

In this work, we compared the N-glycome of sperm isolated from the two most common sperm 

preparation techniques. The comparison of protein N-glycosylation between active Percoll and 

swim-up sperm showed little difference in their N-glycome profiles. Percoll active (100% v/v) and 

inactive (50% v/v) human sperm (n=5) showed several differences in the relative abundance of N-

glycan classes. These differences were not found to be statistically significant across the small 

number of donors, but a trend towards less sialylation and more paucimannosylation is evident in 

active compared to inactive sperm for all 5 human sperm samples (Figure 2). After capacitation, 

non-capacitated Percoll active (100% v/v fraction) and in-vitro capacitated Percoll active sperm 

(from the same donor) showed no significant differences in their N-glycosylation profiles for all 5 

human sperm samples (Figure 2). Although capacitation has been previously correlated with a 

decrease in sperm sialylation [15, 16], the studies used lectin immunohistochemistry techniques 
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with sialic acid recognising lectins which detect the presence of glycan epitopes on both proteins 

and lipids and do not focus on protein glycosylation specifically. Also, the reported decrease of 

sialylated moieties on capacitated sperm could be associated with a total decrease in the 

glycoprotein content, which would also result in a decrease in total sialylation. Our data, and a 

current limitation in the analysis of glycans, show only the relative abundance of sialylation to 

other N-glycan classes and not the absolute abundance of N-glycans or glycoproteins. Overall, 

Percoll density gradient separates sperm into two fractions with different fertilisation capacity as 

well as appearing to produce different N-glycosylation profiles; this work requires more sample 

numbers but implicates a specific N-glycome with less sialylation and more paucimannosylation 

that may be useful in selecting for sperm efficiency for IVF.  

Contrary to a previous publication [26] that described roughly 50% Lewis structures and only one 

low-abundant sialylated structure, the N-glycosylation profile of active swim-up, as well as of 

active Percoll purified, sperm contained 10% Lewis structures and 20% sialylated structures on 

sperm proteins (Figure 2) The under-representation of sialylated structures in the previous 

publication could be due to the use of the MALDI-TOF MS ionisation technique in the previous 

publication, which is not optimal for the ionisation of sialylated moieties and may result in the loss 

of sialic acid from structures [26, 32]. Our analysis showed seminal plasma N-glycome to be highly 

decorated with Lewis structures with a profile that correlates well with analysis from previous 

published reports (Figure 5, B) [32]. We suspect the difference in the abundance of Lewis 

structures between our sperm results and previous published data may be explained by the amount 

of seminal plasma contamination in the swim-up preparation procedure.  

Above all, in our work, the most significant observation was the huge individual biological 

variation detected in the N-glycome of human sperm from five different male donors (Figure 3, 4) 

indicating the need for the analysis to be carried out on more samples to be meaningful in any 

trends observed. Heterogeneity in the individual sperm glycocalyx of the same donor can be due 

to differences in post-meiotic gene expression of glycosyltransferase and glycosidase in testes, 

variance in modification during epididymal transition and variation in addition of glycoconjugates 
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during maturation [4]. Others have reported significant biological variability of donor semen 

characteristics over time due to several factors such as diseases, use of medications, drug and 

alcohol, period of abstinence and others [33, 34]. As a result, large individual heterogeneity in 

glycocalyx of sperm within the same donor might result in a large variation in glycosylation among 

different donor’s sperm. The large heterogeneity in sperm glycocalyx among individuals provide 

individuality and show future relevance of personalised medicine, where most appropriate 

treatments are tailored to individual patients or group of patients according to their specific sperm 

glycocalyx. In our analysis, the lack of data on individual donor fertility restricted our ability to 

correlate glycome with donor history of fertility. Furthermore, our work was not concerned with 

sperm O-glycosylation since only N-glycosylation was shown to be essential and O-glycans to be 

dispensable for spermatogenesis [35]. Yet to the best of our knowledge, this is the first report 

showing different sperm donors having large individual biological variation in their N-glycome 

and point to the need for a much larger study to determine if there are common changes associated 

with fertility.    

Conclusions  

In this work, sperm isolated by the two common active sperm preparation techniques were 

compared in their protein N-glycosylation profiles. There was a trend towards a decrease in 

sialylation and an increase in paucimannose structures in Percoll active (100% v/v) compared to 

inactive (50% v/v) sperm, which could possibly, in a larger study, associate a specific N-glycome 

characteristic of sperm IVF efficiency. In vitro capacitation resulted in no significant change in 

sperm protein N-glycosylation. Above all, the large individual biological variation in the human 

sperm protein N-glycome was the most significant observation in our work. This variation 

complicated our comparisons resulting in no observed statistical significance between glycan 

classes. Finally, our results will help future researchers in utilising the N-glycome for further 

research into sperm fertility while considering personalised medicine as an appropriate approach 

for infertility diagnosis.  
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Methods 

Sperm preparation techniques (Percoll density gradient centrifugation and Swim-up) 

Percoll density gradient centrifugation 

Ejaculated semen samples were collected and stored in Beltsville thawing solution and processed 

as per [36] . Sperm were resuspended in non-capacitating medium (0.1 M NaCl, 0.36 mM 

NaH2PO4, 8.6 mM KCl, 0.5 mM MgCl2, 11 mM glucose, 23 mM HEPES, pH 7.6). Percoll density 

gradients were made by mixing 50% v/v and 100% v/v Percoll, and motile (100% v/v) (active) 

sperm were collected from the bottom of the tube after centrifugation at 600g for 30min. In-active 

sperm were collected from 50% v/v Percoll density gradient, this layer was observed in the middle 

of the tube post centrifugation. Sperm were carefully collected using a pipette while preventing 

the disruption of the formed 50% v/v and 100% v/v density layers. Sperm were capacitated in vitro 

by treating active sperm with capacitating medium (0.1 M NaCl, 0.36 mM NaH2PO4, 8.6 mM KCl, 

0.5 mM MgCl2, 11 mM glucose, 23 mM HEPES, pH 7.6, 10 mM NaHCO3, 2 mM CaCl2, 5 mM 

pyruvate and 0.3% BSA) for 3 hours at 39°C with 5% CO2.  

Swim-up sperm collection  

Sperm were incubated in Dulbecco's phosphate-buffered saline and overlaid with protein-free 

modified Ham's F-10 basal medium-HEPES as per [26]. Sperm were incubated at a 30° angle and 

were left to migrate for 1 hour at 37 °C before collection using plastic transfer pipette and washing 

with Dulbecco's phosphate-buffered saline.   

Sperm protein preparation techniques  

Experiments were performed on ice to avoid the activity of seminal glycosidases, and otherwise 

stored in -20°C. 

Sperm cell lysis  

Sperm were incubated in lysis buffer (25 mM Tris-HCL, 20 mM NaCL, 1% w/v CHAPS, 0.1% 

w/v protease inhibitor; pH 7.5) and probe sonicated (40A; 15sec on/10off; 2min), then centrifuged 

at 200g to collect unbroken cells. Protein concentration in the supernatant was measured by 
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bicinchoninic acid assay (BCA). After reduction (10 mM DTT 1 hour 37°C) and alkylation (25 

mM IAA, overnight at room temperature), proteins were dot blotted onto a Polyvinylidene fluoride 

(PVDF) membrane (20 µg) in preparation for N-glycan release [38,39].   

Differential detergent membrane extraction 

Sperm membrane protein fractions were prepared as described previously [40]. Briefly, sperm 

cells were washed in PBS, re-suspended in 1 ml of cytosolic extraction buffer (0.01% w/v 

digitonin, 10mM PIPES (pH 6.8), 300 mM sucrose, 100 mM NaCl, 3 mM MgCl2, 5 mM EDTA, 

0.1% w/v protease inhibitor), and placed on ice for 30 min. The extract was centrifuged at 500 × 

g for 10 min, and then cytosolic extraction was repeated twice interspersed with 10 min incubation 

on ice. The final pellet was re-suspended in 500 µl membrane extraction buffer (M) (0.5 % v/v 

Triton X-100, 10mM PIPES (pH 7.4), 300mM sucrose, 100 mM NaCl, 3 mM MgCl2, 3 mM 

EDTA, 0.1% w/v protease inhibitor), and placed on ice for 30 min. The extraction mix was 

centrifuged at 5000 × g for 10 min. The supernatant containing the cell membranes was collected 

and protein concentrations were determined using BCA assay with membrane extraction buffer as 

control. After reduction (10 mM DTT, 1 hour 37°C) and alkylation (25 mM IAA, overnight at 

room temperature), proteins were then dot blotted onto a Polyvinylidene fluoride (PVDF) 

membrane (20ug) in preparation for N-glycan release [38, 39].   

Ultracentrifugation membrane enrichment 

Sperms were lysed as above. After probe sonication and before reduction and alkylation, the sperm 

membrane fraction was collected by ultra-centrifugation (WX Ultra 80, Thermo Scientific, 

Australia) at 115,000 rpm for 1 h at 4°C.  The membrane pellet was collected from the bottom of 

the ultra-centrifugation tubes with 500 µl solubilising solution (8M urea).  Membrane proteins 

were measured via BCA assay, reduced, alkylated, then dot blotted onto a Polyvinylidene fluoride 

(PVDF) membrane (20ug) in preparation for N-glycan release [38, 39].   
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Semen N-glycan release 

Proteins, isolated from the above techniques, were reduced and alkylated before dot blotting and 

release of N-glycans as described in section 2.2.  

Glycan release, desalting, enrichment and mass spectrometry analysis  

Samples were dot-blotted on a PVDF membrane prior to N-glycan release by an overnight 

incubation with 2.5 U N-glycosidase F (PNGase F, Elizabethkingia miricola, Roche) at 37°C. 

Released glycans were reduced, desalted and carbon cleaned in prepration for PGC-LC-ESI-

MS/SM as described in section 2.2 [38]. 

Analysis of glycans was performed by using a porous graphitised carbon (PGC) column (5  

particle size, 180  internal diameter x 10 cm; Hypercarb KAPPA Capillary Column, Thermo 

Fischer Scientific) as an online porous graphitised column-liquid chromatography-electrospray 

ionisation tandem mass spectrometry (PGC-LC-ESI-MS/MS). The column was equilibrated with 

10 mM ammonium bicarbonate (Sigma Aldrich) and samples were separated on a 0-70% v/v 

acetonitrile in 10 mM ammonium bicarbonate gradient over 75 min, with a flow rate of 4 µl/min. 

Capillary voltage for ESI was set at 3.2 kV, full auto gain control of 80000, scanning for ion masses 

of m/z between 600-2000 and mass spectra were acquired in negative ion mode. For MS/MS 

experiments, CID fragmentation was carried out by 35 normalised-Collison Energy for the 5 top 

intense ions. Identified glycan masses were searched using GlycoMod (Expasy, 

http://web.expasy.org/glycomod/) for possible carbohydrate composition [41].  Analysis of 

MS/MS spectra was carried out using the Thermo Xcalibur Qual browser software. Possible glycan 

structures were identified based on diagnostic fragment ions and fragment ion mass differences 

(162Da for hexose, 203Da for N-acetylhexosamine (HexNac), 146Da for fucose, 291Da for N-

acetylneuraminic acid (NeuAc), with a 0.2 Da allowance). Relative abundance was determined on 

MS signal acquisition only. MS/MS level of analysis allows further detailed characterisation of 

each structure [42]. Diagnostic ions include: 368 and 350 m/z for detecting core-fucosylation, and 

http://web.expasy.org/glycomod/
http://web.expasy.org/glycomod/
http://web.expasy.org/glycomod/
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others reported in previous literature [43] Relative abundance of each glycan structure was 

determined on MS signal acquisition data by calculating the area under the peak from the extracted 

ion chromatograms of the precursor m/z as a percentage of the total peak area. 
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 Supplementary Data 

 

Supplementary Figure 1: Comparison between sperm N-glycan structures separated by swim-up and Percoll density 

gradient techqniues from 1 donor analysed by PGC-LC-MS/MS. This graph shows the lower signal to noise ratio 

found in high quality Percoll density gradient (100%) compared to low quality Percoll and swim-up sperm.  
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Chapter 6 

Immunosuppression by CD52 specific sialoforms  

 

 

 

 

  



194 
 

 

The work described in Chapter 5 reported little difference in the macro glycosylation between 

active and inactive sperm isolated with different techniques.  The aim of the work in this Chapter 

was to investigate protein-specific glycosylation at the micro level, namely on the 

immunosuppressive protein, Cluster of differentiation (CD) 52. In semen, CD52 has a proposed 

role in the ability of human sperm to evade the female immunity. CD52 is immune-suppressive in 

semen, but only lymphocyte CD52 has been fully characterised from the activity point of view [1] 

and not in terms of its glycoforms. As a result, lymphocyte CD52 was analysed in the work 

reported in this Chapter due to its relevance and availability. We initially analysed human CD52 

purified from spleen, then recombinant CD52 was expressed in various host cell lines with 

differential immune suppression activity on T cells in order to relate function to glycosylation 

status. The active recombinant CD52 was seen to contain significantly higher tri- and tetra- 

antennary sialylated structures than a similarly expressed product with less immunosuppresive 

activity. The glycoforms were further resolved via anion exchange chromatography producing 

specific fractions with increased immunosuppressive activity. The relative abundance of α-2,3 

sialic acid linkage correlated with the higher immunosuppressive activity. O-glycan core type-2 

di-sialylated structures were most abundant in the active fractions, located on Ser12. The results 

of this work have been prepared as a manuscript to be submitted to Frontiers of Immunology, but 

this manuscript is currently under publication embargo for the protection of intellectual property 

(IP). 
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6.1 Introduction 

One of the main roles of sperm glycosylation is the protection from female immunity in the uterus 

including antibodies and immune cells such as macrophages and neutrophils [2, 3]. The inhibition 

of the female immune response has been attributed to the abundant sialylated structures decorating 

sperm, that function to modulate innate immune receptors such as the sialic acid binding 

immunoglobulins (Ig)-like lectins (Siglecs) [4]. Siglecs are inhibitory signalling molecules 

expressed on most immune cells and differ in their sialic acid binding specificity [4]. 

Furthermore, seminal plasma contains several glycoproteins that are added into the sperm 

membrane during maturation along the male reproductive tract and some of these glycoproteins 

function to interact with the female reproductive tract to prime the immune response [5]. Cluster 

of Differentiation (CD)52, the focus of this Chapter, is secreted in the epididymis (male 

reproductive tract) and inserted into the sperm membrane with a proposed role in 

immunosuppression [6, 7]. CD52 is a low molecular weight GPI-anchored glycoprotein (12 amino 

acid residues) with one  N-linked glycosylation site and six possible O-glycosylation sites [8]. 

CD52 is also found in lymphocytes but they seem to exhibit a different glycosylation profile than 

male reproductive tract (mrt) CD52 since a CD52 antibody isolated from an infertile woman 

(termed MAb H6-3C4) was shown to recognize the N-glycan structures of mrtCD52, but not that 

of the lymphocyte CD52 using Western blot before and after the enzymatic removal (PNGase F) 

of the N-linked carbohydrate moiety [9]. Lymphocyte CD52 immunosuppresses T-cells via 

binding to Siglec-10 and inhibiting T-cell activation (Figure 6.1) and as little is known about the 

mechanism of seminal CD52 biological activity, lymphocyte CD52 was used in the first instance 

in this Chapter to relate glycosylation to immunosuppressive activity.  
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Figure 6.1: A. Molecular features of CD52 GPI-anchored protein. B. CD52 immunosuppression pathway of T-cell 

activity via SIGLEC-10 ITIM receptors.  

 

Despite our understanding of the activity of lymphocyte CD52, a few key areas remain undefined: 

the CD52 glycans structure is yet to be fully understood; whether O-glycans are also presented on 

CD52 has not been fully characterised; and the most bioactive glycoform(s) remain unknown.  

The overall aims of the work reported in this Chapter were:  

i. To characterise the N- and O-glycosylation of human CD52 purified from spleen 

ii. To compare the glycosylation of two CD52 recombinant protein constructs that show 

differential immune suppressive activities 

iii. To characterise recombinant CD52 fractionated via monoQ anion exchange 

chromatography.   
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Abstract  

Human CD52 is a small glycopeptide (12 amino acid residues) with one N-linked glycosylation 

site at Asn3 and several possible O-glycosylation serine/threonine sites. Soluble CD52 is released 

from the surface of activated T cells and initiates immunosuppression by first sequestering pro-

inflammatory HMGB1 followed by binding to the inhibitory sialic acid-binding immunoglobulin-

like lectin-10 (Siglec-10) receptor on activated T cells. Our analysis of native CD52 purified from 

human spleen confirmed extensive heterogeneity in N-glycosylation and the presence of multi-

antennary sialylated N-glycans with abundant polyLacNAc extensions, together with mainly di-

sialylated O-glycosylation type structures. We aimed to define the glycan structures on 

recombinant soluble human CD52- immunoglobulin Fc fusion protein that correlate with its 

immune suppressive activity. Glycomics (porous graphitised carbon-ESI-MS/MS) and 

glycopeptide (C8-LC-ESI-MS) analysis after factor Xa-based Fc removal revealed that bioactive 

CD52 was characterised by a higher abundance of tetra-antennary α-2,3/6 sialylated N-glycans 

compared to less bioactive CD52. Moreover, the relative abundance of the α-2,3 sialic acid linkage 

correlated with higher bioactivity. Removal of α-2,3 sialylation abolished bioactivity, which was 

restored by re-sialylation with α-2,3 sialyltransferases. Bioactive glycoforms of CD52-Fc were 

isolated by fractionation on an anion exchange MonoQ-GL column. The CD52 component of 

fractionated bioactive CD52-Fc displayed mainly tetra-antennary α-2,3 sialylated N-glycan 

structures and decreased relative abundance of bisecting GlcNAc structures compared to non-

bioactive adjacent fractions. In addition, O-glycan core type-2 di-sialylated structures at Ser12 

were more abundant in bioactive CD52 fractions. These findings describe the active glycoforms 

of CD52 that confer immunosuppressive activity of soluble CD52. 

Key words: CD52; immunosuppression; glycosylation; tetra-antennary; α-2,3 sialic acid    
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Introduction 

 

CD52 is a glycoprotein composed of only 12 amino acid extensively modified by both N-linked 

and possible O-linked glycosylation, anchored by glycosylphosphatidylinositol (GPI) to the 

surface of lymphoid and male reproductive cells. The conserved CD52 peptide backbone probably 

functions only as a scaffold for presentation of the large N-linked glycan, which masks the small 

GPI-anchored peptide and acts as the prime feature of the CD52 antigen with respect to cell-cell 

contacts [8, 10]. This notion is supported by the recent discovery of the immune suppressive role 

of CD52 [1]. Human T cells with high expression of CD52 were found to exhibit immune 

suppressive activity via phospholipase C-mediated release of soluble CD52, which was shown to 

bind to the inhibitory sialic acid-binding immunoglobulin (Ig)-like lectin-10 (Siglec-10) receptor 

on neighbouring T cell populations [1]. This sialic acid interaction was subsequently shown to 

require initial binding of soluble CD52 glycan with the damage-associated molecular pattern 

(DAMP) protein, high-mobility group box 1 (HMGB1). Complexing of soluble CD52 with 

HMGB1 promoted binding of CD52 N-glycan, preferentially in α-2,3 sialic acid linkage, to Siglec-

10 [11]. 

 

In the only previous detailed MS analysis, the N-glycans on human leukocyte CD52 exhibited 

extensive heterogeneity with multi-antennary complexes containing core α-1,6 fucosylation, 

abundant polyLacNAc extensions and variable sialylation [8]. With recent insights into the 

function of soluble CD52, and its potential as an immunotherapeutic agent, the glycan structure-

function determinants of CD52 require more detailed investigation. In particular, although the 

CD52 N-glycan is known to be required for bioactivity [1], its structure is not fully elucidated and 

the glycoforms required for bioactivity have not been identified. In addition, even with a total of 

six potential amino acid sites, O-glycosylation of CD52 has not been analysed.  We aimed 

therefore to address these questions using both purified native CD52 from human spleen and 

recombinant soluble CD52 expressed as a fusion protein with immunoglobulin Fc.  
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Materials and Methods 

Human blood and spleen donors 

Cells were isolated from human blood buffy coats (Australian Red Cross Blood Service, 

Melbourne, VIC, Australia) or blood of de-identified healthy volunteers with informed consent 

through the Volunteer Blood Donor Registry of The Walter and Eliza Hall Institute of Medical 

Research (WEHI), following approval by WEHI and Melbourne Health Human Ethics 

Committees. Peripheral blood mononuclear cells (PBMCs) were isolated on Ficoll/Hypaque 

(Amersham Pharmacia, Uppsala, Sweden), washed in phosphate-buffered saline (PBS) and re-

suspended in IMDM medium containing 5% pooled, heat-inactivated human serum (PHS; 

Australian Red Cross, Melbourne, Australia), 100 mM non-essential amino acids, 2 mM glutamine 

and 50 μM 2-mercaptoethanol (IP5 medium). 

Healthy human spleen from cadaveric organ donors were obtained from Australian Islet Transplant 

Consortium and trained coordinators of Donate Life from heart-beating, brain dead donors with 

informed written consent of next of kin. All studies were approved by WEHI Human Research 

Ethics Committee (Project 05/12). 

 

Purification of native CD52 from human spleen  

Frozen human spleen tissue (10 mg) was homogenized with three volumes of water as per 

described in [12]. In brief, homogenate was mixed with methanol and chloroform 11:5.4 volumes, 

respectively. Samples were left to stir for 30 min and allowed to stand for one hour. The upper 

(aqueous) phase was collected, evaporated, dialyzed and freeze dried. NHS-activated Sepharose 4 

Fast Flow resin was incubated with 1 mg of purified anti-CD52 antibody in 0.5 mL of PBS for 3 

hr at RT. The mixture was incubated overnight at 4°C and quenched with 1 M ethanolamine. A 

Bio-Rad 10-mL Poly-Prep column was used for packing and resins were washed with sequential 

treatment of 5 mL of PBS, 5 mL of pH 11.5 diethylamine, and 5 mL of PBS /0.02% sodium azide. 

The column was stored at 4°C in 5 mL of PBS/0.02% sodium azide before use. Spleen extracts 
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were solubilized with 2mL of 2% sodium deoxycholate in PBS, and then added to the packed 

column and washed with 5 mL of PBS containing 0.5% sodium deoxycholate. The sample was 

eluted with six times 500 µl of elution buffer (50 mM diethylamine, 500 mM NaCl, pH 11.5) 

containing 0.5 % sodium deoxycholate. The eluate was collected, neutralized with 50 µl of HCl 

(0.1M) and dialyzed against PBS and water. 

CD52 recombinant proteins 

Human CD52-Fc recombinant proteins; CD52-Fc I (Expi293), CD5-Fc  II (HEK293) and CD52-

Fc III (Expi293) were produced as described [1]. Expi293 and HEK293 are human embryonic 

kidney cells. Expi293 cells generate superior protein yield compared to HEK293 cells. The signal 

peptide sequences joined to human IgG1 Fc were constructed with polymerase chain reaction 

(PCR) then digested and ligated into a FTGW lentivirus vector or pCAGGS vector for the 

transfection of FreeStyle HEK293F and Expi293 cells. The construct included a flexible GGSGG 

linker, a strep-tag II sequence for purification [13], and a cleavage sites for Factor Xa protease 

between the signal peptide and Fc molecule. The recombinant proteins were purified from the 

medium by affinity chromatography on Streptactin resin and eluted with 2.5 mM desthiobiotin [1]. 

3H-thymidine incorporation assay 

PBMCs (2 × 105 cells/well) in IP5 medium were incubated for up to 3 d at 37 °C in 5% (X/X) CO2 

in 96-well round-bottomed plates with or without tetanus toxoid (10 Lyons flocculating units per 

ml), and various concentrations of CD52-Fc or control Fc protein, in a total volume of 200 µL. In 

some wells, 3H-thymidine (1 µCi) was added and, after 16 h, cells were collected and radioactivity 

in DNA measured by scintillation counting. 

ELISpot assay 

PBMCs (2 x 105 cells/well) were cultured in 200 µL of IP5 medium in triplicate wells of a 96-well 

ELISpot plate (PVDF MultiScreen) from Merck Millipore (Bayswater, Australia) containing anti-

IFN-γ monoclonal antibody pre-bound (1 µg/mL) at 4°C. PBMCs were incubated with tetanus 
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toxoid (10 Lfu/mL) added to the wells together with CD52-Fc I, CD5-Fc  II and CD52-Fc III (5, 

25 and 50 µg/mL). After 24 h, cells were removed by washing and IFN-γ spots were developed 

by incubation with biotinylated anti-IFN-γ antibody (1 µg/mL) followed by streptavidin-alkaline 

phosphatase and BCIP/NBT colour reagent (Resolving Images, Melbourne, Australia). 

Lectin ELISA 

A 96-well flat-bottom plate was coated with 20 µg/mL of Maackia amurensis lectin (MAL-I) 

overnight at 4°C and subsequently blocked with 200 µl of 1 % BSA for 1 h. After washing with 

PBS, CD52-Fc (20 µg/mL) was added and incubated at RT for 1 hr and washed twice with PBS. 

After washing with PBS, 50 µl of a 1:1000 dilution of HRP-conjugated antibody to CD52 

(Campath H1; 1 µg/mL) was added and incubated at RT for 1 h. 50 µl of TMB substrate was added 

and colour development stopped by addition of 50 µl of 0.5 M H2SO4. Absorbance was measured 

at 450 nm in a Multiskan Ascent 354 microplate photometer (Thermo Labsystems, San Francisco, 

Calif.). 

De-sialylation and re-sialylation of recombinant CD52-Fc protein 

De-sialylation and re-sialylation of recombinant CD52-Fc proteins were performed by a 

modification of the method of Paulson and Rogers [14]. Briefly, CD52-Fc (500 g/each) was 

incubated with Clostridium perfringens type V sialidase (50 mU/mL) for 3 hr at 37 ºC to remove 

all types of sialic acids. Samples were then passed through a Protein G-Sepharose column, which 

was washed twice with PBS before the bound protein was eluted with 0.1 M glycine-HCl, pH 2.8 

into 1 M Tris-HCl, pH 8.0, followed by dialysis against PBS. Binding to MAL-I lectin was 

performed to confirm removal of sialic acids. CD52-Fc from Expi293 cells was then incubated 

with either of two sialyltransferases, PdST6GalI which restores sialic acid residues in α-2,6 linkage 

with underlying galactose or CstII which restores sialic acid residues in α-2,3 linkage with 

galactose, in the presence of 0.46 mM-0.90 mM CMP-N-acetylneuraminic acid sodium salt 

(Carbosynth, Compton Berkshire, United Kingdom) for 3 h at 37°C. The different CD52-Fc (III) 

proteins with different linkages (α-2,3 or α-2,6) were passed through Protein G-Sepharose 
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columns, washed twice with PBS and eluted with 0.1 M glycine-HCl, pH 2.8, into 1 M Tris-HCl, 

pH 8.0, followed by dialysis against PBS. Samples were freeze-dried, re-suspended in PBS at 200 

µg/mL and stored at -20 °C. 

Fc fragment removal  

CD52-Fc recombinant protein fractions (50-200 g) were incubated with 4 L of Factor Xa 

protease (purified from bovine plasma, New England Biolabs, United States) in a total volume of 

1 mL of cleavage buffer (20 mM Tris-Hcl, pH 8, 100 mM NaCl, 2 mM CaCl2). Samples were 

incubated overnight at RT. Samples were mixed three times with Protein G-Sepharose beads for 

1 hr at RT and centrifuged at 10,000 rpm for 15 min. Fc fragment removal was confirmed by 

Western blot using anti-human IgG (Fc specific produced in goat; Sigma, United States) and anti-

CD52 (rabbit) antibodies (Santa Cruz Biotechnology, United States). 

N- and O- linked glycan release for mass spectrometry analysis 

Mono Q fractionated and whole (non-fractionated) recombinant CD52-Fc were dot-blotted on a 

PVDF membrane. Soluble CD52 with the Fc removed was kept in-solution prior to N-glycan 

release by an overnight incubation with 2.5 U N-glycosidase F (PNGase F, Elizabethkingia 

miricola, Roche) at 37°C followed by a NaBH4 reduction (1 M NaBH4, 50mM KOH) for 3 hr at 

50°C. O-glycan were subsequently released by overnight reductive -elimination using 0.5 M 

NaBH4, 50mM KOH at 50°C. The released and reduced N- and O-glycans were thoroughly 

desalted prior to the LC-MS/MS as described previously [15]. 

Mass spectrometry and data analysis of released glycans 

The separation of glycans was performed by using a porous graphitised carbon (PGC) column (5 

 particle size, 180  internal diameter x 10 cm column length; Hypercarb KAPPA Capillary 

Column, Thermo Scientific) operated at a constants flow rate of 4 µl/min using a Dionex Ultimate 

3000 LC (Thermo Scientific). The separated glycans were detected online using liquid 

chromatography-electrospray ionisation tandem mass spectrometry (LC-ESI-MS/MS) using an 
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LTQ Velos Pro mass spectrometer (Thermo Scientific). The PGC column was equilibrated with 

10 mM ammonium bicarbonate (Sigma Aldrich) and samples were separated on a 0-70% (v/v) 

acetonitrile in 10 mM ammonium bicarbonate gradient over 75 min. The ESI capillary voltage was 

set at 3.2 kV. The full auto gain control was set to 80,000. MS1 full scans were made between m/z 

600-2000. All glycan mass spectra were acquired in negative ion mode. The LTQ mass 

spectrometer was calibrated with a tune mix (PierceTM ESI negative ions, Thermo Scientific) for 

mass accuracy of 0.2 Da. The CID-MS/MS was carried out on the five most abundant precursor 

ions in each full scan by using 35 normalized collision energy. Possible monosaccharide 

compositions were provided by GlycoMod (Expasy, http://web.expasy.org/glycomod/) based on 

the molecular mass of glycan precursor ions [16].  Analysis of MS/MS spectra was carried out 

using the Thermo Xcalibur Qual browser software. Possible glycan structures were identified 

based on diagnostic fragment ions 368 for core fucosylation and others as reported in previous 

literature [17], and B/Y- and C/Z-glycan fragments in the CID-MS/MS spectra. A mass tolerance 

of 0.2 Da was allowed for both the precursor and product ions. The relative abundances of the 

identified glycans were determined as a percentage of the total peak area from the MS signal 

strength using area under the curve (AUC) of extracted ion chromatograms of glycan precursor 

ion [18].   

Profiling the N- and O- glycans on the CD52 peptide 

MonoQ fractionated and unfractionated CD52 glycoforms without the Fc were desalted on C18 

micro-SPE stage tips (Merck-Millipore). Elution was performed with 90% Acetonitrile (ACN) and 

samples were dried and redissolved in 0.1% Formic acid (FA). The desalted CD52 glycopeptides 

were analysed by ESI-LC-MS in positive ion polarity mode using a Quadrupole-Time-of-flight 

(Q-TOF) 6538 mass spectrometer (Agilent technologies)-HPLC (Agilent 1260 infinity). In parallel 

experiments, N-glycosidase F was used to remove N-glycans from some samples of CD52 (with a 

resulting Asn->Asp conversion i.e. +1 Da) to enable better ionization of the highly heterogeneous 

and anionic CD52 glycopeptides. The N- and O-glycan occupancy was determined by comparing 

http://web.expasy.org/glycomod/
http://web.expasy.org/glycomod/
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the AUC of the deamidated and O-glycosylated CD52 glycoforms. Samples (roughly 500 ng) were 

injected onto C8 column (Protecol C8, 3 µm particle size, 300 A pore size, 300 nm inner diameter 

10 cm length, SGE analytical science). The HPLC gradient was made starting with 0.1% FA with 

a linear rise to 60% (v/v) ACN 0.1% FA over 30 min. The column was then washed with 99% 

ACN (v/v) for 10 min before re-equilibration with 0.1% FA for another 10 min. The flow rate was 

set to 4 µL/min with an optimised fragmentor positive potential of 200 V with the following MS 

setting: m/z range 400-2500, nitrogen drying gas flow rate 8 L/min at 300°C, nebulizer pressure 

was 10 psi, capillary positive potential was 4.3 kV, skimmer potential was 65 V. The mass 

spectrometer was calibrated with a tune mix (Agilent technologies) to reach a mass accuracy 

typically better than 0.2 ppm. MassHunter workstation vB.06 (Agilent technologies) was used for 

analysis and deconvolution of the resulting spectra. The previously determined glycans from the 

PGC-LC-MS/MS analysis were used to guide the assignment of glycoforms to deconvoluted CD52 

peptides based on the accurate molecular mass.    

Mono Q fractionation 

CD52-Fc III was diluted into 5 mL 50 mM Tris-HCl, pH 8.3 and applied to a Mono Q column 

(Mono Q 5/50 GL, GE Lifesciences). The column was washed with 10 column volumes of 50 mM 

Tris-HCl, pH 8.3 and then eluted with 50 column volumes of 50 mM Tris-HCl, 500 mM NaCl, pH 

8.3 in 0.5 mL fractions. Fractions were then collected and analyzed by isoelectric focusing (IEF). 

IEF  

Novex pH 3-10 IEF gels were used for pI determination. CD52-Fc fractions were loaded with 

sample buffer and run at 100 V for 2 h, then at 250 V for 1 h and, finally, the voltage was increased 

to 500 V for 30 min. After electrophoresis, the gel was carefully transferred to a clean container, 

washed and fixed with 20% trichloroacetic acid (TCA) for 1 h at RT, rinsed with distilled water, 

stained with colloidal Coomasie blue for 2 h at RT, and thoroughly destained with distilled water. 

Sequential sialidase treatment 

N-glycans released from cleaved CD52 (roughly 2 µg) were treated with α-2-3-specific sialidase 



206 
 

(1 mU, Merck) and broad (α-2-3,6,8 sialidase-reactive) sialidase V. cholera (1 mU, Sigma 

Aldrich). Both reactions were carried out in 50mM sodium phosphate reaction buffer at 37°C for 

3 h. Desialylated CD52 N-glycans were dried and solubilised in water for downstream MS 

analysis. Fetuin was used as positive control for successful sialic acid removal since, like cleaved 

CD52, this model glycoprotein carries multi-antennary sialylated N-glycans.  

EThcD fragmentation for O-glycans site localisation on the CD52 peptide 

Fractionated CD52 glycoforms were treated with PNGase F prior to O-glycan site localisation 

analysis. CD52 peptides were analysed using a Dionex 3500RS nanoUHPLC coupled to an 

Orbitrap Fusion™ Tribrid™ Mass Spectrometer in positive mode with the same LC gradient 

mentioned in ‘Profiling the N- and O- glycans on intact CD52’ but while using a nano-flow (250 

nL/min). The following MS settings were used: spray voltage 2.3 kV, 120k orbitrap resolution, 

scan range m/z 550-1,500, AGC target 400,000 with one microscan. The HCD-MS/MS used 40% 

nCE. Precursors that resulted in fragment spectra containing diagnostic oxonium ions for 

glycopeptides i.e. m/z 204.08671, 138.05451 and 366.13961, were selected for a second EThcD 

(nCE 15%) fragmentation.  The analysis of all fragment spectra was carried out using Thermo 

Xcalibur Qual browser software with the aid of Byonic (v2.16.11, Protein Metrics Inc) using the 

following parameters: precursor mass tolerance 6 ppm, fragment mass tolerance 1 Da and 10 ppm 

to respectively account for possible proton transfer during ETD fragment formation and the 

MS/MS resolution, deamidated (variable) and two core type 2 O-glycans, previously seen in intact 

mass analysis. 

Statistical analyses  

Data are expressed as mean ± standard deviation (SD). The significance of differences between 

groups was determined using two-sided t-test, with Prism software (GraphPad Software). p < 0.05 

was used throughout as the significance threshold.  
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Results 

Human spleen-derived CD52 exhibits extensive N- and O-glycosylation heterogeneity  

To characterize the natural glycosylation of human CD52, we purified CD52 from human spleen 

and performed a comprehensive analysis of released N- and O-glycans by porous-graphitised 

carbon (PGC)-ESI-MS/MS (Figure 1A, B). We confirmed high N-glycosylation heterogeneity, 

expressed as multi-antennary sialylated N-glycans with abundant polyLacNAc extensions (Figure 

1A). Similar N- glycans have been previously reported for natural occurring human CD52 [8]. The 

O-glycosylation profile was characterized as core type 1 and core type 2 sialylated structures with 

mainly (66%) di-sialylated core type 2 O-glycans (Figure 1B). This glycan heterogeneity raises 

the question whether particular bioactive glycoforms of CD52 exist and whether such 

heterogeneity is reflected in the recombinant form of human CD52. 

 

Figure 1: Glycosylation analysis of human spleen CD52. A, Summed MS profile of released N-glycans from CD52 

purified from human spleen tissue. B, Distribution of O-linked glycans released from human spleen CD52. 

Recombinant CD52 shares common N-glycan structures with Fc carrier protein  

The yield of native soluble CD52 was insufficient to enable us to pinpoint the bioactive glycoforms 

on the naturally occurring glycoprotein. Therefore, we engineered human CD52 as a recombinant 
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fusion protein conjugated with an IgG1 Fc fragment as described [1]. Previously, we demonstrated 

the ability of recombinant CD52-Fc, but not its Fc component, to suppress a range of immune 

functions [1, 11]. The two recombinant human CD52-Fc batches we generated for this study 

recapitulated this previously observed immuno-suppressive bioactivity (Figure 2A). However, the 

Fc has a single N-linked glycosylated site at N297 (Figure 2Bi), which had to be considered in 

characterizing and assessing the impact of the N-glycosylation of recombinant CD52-Fc. This was 

addressed in two ways: i) by analysing a recombinant form of human CD52-Fc in which Fc 

contained an N297A mutation, allowing analysis of CD52 N-glycosylation profile at the released 

glycan level without interference from the Fc N-glycan (Figure 2Bii), and 2) by removal of the Fc 

component from CD52-Fc via Factor Xa proteolysis of a cleavage site appropriately incorporated 

in the CD52-Fc construct, as shown by a Western blot using a specific antibody for CD52 (Figure 

2C). 

 
Figure 2: Comparative N-glyco-profiling of recombinant human IgG Fc and CD52. A, Proliferation of human PBMCs 

(3H thymidine uptake) followed 5 days incubation with tetanus toxoid. Histograms show mean ± SD of within-assay 

triplicates, in the presence of different concentration of proteins. The Fc component was cleaved from CD52-Fc with 

Factor Xa.  B, Summed MS profile of N-glycans released from the Fc (I) and CD52 (II); the latter variant was generated 

by introducing a point mutation (A297N) into the conventional Fc N-glycosylation site. C, Factor Xa treated-CD52 

was analyzed by Western blotting with Campath-H1-HRP antibody. 
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Bioactive recombinant CD52 glycoforms displays more abundant tri- and tetra-antennary 

sialylated N-glycans  

We had noted that the specific bioactivity of recombinant CD52-Fc varied from batch to batch. 

Therefore, we compared the impact of sialylation between two CD52-Fc variants made from 

different host cells that were shown display higher and lower immunosuppressive activity, here 

referred to respectively as CD52-Fc I (from Expi 293 cells) and CD52-Fc II (from HEK 293 cells) 

(Figure 3A). 

N-glycans were released via in-solution treatment with PNGase F and subsequently analysed by 

PGC-ESI-MS/MS [15]. N-glycans on cleaved CD52 I had greater relative abundances of bi-, tri- 

and tetra- antennary sialylated glycans compared to CD52 II (Figure 3B). Also, CD52 I displayed 

a significantly higher relative abundance of sialylated structures possibly containing LacNAc 

moieties (Figure 3B). Not only the numbers of antennae, but also their degree of sialylation 

differed between the two recombinant CD52 glycoforms: tetra-sialylated N-glycans were 

significantly more abundant in CD52 I (6.9±0.9%) compared to CD52 II (4.9±1.3) (p < 0.05). In 

contrast, CD52 II displayed significantly greater abundance of non-sialylated bi-antennary and 

bisecting structures (30% and 5% compared to 19% and 2%, respectively) (Figure 3B), which 

could exclude the involvement of such structures in the bioactivity of CD52.  
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Figure 3: Comparison of two recombinant human CD52-Fc variants (I and II) with different immunosuppressive 

activities. A, IFN-γ production measured by ELISpot assay from human PBMCs (2 x 106) in 200 µL/well. Samples 

were incubated with no antigen or tetanus toxoid in the presence of two different preparations of CD52-Fc (CD52 I 

or CD52 II; 5, 25, and 50 µg/ml). B, N-linked glycans released from cleaved CD52 I and CD52 II. The abundance of 

each N-glycan class is the sum of all EICs measured for all glycans in that class relative to the total of all EICs observed 

for all N-glycans. C, EIC of m/z 1140.42- (GlcNAc5Man3Gal2NeuAc1) demonstrating the PGC-based separation of 

sialo-glycan isomers observed in CD52 I and CD52 II.  D, Binding of CD52-Fc I and CD52-Fc II (5 and 20 µg/ml) to 

the α-2,3 sialic acid recognizing lectin MAL-1. E, ELISpot assay showing activity of CD52-Fc I reconstituted with 
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sialic acid in α2-6, α2-3 and α2-8 linkages with galactose. The data points in panel A, D and E are plotted as mean ± 

SEM of three independent replicate experiments. Data in B and C are mean ± SDs (n = 3). Student t test was used to 

test for significant difference between group means. 

 

After the removal of Fc, recombinant CD52 I and CD52 II were then subjected to high-resolution 

intact peptide analysis using C8-LC-ESI-MS. Both proteins showed N-glycosylation profiles 

similar to those of released glycans. The high resolution of the Q-TOF instrumentation used even 

in the high m/z range enabled the identification of very elongated sialylated antennary structures 

including searching for N-glycans carrying Lewis-type structures (antenna-type fucosylation). The 

experimental isotopic distribution of both variants of recombinant CD52 matched the theoretical 

isotopic distribution of the 90% tri-sialylated (non-Lewis fucosylated) CD52 glycoforms, which 

indicate that the main glycoforms of recombinant CD52 do not carry Lewis-type fucosylation 

(Supplementary Figure 1A). The more bioactive CD52 I displayed a higher level of multi-

antennary sialylated and possible LacNAc elongated structures (Supplementary Figure 1B). 
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Supplementary Figure 1: Analysis of CD52 I and CD52 II at the intact peptide level. A, The theoretical isotopic 

distribution of deconvoluted 5871.99 (amu) CD52 glycoform as as tri-sialylated 

(GlcNAc5Man3Gal3NeuAc3Fucose1) or di-sialylated with two outer fucoses (GlcNAc5Man3Gal3NeuAc2Fucose3). 

The bar graph shows the theoretical isotopic envelopes generated when different amount of these two glycans are 

present. Experimental isotopic distribution values suggest a population of 90-100% tri-sialylated structures. B, High-

resolution intact mass analysis of CD52 I (pink) and CD52 II (green).   

 

α-2,3 sialylated N-glycans are indispensable for CD52 activity  

CD52 N-glycans displaying α-2,3 sialylation preferentially bind to Siglec-10 [11]. PGC-LC-

MS/MS glycan analysis and Maackia amurensis-1 (MAL-I) lectin blotting were used to identify 

any differences in sialic acid linkage between the two variants of recombinant CD52-Fc (CD52-

Fc I and CD52-Fc II). MAL-I has a known preferential recognition of glycoconjugates displaying 

α-2,3 sialylation. Despite the high separation power of PGC for sialoglycans, this technique has 

difficulty resolving very large multi-antennary sialylated glycans, but can easily discriminate 

between α-2,3 and α-2,6-sialylation on the more common bi- and tri-antennary N-glycans. Several 

abundant bi-antennary α-2,3 sialoglycans were observed on CD52 I. For one sialylated glycan, m/z 

1140.42- (GlcNAc5Man3Gal2NeuAc1), only the α-2,3 sialic acid glycan isomer was observed on 

CD52 I. On the other hand, the less bioactive CD52 II carried both α-2,3 and α-2,6 sialo-N-glycans 
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(Figure 3C). This differential sialyl linkage presentation between the two recombinant CD52 

variants was supported by MAL-I lectin binding, which was higher for the more bioactive CD52-

Fc I (Figure 3D). MAL-I lectin favours binding to α-2,3 sialic acid linked tri- and tetra-sialylated 

N-glycans [19]. The importance of the α-2,3 sialylation for bioactivity of CD52-Fc was confirmed 

in a parallel experiment where the immuno-suppressive activity of sialidase-treated and re-

sialylated CD52-Fc was determined relative to the original recombinant variant. Treatment of 

CD52-Fc with sialidase completely abolished its immunosuppressive activity, which was fully 

restored upon re-sialylation with α-2,3, but not α-2,6 sialylation (Figure 3E). Overall, these 

findings indicate that the bioactivity of CD52-Fc is associated with the presence of α-2,3-linked 

tetra-sialylated N-glycans found on CD52 and not the Fc. 

 

Active CD52 glycoforms resolved by anion exchange chromatography 

We then performed anion exchange chromatography on a MonoQ column in order to separate 

recombinant CD52-Fc variants based on their degree of sialylation, with the aim of identifying the 

most bioactive forms (Figure 4A).  
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Figure 4: CD52-Fc after fractionation by anion-exchange chromatography. A, Anion exchange chromatography on a 

MonoQ-GL column fractionated the recombinant human CD52-Fc into a gradient of anionic glycoforms displaying a 

spectrum of pI (see Supplementary Figure 2). B, IFN-γ ELISpot assay with 2 x 106 PBMCs in 200 µL/well incubated 

with no antigen or with anti-CD3/CD28 antibody Dynabeads in the presence of recombinant human CD52-Fc fractions 

(F29-F53; 5 µg/ml).  

 

The increasing degree of sialylation (decreasing isoelectric point [pI]) of CD52-Fc in the collected 

fractions was validated by isoelectric focusing (IEF) (Supplementary Figure 2) and mass 

spectrometry.  
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Supplementary Figure 2: CD52-Fc fractions resolved in isoelectric focusing (IEF) gel. Colloidal Coomassie Blue gel 

showing protein in MonoQ fractions (F29-54). Fractions showed a gradual decrease in isoelectric point (pI) values. 

 

The released N-glycans from fractions 46 to 51 (F46-F51) revealed a gradual increase in sialic acid 

content, and structures containing a higher number of antennae (Supplementary Table I), as shown 

also from intact glycopeptide analysis (Supplementary Figure 3). Released and intact glycan 

analysis from fraction 30 revealed various GlcNAc and Gal capped structures and a complete 

absence of sialic acid moieties (Supplementary Table I and Supplementary Figure 3). Remarkably, 

only two fractions, F48-F49, with pI in the 5-6 range displayed significant immunosuppressive 

activity (Figure 4B). The adjacent fractions were not bioactive, even at higher concentrations of 

protein (Supplementary Figure 4A and B). These late-eluting, uniquely bioactive fractions (F48-

49) were highly enriched (60-70%) in tri- and tetra-sialylated glycans, further confirming that 

sialylation strongly impacts the bioactivity of CD52. However, the adjacent non-bioactive 

fractions also contained similar glycoforms with small differences in overall relative abundance, 

indicating that the highly sialylated glycoforms, while necessary, are not sufficient for bioactivity 

(Supplementary Table I and Supplementary Figure 3). 
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Supplementary Table I: Sialic acid content and antennae distribution of recombinant human CD52 fractions separated 

by anion chromatography. A, (upper panel) The total number of sialic acid residues and B, (lower panel) The antennae 

distribution identified on CD52 fractions (F30, F46, F47, F49, F50 and F51) using PGC-LC-MS/MS. 

 

Supplementary Figure 3: High-resolution intact mass analysis of MonoQ fractions (F30 and F47-50). A, F30 intact 

mass analysis of the CD52 part showed absence of sialic acid molecules. B, MonoQ fractionation was able to separate 

CD52 sialylated structures according to their amount of sialic acid as well as number of antennae. Among fractions 

F47-50, F49 and F50 contained more of the bigger sialylated structures. 
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Supplementary Figure 4. Active MonoQ fractions suppress in a dose-dependent manner. A and B, IFN-γ production 

measured by ELISpot assay from human PBMCs (2 x 105) incubated in IP5 medium with no antigen or anti-

CD3/CD28 antibody Dynabeads. A) Active Mono-Q fractions (F48-49) suppressed in a dose-dependent manner 

(0.3125, 0.625, 1.25, 2.5, and 5 µg/ml). B) Adjacent fractions (inactive; F46, F47, F50 and F51) do not suppress 

despite the increase of protein added (5, 10, 20 and 40 µg/ml). The data points in panels A and B are plotted as mean 

± SEM of three independent replicates.  
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Active CD52 MonoQ fractions are enriched with α-2,3 sialylated structures 

It is challenging to determine the sialylation linkages of large multi-sialylated N-glycans using 

mass spectrometry. Therefore, differences in sialic acid linkage of active and adjacent non-active 

MonoQ fractions were probed by α-2,3-specific sialidase treatment. The linkage-specific activity 

of α-2,3 sialidase was confirmed on bovine fetuin as a control protein, which demonstrated specific 

removal of α-2,3-linked sialic acid residues from the known bi-antennary sialylated glycan m/z 

1111.52- (Figure 5A). The glycan products resulting from α-2,3 sialidase treatment of the active 

fractions of CD52 were determined via PGC-LC-MS/MS (Figure 5B i and ii). The active MonoQ 

fractions (F48/F49) had a higher proportion of α-2,3 sialic acid (58%) compared to adjacent earlier 

(F46/F47) and later (F50/F51) eluting fractions (51% and 25%, respectively) and less bisecting 

structures than the adjacent non-active fractions (1% compared to 4% and 5%, respectively) 

(Figure 5C). Finally, the profile of the most active CD52 fractions at the intact peptide level 

supported a predominance of tri- and tetra-antennary sialylated structures (Figure 5D).  

 

Figure 5: Sialic linkage analysis of active monoQ active fractions. A, EICs of the di-sialylated N-glycan m/z 1111.42- 

after sequential α-2,3 sialidase treatment of bovine fetuin, known to carry tri-antennary α-2,3-sialylated N-glycans. 

The EICs assess the removal of each of the sialic acid residues. B, Summed MS of all N-glycans observed for the 

active CD52 fractions F48 and F49 before and after treatment with α-2,3-specific sialidase. C, Summary of the 

immunosuppressive bioactivity, degree of  α-2,3 sialylation and bisecting GlcNAcylation of late-eluting MonoQ 
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fractions of particular interest. D, High-resolution intact mass analysis of the immune suppressive CD52 fractions 

(F48/F49). 

 

The highly anionic MonoQ fractions are enriched in O-sialylated glycans 

Initially, O-glycosylation analysis of de-N-glycosylated CD52 at the intact peptide level revealed 

that both variants of recombinant CD52 (CD52 I and CD52 II) had very low (4%) O-glycan 

occupancy (Figure 6A), casting doubt on the relevance of O-glycosylation for CD52 activity. Non-

deamidated signatures were absent in the spectra for both CD52 I and II, indicating that the CD52 

peptides were fully N-glycosylated (black data points). Like human spleen CD52, the recombinant 

CD52 proteins were found to contain mainly core type 2 O-glycans with one or two sialic acid 

residues, shown in grey and orange, respectively. Sialylated core type 1 O-glycans were also 

identified albeit at very low abundance (<0.5%) (Data not shown). Interestingly, the most anionic 

MonoQ fractions of CD52 (F46-F51) showed a considerably higher O-glycan occupancy (around 

15-20%). Extracted ion chromatograms (EIC) of the bioactive fractions (F48/F49) showed an 

absence of sialo-isomers for the most abundant O-glycan structure m/z 665.22-

(GalNAc1GlcNAc1Gal2NeuAc2), but not for m/z 1040.41-(GalNAc1GlcNAc1Gal2NeuAc) (Figure 

6B). Finally, O-glycan site localisation was determined by electron transfer/higher-energy 

collision dissociation (EThcD), which provided c and z ions to conclude that di-sialylated O-

glycans were conjugated to Ser12 and possibly Ser10 due to lack of diagnostic ions, whereas the 

mono-sialylated O-glycans were only found on Thr8 (Figure 6C). Hence further experiments are 

desirable to elucidate the role of O-glycans for bioactivity of CD52.   
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Figure 6: Mapping the O-glycosylation of recombinant human CD52. A, N- and O-glycan occupancy of CD52 I, 

CD52 II and selected MonoQ fractions (F31 and F46-F51) measured at the protein level after de-N-glycosylation. B, 

PGC resolution of O-glycosylated isomers from active fractions m/z 665.22- (GalNAc1GlcNAc1Gal2NeuAc2) and m/z 

1040.41- (GalNAc1GlcNAc1Gal2NeuAc1). C, EThcD-MS/MS based site localisation analysis showing the peptide 

backbone fragments and the ions diagnostic of the amino acid site for both aforementioned O-glycans. 

 

Discussion 

In this study, we identified that CD52 from human spleen tissue and recombinant forms of human 

CD52 carry N-glycans that display complex type core fucosylation, abundant sialylation and 

LacNAc extensions. These features corroborate a previous report on the N-glycans on human 

spleen CD52 [8]. However, we found that there were differences in the specific bioactivity of two 

recombinant CD52-Fc variants made from different host cells. Only CD52 in the more bioactive 

variant of the CD52-Fc fusion protein was significantly abundant in tetra-sialylated N-glycan 

structures with α-2,3 sialic acid linkage. On the contrary, CD52 in the more bioactive CD52-Fc 

exhibited lower bisecting structures. Using Mono Q anion exchange chromatography, CD52-Fc 

was separated into a gradient of anionic glycoforms, some of which exhibited distinctly different 

immunosuppressive activities. The bioactive glycoforms uniquely displayed an abundance of tri- 

and tetra-sialylated glycans (60-70%), high levels of α-2,3 sialylation (58%) and an absence of 
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bisecting GlcNAcylation. Moreover, the most anionic tri- and tetra-sialylated glycans had a unique 

abundance in core type 2 di-sialylated O-glycan, at Ser 12, 20% compared to 4% in non-active 

fractions of CD52-Fc. 

 

Both glycan and glycopeptide based analytical approaches were used to correlate the CD52 

glycosylation with its bioactivity. The glycan approach depended on the high resolving power of 

PGC columns to separate glycan isomers and isobaric structures. It was used in conjunction with 

negative mode ionisation to provide fragment ions of certain glycan structural features [15, 18]. 

The glycopeptide-based approach allowed analysis of CD52 glycans directly bound to the peptide 

backbone with the assurance of no interference by Fc glycan. The two approaches largely 

corroborated each other adding confidence in the reported structures. Indeed, we found the same 

results after CD52-Fc purification by anion exchange chromatography, as described above. Anion 

exchange chromatography to fractionate sialylated glycoforms was previously employed to purify 

the soluble and sperm-associated form of CD52 in the mouse reproductive tract [20] but glycan 

structure was not analysed.  

 

We confirmed the importance of the α-2,3 sialic acid linkage for CD52-Fc bioactivity. Previously, 

we showed that soluble CD52 mediates T-cell suppression by binding to Siglec-10 [1]. The diverse 

family of mostly inhibitory Siglec receptors has evolved to recognise linkage-specific sialic acid 

residues on host cells and pathogens [21]. Siglec-10 is highly expressed on leukocytes [22, 23] 

and plays significant roles in regulating the innate and adaptive immune response to tissue injury, 

sepsis and viral invasion [24]. Previously, Siglec-10 was found to have no binding preference for 

α-2,3 or α-2,6-sialylation [25]. However, we recently reported that human CD52-Fc bound to 

Siglec-10 preferentially through the α-2,3 sialic acid linkage [11]. In the present study, the 

bioactive CD52-Fc was characterized by a high abundance of the α-2,3 sialic acid linkage, and re-

sialylation with α-2,3 restored the bioactivity of sialidase-treated CD52-Fc. 
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Regarding CD52 O-glycosylation, Ermini et al [26] deduced the presence of O-glycosylation of 

CD52 by antibody binding, but did not determine the type, occupancy or localisation of O-glycans. 

We characterised for the first time the O-glycans on human spleen CD52. In addition, bioactive 

recombinant CD52 was found to contain a low abundance (4%) of mainly core type 2 O-glycans 

with one or two sialic acid residues, on Ser 12 and Thr 8. Due to the proximity of the N- and O-

glycosylation sites of CD52 peptide, the low degree of O-glycosylation could arise from steric 

hindrance by the bulky N-glycans that occupy most N-glycosylation sites. Determination of the O-

glycan sites and occupancies on human spleen CD52 was challenging due to the availability of 

very limited biological sample amount. However, with continuing developments in highly 

sensitive and informative glycoprotemics [27], it is likely that we will soon be able to identify the 

site-specific O-glycosylation of CD52 directly from tissues and bodily fluids without prior 

purification. Our results also indicate that recombinant human CD52 does not require fucosylated 

O-glycans for bioactivity, as found for CD52 of the male reproductive tract (21). The polypeptide 

of recombinant human CD52 is identical to spleen CD52 and shares the core type 2 and core type 

2 sialylated O-glycans with mrtCD52  [7]. However, we identified a dramatic enrichment of O-

glycosylation in the bioactive CD52-Fc glycoforms strongly implying a role for both N- and O-

glycosylation in the bioactivity of CD52. 

 

Another striking observation was the association between CD52 bioactivity and bisecting 

GlcNAcylation. Previously, N-glycans displaying bisecting GlcNAc were found to correlate with 

a decrease in tri- and tetra-sialylated structures, since bisecting GlcNAc residues inhibit the activity 

of GlcNAc-transferases required to generate multi-antennary sialoglycans [28]. Furthermore,  an 

increase in bisecting GlcNAcylation has been linked with a decrease in α-2,3 sialylation  [29], 

which we have here shown is important for CD52 bioactivity. The functions of bisecting GlcNAc 

are not fully understood, but they have been associated with a decrease in target-cell susceptibility 

for NK cell-induced lysis [30]. However, the relatively small reduction in bisecting GlcNAc-

containing CD52-Fc in active Mono Q fractions casts doubt on any direct role (e.g. Siglec or 
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HMGB1 binding) of this glycoepitope in the function of CD52. Interestingly, CD52 in 

recombinant human CD52-Fc resembled naturally-occurring CD52 purified from human spleen 

with respect to the N- and O-glycosylation, except in the degree of polyLacNAc elongation, which 

was greater in the native form. Although bioactive CD52 was characterized by higher abundance 

of sialylated structures with possible polyLacNAc, the contribution of polyLacNAc units to CD52 

activity is yet to be determined. 

In conclusion, the comparison of native and recombinant human CD52-Fc, and CD52-Fc variants 

differing in bioactivity, enabled us to identify a CD52 glycoform-specific for bioactivity. The 

characteristics of the bioactive CD52-Fc glycoforms can be summarised as an abundance of tri- 

and tetra-antennary α-2,3-sialylated N-glycans, a concomitant absence of bisecting GlcNAcylation 

and the presence of the di-sialylated type 2 O-glycosylation. However, further glycomic analysis 

of CD52 will be required to detail for example the length of polyLacNAc extensions and the degree 

of polyLacNAc branching. The present study extends our knowledge of the glycan structure 

underlying the immunosuppressive activity of soluble CD52 and may refine the design and 

production of CD52-Fc as an immunotherapeutic agent.     

 

  



224 
 

Acknowledgments 

This work was supported by an Australian National Health and Medical Research Council 

(NHMRC) Program Grant (1037321) and the Walter and Eliza Hall Institute Catalyst Fund. L.C.H. 

is the recipient of a NHMRC Senior Principal Research Fellowship (1080887). The work was 

made possible through Victorian State Government Operational Infrastructure Support and 

NHMRC Research Institute Infrastructure Support Scheme. This work was also funded by the 

Australian Research Council Centre of Excellence for Nanoscale Biophotonics (CE140100003) 

and was made possible via access to Australian Proteome Analysis Facility.  

We also thank [Zeynep, Sumer-Bayraktar] for assistance with booking and accessing Sydney Mass 

Spectrometry Facility.  

 

 

Conflict of interest statement 

The authors declare they have no competing interests or other interests that might be perceived to 

influence the results and discussion reported in this paper. 

 

 

 

 

 

 

 

  



225 
 

6.3 References  

1. Bandala-Sanchez, E., et al., T cell regulation mediated by interaction of soluble CD52 with 

the inhibitory receptor Siglec-10. Nature immunology, 2013. 14(7): p. 741. 

2. Pandya, I.J. and J. Cohen, The leukocytic reaction of the human uterine cervix to 

spermatozoa. Fertility and sterility, 1985. 43(3): p. 417-421. 

3. Thompson, L., et al., The leukocytic reaction of the human uterine cervix. American 

Journal of Reproductive Immunology, 1992. 28(2): p. 85-89. 

4. Ghaderi, D., et al., Sexual selection by female immunity against paternal antigens can fix 

loss of function alleles. Proceedings of the National Academy of Sciences, 2011: p. 

201102302. 

5. Robertson, S.A. and D.J. Sharkey, Seminal fluid and fertility in women. Fertility and 

sterility, 2016. 106(3): p. 511-519. 

6. Diekman, A.B., et al., Evidence for a unique N‐linked glycan associated with human 

infertility on sperm CD52: a candidate contraceptive vaccinogen. Immunological reviews, 

1999. 171(1): p. 203-211. 

7. Parry, S., et al., The sperm agglutination antigen-1 (SAGA-1) glycoforms of CD52 are O-

glycosylated. Glycobiology, 2007. 17(10): p. 1120-1126. 

8. Treumann, A., et al., Primary structure of CD52. Journal of Biological Chemistry, 1995. 

270(11): p. 6088-6099. 

9. Hasegawa, A., et al., Epitope analysis for human sperm‐immobilizing monoclonal 

antibodies, MAb H6‐3C4, 1G12 and campath‐1. Molecular human reproduction, 2003. 

9(6): p. 337-343. 

10. Schröter, S., et al., Male-specific modification of human CD52. Journal of Biological 

Chemistry, 1999. 274(42): p. 29862-29873. 

11. Bandala-Sanchez, E., et al., CD52 glycan binds the proinflammatory B box of HMGB1 to 

engage the Siglec-10 receptor and suppress human T cell function. Proceedings of the 

National Academy of Sciences, 2018: p. 201722056. 

12. Xia, M.Q., et al., Characterization of the CAMPATH‐1 (CDw52) antigen: biochemical 

analysis and cDNA cloning reveal an unusually small peptide backbone. European journal 

of immunology, 1991. 21(7): p. 1677-1684. 

13. Schmidt, T.G. and A. Skerra, The Strep-tag system for one-step purification and high-

affinity detection or capturing of proteins. Nature protocols, 2007. 2(6): p. 1528. 

14. Paulson, J.C. and G.N. Rogers, [11] Resialylated erythrocytes for assessment of the 

specificity of sialyloligosaccharide binding proteins, in Methods in enzymology1987, 

Elsevier. p. 162-168. 

15. Jensen, P.H., et al., Structural analysis of N-and O-glycans released from glycoproteins. 

Nature protocols, 2012. 7(7): p. 1299. 

16. Cooper, C.A., E. Gasteiger, and N.H. Packer, GlycoMod–a software tool for determining 

glycosylation compositions from mass spectrometric data. Proteomics, 2001. 1(2): p. 340-

349. 

17. Everest-Dass, A.V., et al., Structural feature ions for distinguishing N-and O-linked glycan 

isomers by LC-ESI-IT MS/MS. Journal of The American Society for Mass Spectrometry, 

2013. 24(6): p. 895-906. 

18. Harvey, D.J., et al., Structural and quantitative analysis of N-linked glycans by matrix-

assisted laser desorption ionization and negative ion nanospray mass spectrometry. 

Analytical biochemistry, 2008. 376(1): p. 44-60. 

19. Wang, W.-C. and R. Cummings, The immobilized leukoagglutinin from the seeds of 

Maackia amurensis binds with high affinity to complex-type Asn-linked oligosaccharides 

containing terminal sialic acid-linked alpha-2, 3 to penultimate galactose residues. Journal 

of Biological Chemistry, 1988. 263(10): p. 4576-4585. 



226 
 

20. Giovampaola, C.D., et al., Surface of human sperm bears three differently charged CD52 

forms, two of which remain stably bound to sperm after capacitation. Molecular 

reproduction and development, 2001. 60(1): p. 89-96. 

21. Khatua, B., S. Roy, and C. Mandal, Sialic acids siglec interaction: A unique strategy to 

circumvent innate immune response by pathogens. The Indian journal of medical research, 

2013. 138(5): p. 648. 

22. Li, N., et al., Cloning and characterization of Siglec-10, a novel sialic acid binding member 

of the Ig superfamily, from human dendritic cells. Journal of Biological Chemistry, 2001. 

276(30): p. 28106-28112. 

23. Whitney, G., et al., A new siglec family member, siglec‐10, is expressed in cells of the 

immune system and has signaling properties similar to CD33. The FEBS Journal, 2001. 

268(23): p. 6083-6096. 

24. Chen, G.-Y., et al., Siglec-G/10 in self–nonself discrimination of innate and adaptive 

immunity. Glycobiology, 2014. 24(9): p. 800-806. 

25. MUNDAY, J., et al., Identification, characterization and leucocyte expression of Siglec-

10, a novel human sialic acid-binding receptor. Biochemical Journal, 2001. 355(2): p. 489-

497. 

26. Ermini, L., et al., Different glycoforms of the human GPI-anchored antigen CD52 

associate differently with lipid microdomains in leukocytes and sperm membranes. 

Biochemical and biophysical research communications, 2005. 338(2): p. 1275-1283. 

27. Lee, L.Y., et al., Toward automated N-glycopeptide identification in glycoproteomics. 

Journal of proteome research, 2016. 15(10): p. 3904-3915. 

28. Schachter, H., The joys of HexNAc. The synthesis and function of N-andO-glycan branches. 

Glycoconjugate journal, 2000. 17(7-9): p. 465-483. 

29. Lu, J., et al., Expression of N-acetylglucosaminyltransferase III suppresses α2, 3 

sialylation and its distinctive functions in cell migration are attributed to α2, 6 sialylation 

levels. Journal of Biological Chemistry, 2016: p. jbc. M115. 712836. 

30. Yoshimura, M., et al., Bisecting N-acetylglucosamine on K562 cells suppresses natural 

killer cytotoxicity and promotes spleen colonization. Cancer research, 1996. 56(2): p. 412-

418. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



227 
 

Chapter 7  

Summary and future directions 
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7.1 Infertility and gender inequality 

Any disease of the reproductive process that results in inability to conceive and establish a viable 

pregnancy is referred to as infertility. Infertility is a global health issue with a significant overall 

burden that has not displayed any decrease over the last 20 years [1]. According to available data, 

this burden traumatizes at least 50 million couples, 186 million people, worldwide [2, 3].  Male, 

female or combinations of both are usually the causative agents for infertility. Female fertility can 

be affected by ovulation disorders, blocked oviduct, endometriosis and others [4]. Although most 

research in this area is concerned with women, infertility is also prevalent in men. Male infertility 

provides more than half of all cases, yet infertility remains a women’s social burden [2]. In fact, 

from 1973 to 2011, there was a sharp decline of more than 50% in total sperm count and 

concentration among men from Western countries, with reports showing similar decline for data 

2011- 2017 [5]. 

"When I talk to people about infertility, they tend to automatically assume that it is a woman's 

problem and are genuinely surprised to find out that it's pretty much 50-50” Clare Brown, (the 

chief executive of the Infertility Network, United Kingdom). 

***** 

The global data on male infertility is still lacking worldwide – both in terms of men’s experience 

across cultures and prevalence estimates - contributing gender-related stigma. As a result, 

infertility requires gender unbiased research [6]. 

 “We want to end gender inequality- and to do that we need everyone to be involved” Emma 

Watson, (UN Women Goodwill Ambassador). 

***** 

We did our part by designating equal number of Chapters for each gender! From the glycosylation 

perspectives, our thesis investigated the challenges diabetic women face regarding their 

reproductive organs in Chapters 3 and 4, while sperm viability and resistance to female immunity 

was investigated in Chapters 5 and 6 respectively.  
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7.2 Thesis overview 

The importance of protein glycosylation in several biological processes is highlighted by its 

involvement in cellular activity, cell-cell interaction, and protein folding and interaction [3]. As a 

result, any aberrant glycosylation, in abundance or type, can influence the overall physiology of 

tissues and the functions of proteins [7]. The two main types of mammalian protein glycosylation, 

N-linked and O-GalNac linked, are decorated with functional determinants usually consisting of 

sialic acid, fucose, galactose, N-acetylglucosamine and N-acetylgalactosamine building blocks, 

and are often altered in disease states [8, 9]. Overall, the physiological and the interactive status of 

the cells are influenced by the global glycosylation observed at the macro-cellular level [10, 11], 

whereas protein properties such as function, size, solubility, hydrophobicity and stability are 

affected by aberrant glycosylation at the micro, single-protein level [7, 12]. 

In this thesis, for the relevance of infertility and possibility of aiding assisted reproductive 

technology (ART), we wanted to investigate the role of protein glycosylation at the macro (tissue) 

and micro (single protein) levels and in both female (with effect of diabetes) and male (with effects 

on immunity of sperm) reproductive tracts.   

7.2.1 Protein glycosylation in the female reproductive tract and the effect of diabetes in the ovary, 

oviduct and uterus  

In Chapter 3, the macro-glycosylation of ovaries was investigated in diabetic mice as a relevant 

model. Diabetes was chosen as an investigation model for its unfavourable effect(s) on fertility as 

well as the known effect of diabetes on glycosylation [13-15]. Our comprehensive protein N- and 

O-glycosylation analysis of two different diabetic models (STZ -induced diabetic = type 1 

diabetes, and high-glucosamine injected = type 2 diabetes) showed similarities in their ovary 

glycosylation profiles, with some differences attributed to the different types of diabetes models, 
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described in Chapter 3. The two diabetic models shared a relative decrease in oligomannose, and 

a decrease in sialylated, structures compared to control. The differences in protein glycosylation 

were observed as a decrease in core-fucosylated structures in the STZ-induced diabetic ovary 

which could be attributed to the confirmed inflamed state of the STZ treated mice [16], the latter 

proven by qPCR analysis of known inflammatory gene expression (TNF and IL1B). Our results 

suggest changes occur in the ovarian glycan biosynthesis pathway due to diabetes. Overall, we are 

the first to report aberrant protein glycosylation in any diabetic female reproductive organs, where 

our study showed global glycome changes with major possible effects on ovary functions (macro 

glycosylation). Also, to the best of our knowledge, our study provides the first evidence for 

differential protein glycosylation profiles generated in different diabetes models in the same organ; 

highlighting the complexity of each diabetes type and their effect on protein glycosylation.   

The data presented in Chapter 4 aimed to provide a comprehensive membrane-proteome and 

glycome view of the oviduct and uterine surfaces during the uterine window of implantation 

(WOI), as well as highlighting changes due to STZ- induced diabetes in mice. Our interest in STZ- 

induced diabetes was due to the fact that non-obese mice type 1 mice have significantly higher 

loss of embryo compared to normal with the cause thought to be due mainly to uterine receptivity 

[17]. In addition, at the time of WOI, there are changes in membrane protein biological processes 

as well as glycan expression in both oviduct and uterine tissues. The receptive uterine membrane-

proteome showed a decrease in oxidative phosphorylation that was shown to be significantly 

increased in response to diabetes. Furthermore, one cell adhesion molecule (IntegrinB3, 

responsible for temporal adhesiveness between endometrium and embryo [18]) and two growth 

factors (EGFR and PDGFR that are regulators of protein expression in WOI in human [19]) 

exhibited a significant increase in the receptive non-diabetic uterine surface, with the growth 

factors significantly reduced in diabetic receptive uterus. These growth factors (especially 

PDGFR) have been linked with differential expression of cytokines required for a normal 

blastocyst implantation process such as leukemia inhibitory factor (LIF).  
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Since glycoconjugates play an important role in blastocyst uterine implantation, especially the 

highly glycosylated mucin layer found on the surface of oviduct and uterine tissues (MUC1), an 

optimized protocol of mucin analysis (PVDF blotting), was used to profile the surface O-

glycoprofile of diabetic oviduct and uterine surfaces. These exhibited no difference in individual 

O-glycan structures due to WOI or diabetes but the carbohydrate/protein abundance increased on 

MUC1 on the uterine lining during the receptive window, associated with an increase in the 

number of O-glycosylated sites on the expressed mucins. This is the first account of the protein 

glycosylation of the embryo implantation process as well as the influence of diabetes on the 

blastocyst journey using MS based technologies.  

Overall, the data presented in Chapters 3 and 4 of this thesis highlighted changes in glycosylation 

that are seen in the female reproductive tract of diabetic mice models.  

7.2.2 Protein glycosylation in male reproductive tract: governance of sperm individuality and 

immunity, the latter via CD52.  

In the Chapters 5 and 6, for equality purposes and for the fact that 50% of infertility causes are due 

to male reproductive issues [2], we tested the possibility of utilising sperm protein glycosylation 

to aid in IVF selection for their capacity for fertilization. Glycosylation measure is very promising 

as a measure of sperm quality due to its relevance in sperm functionality [20] and the fact that all 

current measures of sperm quality have failed [21-23].  

In Chapter 5, detailed N-glycosylation analysis of the sperm surface was tested as a means to 

compare and differentiate active and inactive sperm generated via two main isolation protocols, 

namely Percoll density gradient centrifugation and “swim-up” collection. In our analyses, active 

sperm capable of fertilization exhibited a trend towards a decrease in sialylation and an increase 

in paucimannose structures compared to inactive sperm, which could possibly associate a specific 

N-glycome with sperm efficiency for IVF application. Above all, the large individual biological 

variation in human sperm N-glycome was the most significant observation in our work, which 

complicated our comparisons between active and inactive sperm. Finally, our results suggest the 



232 
 

need for a larger sample cohort needed to exploit the opportunity of utilising the N-glycome as a 

measure of individual male fertility.  

The data presented in Chapter 6 of this thesis suggests that glycosylation of a protein has a 

significant impact on its function. Specifically, Cluster of differentiation 52(CD52) protein was 

subjected to comprehensive N- and O-glycan analysis. CD52 has a proposed role in sperm evading 

female immunity inside the female reproductive tract [20] but only lymphocyte CD52 has been 

fully characterised from the activity point of view [24]. To correlate glycosylation with 

immunosuppressive activity, lymphocyte CD52 was analysed in the work reported in this Chapter. 

In our analysis, we successfully described the most active immunosuppressive glycoforms of 

lymphocyte CD52. These particular findings will feed into the CD52 drug discovery pipeline 

developments.  

Overall, the data presented in Chapters 5 and 6 of this thesis identifies that protein glycosylation 

has the potential to be used as a means to differentiate active sperm, and to identify the glycoforms 

associated with suppression of the female immune system.  

7.3 Summary 

The aim of this thesis was to enhance our understanding of the role of glycosylation in the 

reproductive process in both male and female tracts from both a glycomics and glycoproteomics 

perspective. However, at this stage it is unknown whether the reported glycan changes in the 

diabetic state are the cause or the result. Also, the direct relationship between the observed aberrant 

diabetic ovarian glycosylation and ovarian function is yet to be determined. The same level of 

analysis (macro-glycosylation) was investigated as a means of differentiating active sperm from 

inactive sperm. The most significant result was the large individual biological variation of each 

donor’s sperm. Further work is needed to correlate the glycosylation profile of individual sperm 

donors with their fertility status On the other hand, the micro-glycosylation (at the single 

glycoprotein level) focused on two functionally relevant reproductive proteins, namely: 

endometrial MUC1 and seminal Cluster of Differentiation 52 (CD52). MUC1 showed no 
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significant difference in O-glycan structures at the time of window of implantation (WOI) or in 

diabetes, although the carbohydrate/protein abundance increased on MUC1 on the uterine lining 

in the WOI. CD52 has a proposed immune-suppressive function in semen and as a prelude to 

understanding the role of CD52 glycosylation in reproduction we showed sialylation was essential 

for the immunosuppression and identified the most immune suppressive CD52 glycoforms. 

Overall, this thesis provides support for the inherent contribution of protein glycosylation, on a 

macro and micro protein level, in the process of reproduction in both males and females. 

7.4 Future directions and potential applications 

This thesis has provided a detailed representation of the involvement of protein glycosylation in 

both males and female reproduction at the macro and micro levels. We would like to provide some 

ideas for future investigations of the role of glycans in female and male reproductive tracts,  

Regarding the significant correlation between diabetes and aberrant glycosylation in ovary, future 

studies can focus on glycoproteomic analysis for the identification of the proteins that carry the 

aberrant glycans detected in our study. This kind of approach would provide invaluable 

information on the glycoproteome of diabetic ovary and help in the identification of glycome 

changes at the single glycoprotein level, and may help in the discovery of new prognostic markers 

for better disease prediction and diabetic patient treatment strategies. In particular, probing the 

inflamed state of the ovary of the high-glucosamine injected mice (type 2 diabetes) will help 

correlate the decrease in core fucosylation as a direct response from STZ- induced inflamed state 

(type 1 diabetes). This link between decrease in core-fucosylation and type 1 diabetes can be 

further investigated by treating ovarian cell lines with TNF-α and IL1B to relate changes in 

glycosylation (possibly a decrease in core fucosylation) to the expression of these specific pro-

inflammatory cytokines. Potentially, the significant correlation between diabetes and aberrant 

protein glycosylation in the two diabetic mice ovarian models as well as the role of protein 

glycosylation in the overall tissue/ovary functions suggest that the observed glyco-signatures of 

relative decrease in oligomannose and sialylated structures, as tools to evaluate the ovary’s overall 
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functional status. These glyco- signatures have the potential to be used to predict diabetic status in 

ovarian tissues, which can be proven supportive of various techniques used in assisted reproductive 

technology (ART) such as ovulation and oocyte picking.   

Regarding the rest of the reproductive organs, proteomic analysis of membranes of oviduct and 

uterine can be further validated by the use of more biological replicates. Another suggestion is fine 

tuning of how oxidative phosphorylation and vesicle mediated transport are involved and 

differentially expressed in the WOI and under the diabetic state in the blastocyst journey, in order 

to determine the fine scale protein effects using targeted mass spectrometry (MRM) or western-

blot approach. Furthermore, our analysis on uterine scrapings shows a significant increase in 

carbohydrate/protein abundance which has direct implications on the uterine hydrophilicity, 

embryo implantation and overall functions. Hence, our results show the importance of studying 

the mucin glycosylation in addition to mucin protein expression as previous studies have 

addressed. In fact, the O-glycans displayed on the mucin surface present a large variety of 

carbohydrate epitopes that can act as binding ligands on the surface of oviduct and uterus [2][25]. 

Potentially, analysis on the type of mucin O-glycans presented on MUC1 of infertile women may 

enable the use of these molecules as potential contraceptive agents.  

In regard to male reproduction, the notion to correlate sperm activity with specific glycosylation 

through the female reproductive tract has been studied previously [21-23]. In our study the use of 

glycosylation as a means to differentiate active sperm made it clear that knowing the history of 

individual donors may enable the correlation between donor fertility and their glycosylation 

profiles. The use of a larger sample cohort from individuals with normalised age and health status 

would further elucidate glycosylation trends found in our comparison between active and inactive 

sperm including the decrease in sialylation and increase in paucimannose structures expressed on 

the sperm membrane. Once validated, lectins, by their ability to bind specific glycan epitopes such 

as sialic acid (Wheat germ agglutinin binds-WGA binds to sialic acid) and mannose (Mannose-

binding lectin-MBL binds to mannose), could be used to enrich active sperm from inactive ones. 

Furthermore, collecting sperm samples from the same donor over multiple time points would 
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emphasise any biological variation exhibited in the same man. Potentially, our results show the 

importance of considering individual variation in future fertility experiments, especially those 

involved in sperm activity. 

In vivo experimentation with recombinant CD52-Fc, especially using the most active CD52-Fc 

MonoQ fractions found in this study, will further our quest towards human trials for testing CD52 

as an immunosuppressive drug that can be prescribed to patients with autoimmune diseases such 

as sepsis and type 1 diabetes [26][24]. Our finding that there are active CD52 glycoforms has 

enhanced our understanding of the requirement for specific glycan structures for bioactivity and 

will help to improve the recombinant protein production of a specific CD52 glycoform that may 

be a better immunotherapeutic agent against autoimmune diseases such as type 1 diabetes and 

sepsis [24]. Within the reproductive scope, this analysis of the importance of glycosylation for 

lymphocyte CD52 activity has paved the way to future investigations on the activity of 

glycosylated seminal CD52 in supressing female immunity. Lymphocyte CD52 has been found to 

initiate its immunosuppressive activity via binding to SIGLEC-10 [24]t little is known about 

seminal CD52 from the point view of activity.  Researching seminal CD52 would require further 

understanding of its binding partner inside the female reproductive tract and an assay to test for 

the most active CD52 glycoforms.  

In general, the approach we used here; the generation of recombinant glycoproteins from different 

host cells, correlation between activity and glycosylation status using PGC-LC-MS/MS and C8-

LC-MS analyses and the purification of the active components by the use of different types of 

liquid chromatography such as ion exchange or size exclusion chromatography together with an 

assay to measure biological activity, are steps that can be used for the identification of the most 

active glycoforms of any glycoprotein protein of interest.  

7.5 Conclusions  

In the female reproductive tract, diabetes is associated with many detrimental outcomes including: 

abnormal ovarian function, irregularity in the expression of glycosylated proteins found in the 
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uterine lining, and overall lower chances of fertility. In this thesis, we show the established aberrant 

glycosylation in several diabetic organs is also extended to reproductive organs which points to 

the need to investigate the glycan portion of proteins in studies involving diabetic reproductive 

organs. In fact, many glycoproteins are involved in the process of ovulation and embryo 

implantation, all of which could be functionally altered in diabetes. However, the extent of diabetes 

alteration on protein glycosylation structures does not necessarily affect all glycoproteins 

expressed in the female reproductive tract including endometrial mucin (MUC1) although the 

abundance of glycosylation was seen to increase. However, as previously stated in Chapter 4, 

human and mice exhibit a differential MUC1 response to the window of implantation. Unlike 

human, receptive mice uterus display a decrease in MUC1 expression [27-31]. As a result, uterine 

receptivity remains an elusive process and further analyses are required to decipher this 

challenging phenomenon.  

We also correlated sperm activity with trends in protein N-glycosylation confirming the 

involvement of protein glycosylation in the male reproductive tract and sperm activity. Above that, 

sialylation was found to be essential for the innate and adaptive immunosuppressive activity of 

lymphocyte CD52.Seminal CD52 is also decorated with heavy sialylation inside the female 

reproductive tract which could potentially enable the sperm survival against the female immune 

system.   

The work in this thesis points out to the need to shift the typical focus from genome and proteome 

into the glycome in order to answer relevant biological questions in the scope of reproduction.   
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