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FOREWORD

This dissertation is presented in article format and written in US English. Chapter 1 reviews
the literature relevant to the topic and the following chapters provide a more detailed
explanation of their respective subject matters. The second, third and fourth chapters each
contain a more focused introduction, methods and materials, results, discussion, a
concluding paragraph and limitations and future recommendations. An overall conclusion

summarizes and unifies the findings from each chapter.

XV
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ABSTRACT

Introduction: Psychosocial stress has strong links to numerous chronic diseases related to
the dysregulated activation of the physiological stress system. This heightens the burden of
mortality as there is a robust relationship between chronic psychosocial stress and non-
communicable diseases. Hence there is a robust impetus for the identification of novel,
circulating biomarkers to earlier detect stress-related chronic diseases. Although protein
post-translational modifications such as glycosylation and phosphorylation can act as
putative markers of pathophysiology, their relatively low abundance complicates extraction
and identification from samples with a high dynamic range. The main aim of this study was
therefore to establish two unique enrichment methods for circulatory glycoprotein and
phosphoprotein extraction that would then be applied in a preclinical model of chronic
psychosocial stress.

Methods: Phosphoprotein enrichment was performed using functionalized magnetic
particles while glycoprotein enrichment occurred using lectin-bound magnetic particles. Both
these methods were tested using a known purified phosphorylated and glycosylated protein
and compared to bottom-up proteomics methodology using rat serum. The latter was
obtained from a rat model of chronic stress that is well-established in our laboratory (n = 16
controls versus n = 16 stressed rats). These were randomly selected for proteomics analysis
to assess the efficiency of retrieval in enriched versus unenriched samples. Fractions were
analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
proteins visualized using Coomassie and specific fluorescent staining. Here, the relevant
Pro-Q stains were employed for the identification of glycosylation and phosphorylation,
respectively. The coupling of such enrichment methods to LC — tandem mass spectrometry
(MS/MS) was enabled by employing various preparation steps such as deglycosylation and
digestion. An exogenous protein was also included as part of the sample preparation to
ensure quality control analysis of the LC-MS/MS experiment.

Results: SDS-PAGE analyses and staining methods revealed non-specific enrichment with
regards to intact protein retrieval. In addition, LC-MS/MS data demonstrated that enrichment
using the current set of affinity materials was inadequate for glycopeptide and
phosphopeptide retrieval in serum.

Conclusion: A lack of enrichment indicates that stringent sample preparation is needed for
biological materials with a high dynamic range. This may also be due to the porous nature
of both materials employed for phospho- and glycoprotein/peptide enrichment respectively.
A combination of enrichment and/or depletion methods may therefore be beneficial for

deeper analysis of the blood proteome. These enrichment techniques and the subsequent
XVi
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sample preparation still require further optimization to derive more definitive conclusions in

the chronic stress context.
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OPSOMMING

Inleiding: Psigososiale stres het sterk skakels met talle chroniese siektes wat verband hou
met die gedisreguleerde aktivering van die fisiologiese stresstelsel. Dit verhoog die las van
sterftes aangesien daar 'n sterk verband tussen chroniese psigososiale stres en nie-
oordraagbare siektes is. Daar is dus 'n sterk motivering vir die identifisering van nuwe,
sirkulerende biomerkers om stresverwante chroniese siektes vroeér op te spoor. Alhoewel
proteien-post-translasionele modifikasies soos glikosilasie en fosforilering as herkende
merkers van patofisiologie kan dien, bemoeilik hul relatief lae hoeveelheid ekstraksie en
identifikasie vanuit monsters met 'n hoé dinamiese omvang. Die hoofdoel van hierdie studie
was dus om twee unieke verrykingsmetodes vir sirkulatoriese glikoproteien- en
fosfoproteienontginning daar te stel, wat dan in 'n prekliniese model van chroniese
psigososiale stres toegepas sou word.

Metodes: Fosfoproteienverryking is uitgevoer met behulp van gefunksioneerde magnetiese
partikels, terwyl glikoproteienverryking plaasgevind het met behulp van lektiengebonde
magnetiese partikels. Albei hierdie metodes is getoets met behulp van 'n bekende
gesuiwerde gefosforileerde en glikosileerde proteien en in vergelyking met onder-na-bo
proteomiese-metodologie met behulp van rotserum. Laasgenoemde is verkry uit 'n rotmodel
van chroniese stres wat goed gevestig is in ons laboratorium (n = 16 kontroles teenoor n =
16 gestresde rotte). Dit is lukraak gekies vir proteomiese-analise om die doeltreffendheid
van herwinning in verrykte teenoor onverrykte monsters te bepaal. Fraksies is ontleed deur
natriumdodesielsulfaat  poliakrylamiedgelelektroforese  (SDS-PAGE) en proteiene
gevisualiseer met behulp van Coomassie en spesifieke fluoresserende kleuring. Hier is die
relevante Pro-Q-kleurstowwe gebruik vir die identifisering van onderskeidelik glikosilasie en
fosforilering. Die koppeling van sulke verrykingsmetodes aan vloeistofchromatografie (VC)
- tandemmassaspektrometrie (MS/MS) is moontlik gemaak deur gebruik te maak van
verskillende voorbereidingsstappe soos deglikosilasie en vertering. ‘n Eksogene proteien
is ook ingesluit as deel van die monstervoorbereiding om kwaliteitsbeheeranalise van die
VC-MS/MS-eksperiment te verseker.

Resultate: SDS-PAGE-ontledings en kleuringsmetodes het nie-spesifieke verryking met
betrekking tot ongeskonde proteienherwinning aan die lig gebring. Daarbenewens het VC-
MS/MS-data getoon dat verryking met behulp van die huidige stel affiniteitsmateriaal
onvoldoende was vir glikopeptied- en fosfopeptied-herwinning in serum.

Gevolgtrekking: 'n Gebrek aan verryking dui daarop dat streng monstervoorbereiding
nodig is vir biologiese materiale met 'n hoé dinamiese omvang. Dit kan ook te wyte wees

aan die poreuse aard van beide materiale wat onderskeidelik vir fosfoproteien- en
XVili
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glikoproteienverryking gebruik word. 'n Kombinasie van verrykings- en/of
uitputtingsmetodes kan dus voordelig wees vir dieper ontleding van die bloedproteoom.
Hierdie verrykingstegnieke en die daaropvolgende steekproefvoorbereiding vereis steeds
verdere optimalisering om meer definitiewe gevolgtrekkings in die chroniese streskonteks

af te lei.
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CHAPTER 1 - LITERATURE REVIEW
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1.1 INTRODUCTION

In 1936, a young medical student named Hans Selye wrote a letter to the editor of Nature
where he coined “the general adaptation syndrome” (581). Many years later, this concept is
known as stress and refers to an inadequate response to any demand, whether it be
emotional, physical, or mental (474, 572). This response may also occur if the demand
taking place is imagined, emphasizing the importance of the individual’s perception of
stressors in stress processing (234, 572). Psychosocial stress in particular has recently
emerged as a major risk factor for numerous non-communicable diseases (NCDs) (214,
447, 528, 608) as it becomes increasingly prevalent in contemporary society (162, 617).
Moreover, the 21t century is plagued with NCDs as it attributes up to 74% of global
mortalities (700). The prevalence of such complications continue to increase in sub-Saharan
Africa, as low- to middle-income countries are most at risk due to various genetic,
physiological and environmental factors (700). Such risk factors together with psychosocial
stress increase susceptibility to cancer, neurodegenerative diseases, mental illnesses and
cardio-metabolic diseases (271, 321, 473, 556, 633).

Cardiovascular diseases remain the largest contributor towards global mortality with
up to ~18,6 million deaths recorded each year (548). Cardiomyopathy, diabetes mellitus,
hypertension, coronary artery disease and stroke all fall under the umbrella term of “cardio-
metabolic diseases” (548). South African citizens are not exempt from this as ~225 residents
succumb daily to cardiovascular diseases (CVD), demonstrating the magnitude of this
burden (89). The current coronavirus disease of 2019 (COVID-19) pandemic further
heightens the risk of mortality, as many individuals are now experiencing extreme stress
(464). This indicates the need for novel and unique methods to discover specific biomarkers
of high prognostic value that link chronic stress to NCD pathogenesis. Proteins often make
good disease markers as they participate in numerous interactive processes and are altered
under various conditions (238). More specifically, protein post-translational modifications
(PTMs) such as glycosylation and phosphorylation are highly sensitive to physiological
changes (525), making such modifications excellent candidates for the discovery of novel

biomarkers.

Despite such promise, PTMs are difficult to examine due to masking effects of other
molecules (100). Enrichment methods therefore need to be employed to do extractions not
only at the peptide, but also at the protein level (195). These methods must be specific and

reproducible for coupling to high-throughput proteomic workflows (36, 377). To the best of
2
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our knowledge, no known biomarkers which consist of phosphorylated or glycosylated
proteins relating to chronic stress-induced diseases exist. This is mainly due to such proteins
not yet being sufficiently examined in this context. More importantly, unique enrichment
techniques must be designed for protein retrieval and hence our aim is to design novel
material for serum glycoprotein retrieval. Phosphoprotein extraction will be perfected
through the adaptation of a previously described method (160). The efficacy of such
techniques will be further validated via sensitive and specific proteomic approaches. The
following text will now discuss stress in relation to each of these aspects in greater detail,
with the focus placed on method development.

1.2 THE ROLE OF STRESS

1.2.1 The burden of stress

A review of the literature demonstrates that psychosocial stress confers significant risk for
many of the leading sources of morbidity and mortality (126, 395, 405, 499, 528). The recent
COVID-19 pandemic has further exacerbated feelings of distress, which plays a major role
in poor mental health outcomes (83, 219, 464, 708). Moreover, infected individuals appear
to be at risk of poor mental health outcomes compared to controls, with increased
prevalence of stress, depressive and anxiety disorders observed (14, 708). A report by
Gallup (2021) stated that negative experiences continue to rise worldwide, with a record
high of 40% of adults experiencing stress throughout the day (222). Countries with advanced
health care services are not exempt, as almost two thirds of the American population report
being under constant stress versus only 20% in 2019 (163). Furthermore, 1 in every 3
Americans report to be so stressed about the pandemic that they struggle to make even the
most basic decisions (18). Psychosocial stress does not only influence mental and physical
health, but also adds to the financial burden as up to $7 billion are lost each year in the

United States due to stress-related incidences (163).

During the pandemic, the stress levels of South Africans increased by 56%, as half
of the population felt anxious and frustrated, while 31% suffered from depression (498). The
state of mental wellbeing was not optimal before the pandemic either, as the Sunday Times
published an article in 2014 entitled “South Africa’s sick state of mental health” (664). Even
though the negative emotions directly related to the pandemic may have subsided, stress is
still rife within the nation (117, 230). Reasons for this include increased cases of gender-
based violence, corruption, unemployment, poverty, and an overall low standard of living

(110, 230, 503). Hence South Africa is ranked as the second most stressed nation in the
3
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world (118, 177). Moreover, the global burden of stress is borne unequally as younger

persons seem to bear the brunt of it (19).

A meta-analysis involving the prevalence of depression and anxiety in children and
adolescents revealed that 1 in 4, and 1 in 5 of the global youth population experienced
clinically elevated levels of depression and anxiety, respectively (520). Likewise, younger
female students from South Africa seem to display higher levels of stress compared to their
older counterparts, indicative of possible gender differences in stress perception (605). The
dilemma of increased stress levels amongst the youth compounds the burden of poor health
and wellbeing. Findings from the INTERHEART study which consisted of 15 152 cases and
14 820 controls from 52 different countries indicated that 40% - 60% of chronic disease is
attributable to psychosocial, behavioral and environmental factors (561). NCDs are the
cause of up to 74% of mortality, of which most occur in low- to middle-income countries
(700). These include CVD, Type 2 diabetes (T2D), neurodegenerative diseases, mental
illnesses and cancer, which literature links to the stress system (270, 338, 473, 528, 608,
633). Such statistics are sobering and emphasize the importance of understanding the links

between psychosocial stress and diseases onset and progression.

1.2.1.1 The direct links between stress and negative health outcomes

The association between stress and negative health outcomes in humans was
demonstrated through research involving diverse people in a variety of settings (321, 528,
545, 564). Such studies range for example from young males and females to individuals
over 65, while also assessing situations that involve their employment location(s) and places
of residence (94, 338, 473, 545). Here, a variety of study designs were employed and hence
the collective data displays certain strengths and also weaknesses (191). Table 1.1
summarizes associations between stress and lesser cardiometabolic- and mental wellbeing-
related outcomes (the focus of our research group). However, the overall link between
chronic stress stretches far wider than such complications, for example it includes
complications such as neurodegeneration and cancer. For example, Sulkava et al. (2022)
found a significant association between psychological distress and all-cause dementia,
where such findings were not influenced by cardiovascular risk factors or reverse causation
due to the prodromal phase of dementia (633). Likewise, others identified psychological
distress as a risk factor for dementia-related mortality when pooling 10 large community-
based cohort studies (555). This association remained after adjustment for multiple variables
such as age and sex. Moreover, others demonstrated that self-reported stress levels
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predicted a 2-fold increase in breast cancer incidence versus their female counterparts who

reported no significant degree of stress (270).
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Table 1.1. A summary of studies where the direct links between stress and negative health outcomes were demonstrated. CVD, cardiovascular disease; T2D,
type 2 diabetes.

Brief description of research study Outcomes Reference

This study examined specific psychosocial stressors implicated in | A link between more severe, prolonged and common psychosocial (499)
juvenile male and female youths suffering from depression stressors to major depression was in found in young people compared

to typically developing controls (10-18 years old)
The incidence of atrial fibrillation in relation to psychosocial stress in | Both males and females with longer working hours displayed an (338)
the form of long working hours was evaluated in both men and women | increased risk for atrial fibrillation compared with those normal working

hours
By utilizing data from the INTERSTROKE study the risk of acute | Increased stress at home and recent stressful life events were (528)
stroke was evaluated in relation to psychosocial stress positively correlated with risk of stroke

Psychosocial stress was also found to be a common risk factor for

acute stroke
The impact of psychosocial work traits on severe depressive | Job insecurity was found to be a predictor of increased depressive (552)
incidence symptoms among men and women was evaluated symptoms for men, while women with low influence and support were

at greater risk for severe depressive symptoms
25, 000 participants from the INTERHEART study were analyzed in | There was a statistically significant increased risk for acute myocardial (545)
relation to lifestyle factors and acute myocardial infarction infarction with work stress

Permanent stress increased the risk of an acute myocardial infarction

by 2-fold
The state of psychosocial stress was examined in women who | Marital stress was associated with a 2.9-fold increased risk of recurrent (483)
suffered from coronary heart disease coronary events
Individual data from 13 European cohort studies was extracted to | Job strain was associated with an increased risk for diabetes mellitus, (473)
examine the association between job strain (as a risk factor) and T2D | independent of other lifestyle factors
The assessment of mental stress-induced myocardial ischemia or | Patients with mental-stress-induced ischemia displayed an increased (673)
conventional stress ischemia with recurrent adverse cardiovascular | risk for adverse events such as cardiovascular death or non-fatal
events in patients with coronary heart disease was evaluated myocardial infarction
The investigation of associations between earlier cancer caregiving | The caregivers that were highly stressed were more likely to develop (332)
exposure and the development of physical impairments was done | adverse long-term health effects such as arthritis and CVD
over a period of 6 years
The association of stress in the form of job strain was investigated in | Almost 50% higher risk of atrial fibrillation was found for those (209)
relation to atrial fibrillation in a Swedish cohort experiencing job strain (after adjusting for confounders) versus

matched controls
843 college students were surveyed to assess the relationship | A significant correlation between worse academic stress and poor (52)
between academic stress and mental wellbeing mental health was discovered
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Six areas which can be considered as stressful (love life, family,
friends, finances, work/school relationships and health issues of loved
ones) were evaluated in relation to mental disorders (major
depressive disorder, bipolar disorder, generalized anxiety disorder,
panic disorder, alcohol use disorder, drug use disorder)

A significant dose-response association was found between the
degree of stress (for each area) and the odds of one of the six mental
disorders

Increased stress enhanced the chances of onset and progression of
such mental disorders

(321)

The relationship between obesity and psychosocial stressors
(including psychological outcomes such as depression and anxiety)
was evaluated

Psychosocial stress was significantly and positively related to
overweight and obese classes 1-3 over life-course, without relation to
anxiety and depression and while controlling for confounding variables

(186)

Heart rate variability (as an indicator of early onset prehypertension
and other cardiovascular diseases) was assessed in medical students
(both sexes)

Females exhibited lower heart rate variability and higher levels of
stress, with increased stress intensity associated with decreased
cardiovascular health in terms of heart rate variability, blood pressure
and rate pressure product

(516)

The incidence of CVD was assessed in 55-year-old Estonian men and
women as the country underwent major socio-economic changes

Decreased quality of life was found among those with hypertension,
exhibiting links with depression and negative stressful life experiences

(563)

The effects of psychosocial risk factors and CVD/mortality were
investigated in several high-, middle-, and low-income countries

Increased psychosocial stress showed a significant relationship with
mortality and CVD

(564)

The relationship between job insecurity and CVD was evaluated and
compared versus securely employed individuals

Job insecurity was associated with excess risk of new onset coronary
heart disease - post-adjustment for physiological and cardiovascular
risk factors

(197)

The relationship between financial stress and the risk of coronary
heart disease was evaluated using data from the Jackson Heart Study

Moderate to high stress was associated with higher chances of
incident coronary heart disease but was also linked to traditional risk
factors such as depression, smoking and diabetes mellitus

(447)

Data from the INTERHEART case control study was evaluated to
assess the relationship between physical activity, anger, or emotional
upset in relation to acute myocardial infarction

Emotional upsets strongly increased the risk of acute myocardial
infarction

(608)
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1.2.2 The caveats of stress research

Although the table summarized studies linking psychosocial stress to adverse human health
outcomes (cardiometabolic and mental wellbeing focused), it remains challenging to derive
a framework that standardizes the mechanisms involved and also the outcomes of those
exposed to psychosocial stress. This may be due to the multi-dimensional nature of the
stress response and the multiple steps/factors involved, that can all influence the translation
of especially preclinical stress research (259, 481). For example, such factors include the
chronicity level of the stressor(s), an individual’s interpretation of whether a situation is
stressful or not, an individual’s genetic predisposition, and the environmental setting
regarding the standard of living (26, 135, 145, 410).

Individual variability may be one of the most striking factors which confound the
outcome of stress research. For example, individuals may possess distinct coping strategies
in response to stress exposures and this may elicit different (patho)physiologic outcomes,
both within a cohort and also when doing comparisons between different studies (212). The
magnitude of the stressor may also vary with its degree of perceived
uncontrollability/unpredictability, as individuals may exhibit variability in behavioral and
physiological responses (51, 182). The unique genetic predisposition of individuals may also
influence the development of mental disorders related to stress (607). Moreover, personality
traits (shaped by internal and/or external environments) may render some individuals more
susceptible to stress. This is demonstrated in a meta-analysis that found that
agreeableness, openness and conscientiousness were negatively related to stress (410).
These traits also affect one another, for example an important characteristic such as
resilience may be affected by the degree of neuroticism (427). In support, some found that

increased resilience was associated with reduced stress and enhanced well-being (328).

Ethnicity and socio-demographic factors may also influence outcomes (366, 430).
For example, some researchers found that South African women rape survivors who resided
in KwaZulu-Natal were more likely to develop depressive symptoms versus others living in
different provinces (430). Furthermore, the recent COVID-19 pandemic differently affected
marginalized communities compared to others (366) and may be due to those with access
to social support experiencing less adverse effects compared to those without (618).
Although the pandemic’s importance is noteworthy, it may not be uniformly representative
of the usual stressors experienced on a daily basis. This could add further confounding
variables and emphasizes the heterogeneity of stressor(s) (21, 497). Some data collection

8
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occurs in the form of surveys (552, 562) which can also add variability as personal, social
and cultural factors often determine the expression of emotions and symptoms (290, 558).
Another important caveat of stress research includes the population under study. Although
global studies such as the INTERHEART and INTERSTROKE were successfully completed
(528, 545), it is still difficult to engage with vulnerable communities and therefore they are

understudied in terms of stress-related susceptibility and complications (327, 466, 587).

Sex differences is another major factor that further pose challenges for stress-related
research and there are clear differences in their response to stress (271, 408). Although
preclinical research studies are now slowly incorporating females into their cohorts,
conflicting results may be generated compared to the human context (271). For example,
although rodent studies found that females exhibited less anxious and depressive symptoms
in comparison to males (289, 343), human females exhibited the opposite pattern (63, 155).
Furthermore, various pre-clinical models of stress exist and each offer their unique
advantages and disadvantages (224). In vitro models of stress is not really appropriate to
employ in this research field as such experimental models lack insight into the complex

stress-related organ-level responses found in intact organisms (54, 229).

Lastly, a general overlap exists between fields of study regarding stress as a
construct. For example, psychologists may focus more on the emotional aspects while the
medical scientists may place a greater emphasis on (patho)physiological outcomes (191).
Some researchers also assume that stress as a concept is too broad and hence use
unvalidated measures to study its effects (135). Together this reveals a general lack of
uniformity in stress research and emphasizes the fact that a common conceptual model to

examine psychosocial stress and its effects on health does not currently exist.

1.2.3 The physiological stress response

Although stress presents a significant threat to homeostasis, the body is fine-tuned to
overcome and adapt to such challenges (358, 405, 659). It can be subdivided into either
acute or chronic stress. Acute stress refers to the adaptive physiological mechanisms
overcoming the stressor, whereas adaptive mechanisms fail during prolonged periods of
stress leading to a more chronic condition (433, 572).The brain is at the center of this
process and initiates a cascade of events to combat the threatening stimulus (405, 411,
572). This creates an integrated systemic response that involves numerous organ systems

to re-establish homeostasis (234, 576).
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1.2.3.1 The integrated stress response

The general and non-specific initiation of the stress axis takes place to counteract any
perceived change in an organism’s environment which may threaten homeostasis (474, 576,
667). This response ultimately converges upon the hypothalamus-pituitary-adrenal (HPA)
and sympathetic-adreno-medullary (SAM) axes, the latter immediately involved while the
former produces a longer lasting response. The physiological reaction produced may be
subject to inter-individual variability, leading to a subject-specific experience of stress (182,
212, 544).

When a stressful situation is encountered, the information is perceived by the auditory
and ocular systems that send a signal to the limbic regions of the brain (265). These regions
include the amygdala, prefrontal cortex and hippocampus which process the situation and
in turn activate neurons in the paraventricular nucleus of the hypothalamus (265, 591, 667).
These neurons aid in the secretion of corticotropin-releasing hormone and arginine
vasopressin which synergistically act upon the adenohypophysis of the anterior pituitary to
release adrenocorticotropic hormone (ACTH) (101, 248). Corticotropin-releasing hormone
also stimulates the locus coeruleus to secrete norepinephrine at sympathetic nerve endings
(115). The central activation of the sympathetic nervous system further translates to the
release of epinephrine from chromaffin cells within the adrenal medulla. These
catecholamines rapidly escalate the capacity of the sympathetic division’s influence over the
body with increased metabolic rate, oxygen consumption, blood pressure and blood flow to
important organs (115, 405). The SAM axis acts synergistically with the HPA axis to

generate longer lasting effects through the release of glucocorticoids (GCs) (468).

Circulating ACTH acts upon the adrenocortical zona fasciculata to release GC
hormones that are synthesized from cholesterol (152, 439). The large majority of released
GCs are inactive and bound to the glycoprotein corticosteroid-binding globulin (CBG) and
albumin, while the remaining ~5% are able to undergo catalysis into its active form (659).
This form is known as cortisol (corticosterone in rodents) and exerts the main effects of the
HPA axis (411, 439). Cortisol can bind to a mineralocorticoid receptor and a glucocorticoid
receptor (GR) (152, 213). The latter mediates its signaling and is present ubiquitously (681).
Experiments with rats show that under stressful conditions the GR becomes saturated with
cortisol and forms homodimers before translocating to the nucleus (101, 132, 621). Here, it
performs its genomic effects by interacting with glucocorticoid responsive elements on

deoxyribonucleic acid (DNA) to transactivate or transrepress specific genes (337, 667). Non-
10



Stellenbosch University https://scholar.sun.ac.za

genomic effects of GCs are much faster and include the modulation of the mitogen-activated
protein kinase (MAPK) pathway, direct interaction with mitochondria, and interaction with
membrane-bound GR and its isoforms (168, 449, 659). Glucocorticoids can also elicit a
negative feedback response by inhibiting the activity of paraventricular
neurons/corticotropin-releasing hormone neuronal pathways, as well as afferent pathways
involving ACTH release (33, 233). The main role of the genomic and non-genomic effects
of the HPA axis include modulation of metabolism and immune function, with

catecholamines also playing a part (468, 667).

1.2.3.1(a) The metabolic effects of stress

Glucocorticoids act as potent modulators of metabolism and immune function while
repressing less essential outcomes such as growth and reproduction (101, 526). The
metabolic effects of GCs and catecholamines include tissue-specific mechanisms to
eventually result in increased glycemia (468). The main reason is to increase substrate
availability for improved neurological, skeletal and cardiovascular activity during periods of
stress (468). The liver is heavily involved in this process, as upregulation of glycogenolysis
and gluconeogenesis coincides with decreased glycogenesis to increase circulating glucose
availability (159, 353, 675). This is achieved through the upregulation of enzymes involved
in glucose metabolism such as phosphoenolpyruvate carboxylase and glucose-6-
phosphatase (468, 683). Other tissue-specific mechanisms include decreased glucose
oxidation and glycogen storage along with increased proteolysis in skeletal muscle,
subsequently providing amino acids as precursors for gluconeogenesis (353, 621).
Similarly, white adipose tissue glucose oxidation decreases with a parallel increase in
lipolysis to ensure glycerol availability for metabolism (353, 621). The pancreas is an
important mediator of metabolism and hence a role player in metabolic diseases, for e.g.
during periods of psychological stress, cortisol inhibits -cell insulin secretions with a
concomitant rise in glucagon secretion (via a-cells) (353). This may result in temporary
insulin resistance, which together with an uncontrolled increase in metabolism and substrate

breakdown can potentiate dysregulation and disease progression (101, 357, 620, 683).

1.2.3.1(b) The anti-inflammatory effects of cortisol

The potent anti-inflammatory effects of GCs is the basis for its usage as a therapeutic
intervention (538). Although cortisol does this through the GR’s interaction with
glucocorticoid responsive elements, its interaction with specific components in signaling

pathways and membranes can also modulate inflammation (43, 88, 136, 475). Evidence for
11
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the anti-inflammatory effects of the GR demonstrates the (genomic) relationship between
stress and the immune system, with transrepression of genes such as nuclear factor kappa
B (NFkB) and activator protein 1 (AP-1) (136).

Both NFkB and AP-1 are crucial for the induction of inflammation through their
genomic effects. This ultimately leads to the secretion of pro-inflammatory cytokines such
as tumor necrosis factor alpha (TNFa), interleukin-18, IL-6 and interferon-gamma (150).
Moreover, direct interaction between GCs, the GR, and the subunits of NFkB and AP-1 can
inhibit an inflammatory response. For example, upregulation of the cytoplasmic inhibitor
nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha (IkBa),
increases the retention time of NFkB in the cell cytoplasm (149, 469). In addition, the
manipulation of PTMs such as phosphorylation, ubiquitination and acetylation attenuates
the immune response during stressful conditions (150, 538), for e.g. by inhibiting MAPK
signaling pathways (66, 88).

Overall, GCs repress the formation of pro-inflammatory cytokines while
simultaneously increasing the expression of anti-inflammatory cytokines (136, 149, 475,
616). It is important to note that pro-inflammatory cytokines can stimulate the HPA axis and
downregulate inflammation (599). Despite these immune changes, acute stress is known to
cause a transient increase in inflammation mainly through the inflammasome, with sterile
inflammation a consequence thereof (203, 295). Chronic stress may upregulate
inflammation by downregulating GRs, which in turn can increase oxidative stress (125, 439,
599). Together, oxidative stress and inflammation are major role players in physiological
dysregulation, highlighting that excessive psychosocial stress has the potential to increase
the risk for diseases onset and progression (223, 395).

1.2.4 Chronic stress pathology

The cumulative science linking stress to adverse health outcomes is robust and implicates
chronic stress as a major role player (474, 528, 545, 561) (refer Table 1.1). Excessive HPA
axis activity has long been associated with NCDs such as mental illnesses, CVD and
autoimmune diseases (101, 114, 235, 357, 432). However, evidence also points to the role
of acute stress in pathology (203, 234, 295, 416, 421). The innate immune system is
profoundly involved as acute psychosocial stress is associated with memory and cognitive
impairments in humans (480). Rodent studies involving aggressive social stress confirm this

phenomenon, with deficits in spatial and learning memory coupled to increased interleukin-
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1B and IL-6 levels (40). Moreover, neuroinflammation is a common outcome due to an
increase in pro-inflammatory cytokines and activated microglia. These are associated with
the pathogenesis of stress-induced mental illnesses (41, 537). Figure 1.1 summarizes the
effects of the major role players in chronic stressed-induced pathology, namely oxidative

stress, and inflammation.
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Chronic psychosocial stress
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Figure 1.1. An integrative representation of the consequences of chronic psychosocial stress. HR,
heart rate; BP, blood pressure; Oz, oxygen; GR, glucocorticoid receptor; ROS, reactive oxygen species; RNS,
reactive nitrogen species; CVD, cardiovascular disease; NAFLD, non-alcoholic fatty liver disease. The yellow
circles highlight specific regions of the adrenal glands, whereas the red ‘X’ illustrates an inhibitory effect. Image

created using Biorender.com.
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1.2.4.1 Chronic stress-induced oxidative stress

Literature confirms that oxidative stress is a central component of pathology associated with
prolonged stress (35, 146, 572). Oxidative stress refers to the disequilibrium in cellular redox
balance due to an excess of pro-oxidants such as reactive oxygen species (ROS) and
reactive nitrogen species (RNS), and/or a decrease in antioxidant capacity (425, 508, 522).
Major endogenous sources of prooxidants include the mitochondrial electron transport chain
and nitric oxide synthases (199). Alternative sources include phagocytic cells such as
macrophages and microglia (508, 601). Such reactive species are normal byproducts of
metabolism and play a crucial role in usual intracellular signaling, proliferation and
programmed cell death (568, 601). However, its dysregulation and links to various
pathologies are well documented (34, 35, 422, 572).

1.2.4.1(a) The mitochondria and oxidative stress

The enhancement of mitochondrial respiratory activity is the main contributor to increased
oxidative stress due to excessive cortisol secretion (620). This organelle is involved in a
complex stress signaling network where it aims to re-establish homeostasis by adjusting its
bioenergetic, thermogenic and oxidative properties (420). Upregulated glucose metabolism
is a significant contributor to increased mitochondrial metabolism for e.g. oxidative
phosphorylation, fatty acid B-oxidation, the tricarboxylic acid cycle, and the urea cycle (25,
420, 675). Moreover, an abrupt increase in rodent corticosterone facilitates its binding to the
GR and complexing with anti-apoptotic factors. This later translocates to the mitochondrial
membrane and ultimately enhances mitochondrial oxidation and ROS production (168, 169,
620).

Excess ROS levels can damage mitochondria and overwhelm antioxidant defense
systems (420). In support, male Swiss Albino rats undergoing chronic restraint stress and
corticosterone administration for 21 days displayed an overall decrease in antioxidant
capacity (725). Apoptosis was also significantly increased due to damaged mitochondria
(161, 476). Of note, they found decreased hippocampal GR expression, which was linked ti
oxidative stress and indicative of a dysregulated HPA axis (566). A vicious cycle can be
established as increased ROS can attenuate negative feedback mechanisms of the stress
response (33). This may result in HPA axis hyperactivity and a further increase in reactive
species production. Such species can react with one another, such as in the case of
superoxide and nitric oxide (560). These interactions exacerbate oxidative stress through

the production of RNS (199). This increases inflammation by converging upon the IkB
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complex to facilitate its phosphorylation and ultimately blunting its inhibition of NFkB (420).
The resultant NFkB localization within mitochondria negatively impacts on its optimal
functioning (120). Conversely, an important positive modulator of mitochondrial function is
peroxisome proliferator-activated receptor-gamma coactivator 1a (PGC-1a) which is also

influenced by chronic stress exposure (420, 444).

PGC-1a regulates mitochondrial biogenesis and oxidative phosphorylation and
responds to stressful stimuli (389). These include catecholamines, cytokines and nitric oxide
that stimulate pathways involved in protein phosphorylation which can activate PGC-1a (79,
420, 702). Despite its indispensable role, prolonged psychological stress can negate its
positive effects through increased mitochondrial ROS generation. This translates to
decreased adenosine triphosphate levels, followed by mitochondrial DNA damage,
cytochrome c release and apoptosis (99, 161). Furthermore, higher activity may also lead
to intracellular signaling pathways becoming maladaptive, for e.g. adult mice displayed
cardiomyopathy due to increased PGC-1a activity (557). Diabetic animal hearts also
exhibited increased mitochondrial biogenesis that is linked to excessive PGC-1a activity
(175). Evidence suggests that diabetic outcomes such as insulin resistance are mediated
by phosphorylation of the insulin receptor substrates (672). Thus another potential link exists
between chronic stress and diseases such as T2D and CVD (357, 510, 636). Of note,
oxidative stress and inflammation share a bidirectional relationship (223), with a direct link
involving the GR also connecting chronic stress and inflammation (395).

1.2.4.2 Chronic stress and inflammation

Inflammation is a natural protective mechanism and plays a crucial role in the immune
response (613). However, when chronically upregulated under conditions of extensive
psychosocial stress it may elicit adverse biological effects and pathophysiologic
complications (544). These include NCDs such as CVD, T2D, neurodegenerative disease
and cancer (12, 223, 396, 582, 710). Reviews of literature indicate the (preclinical and
clinical) effects of psychologically traumatic stress in upregulating a neural and systemic
inflammatory response through increased transcription of NFKB and pro-inflammatory
cytokines such as TNFa (9, 77). The relationship between chronic stress and inflammation
is not yet fully understood, but oxidative stress and the GR are likely to be implicated in this

process.
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Glucocorticoid receptor downregulation is a significant link between chronic stress
and abnormal inflammation (125, 599). Although GCs are well-known for their anti-
inflammatory effects, their atypical upregulation can augment the immune response
(centrally and peripherally) (90, 616). Constant HPA axis activity coupled with diminished
GR expression induces a state of so-called “GC resistance” (125). This can attenuate the
anti-inflammatory functions (genomic and non-genomic) of GCs that results in chronic low-
grade inflammation (125). Thus a lack of inflammatory control exacerbates the occurrence
of pro-inflammatory markers and increases the risk of pathogenic outcomes (124, 599).
Here, stressor type and duration should also be considered as numerous stressors
(specifically restraint stress) significantly elevate GC levels, for example in male mice (76).
Furthermore, others found that acute GC administration elicited an increased pro-
inflammatory response prior to ex vivo lipopolysaccharide exposure in rats, implicating
microglia in specific neural regions (208). The heightened expression of microglia are also
involved in upregulating inflammation within the limbic regions of the brain, as well as
aggravating oxidative stress (53, 573, 585, 615, 620).

There is a robust relationship between oxidative stress and inflammation and vice
versa (284, 317). For example, upregulated ROS/RNS secretion can activate pro-
inflammatory transcription factors such as AP-1 and NFkB (384, 613). Moreover, signaling
cascades that involve increased kinase activation and decreased phosphatase activity can
enhance the expression of pro-inflammatory cytokines (206). The PTMs involving kinases
can alter the functionality of a variety proteins, resulting in increased inflammation and hence
strengthens the importance of aberrant protein PTM in disease progression (657). This
forms a vicious cycle by recruiting lymphocytes that secrete ROS and enhance DNA
damage, cell death and tissue injury (62). DNA breaks can also cause transcription of pro-

oncogenes which increases cancer risk (111, 613).

The plethora of literature regarding the relationship between chronic stress, oxidative
stress and inflammation (234, 591, 613) provides a reasonable explanation for the
pathological outcomes observed in these conditions. The above-mentioned physiological
changes also affect proteins (47, 158), and more specifically PTMs that are highly dynamic

and responsive to environmental changes (525).
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1.3 POST-TRANSLATIONAL MODIFICATIONS OF PROTEINS

The cellular machinery of an organism is not static and is constantly changing due to external
or internal stimuli (579) and means that proteins undergo numerous PTMs to be able to
respond to such challenges (579, 686). External stimuli can for e.g. present as psychosocial
stress, while examples of internal stimuli include DNA damage and changes in nutrient flux
(579). Although PTMs provide a unique and versatile mechanism to counteract threatening
stimuli, its dysregulation can lead to diseases onset/progression (525). To put things into
perspective, the human genome consists of 20 000 — 25 000 protein-encoding genes while
the number of proteins exceed one million (291, 303). This is partly due to the PTM of
proteins where the universal protein resource database states that there are more than 400
PTMs that can interact with each other (525). Out of these, ~24 major PTMs have been
identified (525). A continuous interplay exists within/between different modified proteins,
with a protein able to possess numerous modified residues of the same or different types of
modification on either the peptide backbone or side chains of the amino acid (121, 246).

Table 1 summarizes the regularly occurring modifications noted in literature.
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Table 1.2. General overview of known PTMs that are frequently mentioned in literature. NA, non-applicable; CVD, cardiovascular diseases; MetS, metabolic

syndrome; T2D, Type 2 diabetes mellitus; Ser, serine; Thr, threonine; Tyr, tyrosine; Asn, asparagine; Lys, lysine; Asp, aspartic acid; Glu, glutamic acid; Arg, arginine;

Pro, proline; Phe, phenylalanine.

transferases

Type Forms Attachment site Enzymes Function Discovery Associated diseases References
Phosphorylation | NA Ser, Thr, Tyr Protein kinases & phosphatases Cell signaling, growth, apoptosis | 1906: discovery  of | Cancer, Alzheimer's | (184, 471, 525,
phosphate in vitellin disease, CVD 577, 643, 665,
670)
Glycosylation O-linked Asn Glycosyltransferases & | Molecular trafficking, signal | 1961: detection of N- | Congenital disorders, | (49, 242,320, 365,
glycosidases transduction, cell adhesion & | linked on ovalbumin CVD, cancer, T2D 698)
N-linked Ser & Thr interaction
Acetylation Na, Ne & O-acyl Lys, alanine, Arg, Asp, cysteine, | Lysine acetyl transferase, histone | Protein interaction, chromatin | 1964: experiments in | Cancer, CVD, | (17,112,347,525,
glycine, glutamine, methionine, | acetyltransferase, histone | stability, cellular metabolism isolated calf thymus | neurological disorders, | 693)
Pro, valine, Thr, Ser deacetyltransferase nuclei aging
Ubiquitylation Mono- All 20 amino acids, but usually | E1 - Activating Degradation of proteins via UPP, | 1975: polypeptide | MetS, T2D, inflammatory | (205, 236, 320,
polyubiquitinylation Lys residues E2 — Conjugating immune signaling involved in immune cell | disorders 438, 511, 521,
E3 - Ligating & deubiquitinases differentiation 525, 684)
SUMOylation NA E amino group of Lys residues Multi-enzymatic use, E1, E2 & E3 Transcription  control,  signal | 1996: experiments | Cancer, Alzheimer's | (56, 167, 185, 204,
transduction, chromatin | involving Ran GTP-ase | disease, CVD, Diabetes | 350)
organization activating protein Mellitus
Methylation NA Mainly Lys & Arg, but also | Methyltransferases Histone modification 1939: experiments | Cancer, mental | (108, 320, 524,
alanine, Asn, cysteine, glycine, involving protein | retardation 525, 539, 634,
glutamine, histidine, Pro, metabolism 705)
phenylalanine
Lipidation N-myristoylation N-terminal of Glycine N-myristoyl transferase Targets proteins to organelles | 1951 (myristoylation), | Neurological disorders & | (11, 72, 81, 534,
S-palmitoylation Lys, cysteine, Thr, Ser, glycine Palmitoyltransferases and membranes, increases | 1978 (prenylation) & | cancer 656, 695, 722)
hydrophobicity, signal | 1982 (palmitoylation)
S-prenylation Cysteine Farnesyltransferase & geranyl transduction
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The PTM of proteins refers to the covalent attachment of simple or complex chemical
groups that can alter their structure and function (246). Such unique functional changes can
lead to enhanced enzymatic activity and assembly, alterations in protein lifespan, receptor
activation, and increased inter-protein interactions and localization (156, 170, 559). These
changes can occur in organelles such as the endoplasmic reticulum (ER), Golgi apparatus,
cytoplasm and nucleus, and also extracellularly through sugar-carrying units (73, 574).
Since proteins are “chief actors” in living cells and required for overall cellular stability,
minute PTM defects are a major cause for disease onset/progression (525) and can
therefore be exploited as putative markers for disease (320).

PTMs can also be reversible (covalently modified) or irreversible (proteolytically
modified), with side chains that undergo modification (73, 686, 690). Ten residues (aspartic
acid [Asp], glutamic acid [Glu], serine [Ser], threonine [Thr], tyrosine [Tyr], histidine, lysine
[Lys], cysteine, methionine, arginine [Arg]) possess a nitrogen, oxygen or sulfuric atom(s)
that can function as nucleophiles in modification reactions (340). Asparagine (Asn) and
glutamine react via their side chain amide groups where the nitrogen atom of the
carboxamide group acts as a weak nucleophile (451, 686). Three major PTMs comprise
more than 90% of all modifications, i.e. phosphorylation, ubiquitination and acetylation (330).
However, glycosylation, lipidation, acetylation and SUMOylation are reported to be most
involved in terms of disease onset/progression (525). Each amino acid can also undergo at
least three different modifications (525).

It is important to note that the modulation of protein function has become a major
center of attention in recent years (156, 170, 281, 559). These are often viewed in isolation
and not well-related to one another as their separation and analysis from complex
mixtures/samples with high dynamic range can be an arduous task (246). For this purpose,
proteomic analyses involving LC-MS have developed well over the years to identify and
critically investigate the manifestation of PTMs. This is often in relation to disease
pathogenesis and the establishment of novel therapeutic treatments (100, 113, 412, 426).
Phosphorylation and glycosylation are well-investigated and play crucial roles in terms of
the disease burden and could hence serve as potential biomarkers (102, 574). Moreover,
disease associations are likely to occur when these two PTM types are co-involved in central
functions (170). Bearing this in mind, the rest of this review will focus on phosphorylation
and glycosylation in the context of chronic diseases linked to stress. Although mechanisms

linking chronic stress to PTM changes are not entirely clear, the current evidence links
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adverse psychosocial events and its negative downstream effects to changes in enzyme

activity involved in protein phosphorylation and glycosylation (442, 443).

1.3.1 Protein phosphorylation

The phosphorylation of proteins was first discovered in 1906 by Levene et al. (1906),
with enzymatic phosphorylation of proteins described many years later (86). Protein
phosphorylation is the most widespread and well-studied PTM and can be reversibly
attached to multiple amino acid residues, principally on Ser, Thr and Tyr (29). This
occurs through the action of the nucleophilic hydroxyl group on the terminal phosphate
group of adenosine triphosphate to form phospho-Ser, phospho-Tyr and phospho-Thr
(686). Protein kinases facilitate this attachment, whereas the detachment is catalyzed
by phosphatases (671). The phosphoproteome is therefore dependent on these two
enzyme classes as they regulate the dynamic nature of the cell (400). Their localization
is therefore important as this is indicative of phosphorylation occurring in the nucleus
or cytosol (170). Diverse substrates for this modification exist and include lipids,
nucleotides, carbohydrates and proteins (671). Only on unique occasions does
guanosine triphosphate replace adenosine triphosphate as co-substrate in such
reactions (543).

Approximately 30% of all human proteins can be phosphorylated at any given time
by the activity of the indicated enzymes (400). Kinases may alter proteins in a transient
manner on single or multiple amino acid residues (121). Protein kinases contain regulatory
subunits which activate or inhibit their function. In most cases, basal state kinases are
dephosphorylated and require phosphorylation for activation (184, 728), for e.g. MAPK and
protein kinase A (PKA) are phosphorylated and phosphorylate downstream targets in a
linear or amplified manner (610). The downstream effects modulate virtually all cellular and
biological processes such as cell growth, apoptosis and signal transduction (232, 546).
These diverse outcomes are mediated by two main downstream consequences of protein
phosphorylation, i.e. (1) conformational changes and (2) recruitment of neighboring proteins
whose domains bind to phosphomotifs of the modified protein (306). The latter is crucial for
signal transduction as such protein-protein interactions assist in recruiting downstream

targets for functional adaptations.
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1.3.1.1 Pathways and proteins in stress and phosphorylation

The induction of the MAPK pathways can be attributed to the stress response (43, 66) and
include three signal transduction links, namely extracellular signal regulated kinases
(ERKS), c-Jun amino-terminal kinases (JNK) and p38 MAPKs (309). The propagation of
phosphorylation is the principal method of target protein activation and these are complex
interactions and highly integrative with one another and other signaling events (595). A high
level of specificity and constancy characterizes the activation of such pathways in response
to diverse signals for e.g. growth factors, cytokines, environmental stress and exogenous
toxicity (309). More specifically, the ERK and p38 MAPK pathways are upregulated under
conditions of environmental stress, ROS and inflammatory signals which in turn can further
upregulate inflammation and oxidative stress through immune cellular proliferation and
differentiation (43, 66).

The JNK pathway converges upon the transcription of AP-1 (43). This can add to the
formation of vicious cycles involving inflammation and oxidative stress, culminating in
diseases such as T2D and cancer (316, 494). These mechanisms are not fully understood
as stress can induce decreased ERK phosphorylation as discovered in male Wistar rats
undergoing chronic restraint stress (CRS) (689). Conversely, a study involving mice
exposed to acute/chronic social stress showed increased ERK activation through
upregulated phosphorylation in specific neural regions (131). It is noteworthy that such
pathways (involving phosphorylation) can be convolutedly linked to similar signal
transduction mechanisms like the phosphatidylinositol 3 kinase (PI3K) and Ak strain

transforming (Akt) signaling cascade (309, 595).

The PI3K/Akt pathway also increases ROS production to thereby enhance
intracellular oxidative stress (59). However, a bidirectional relationship exists between such
pathway activation and ROS production, as pro-oxidants produced (through cellular events)
may result in its activation. This involves the transcription of NFkB, a prominent role player
in chronic stress and pathology, which further demonstrates the potential link between
adverse psychosocial events and protein phosphorylation (59). Increased research efforts
revealed the phosphorylation of NFKB subunits as a mediator of its transcription (420).
Another pathway implicated in this process is the PKA phosphorylating cascade which forms
part of the cyclic adenosine monophosphate response element-binding protein (CREB)
family (333, 688).
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CREB-family kinases and proteins are both activated by phosphorylation of proteins
and are linked to diseases which involve chronic oxidative stress and inflammation (7, 688).
Of note, neurodegenerative diseases are linked to the phosphorylating activity of CREB
(688). Moreover, brain-derived neurotropic factor is a crucial modulator that regulates and
phosphorylates CREB (688). This neurotrophin is a regulator of neural plasticity and
development and is linked to systemic metabolism (549). CREB abnormalities are further

linked to patients of schizophrenia with MAPK pathways involved in this instance (688).

Psychological stress and CREB activity have been directly linked to cancer
progression (550). Moreover, neurological complications are observed in the
hyperphosphorylation of tau in Alzheimer’s disease (268, 645). Not only is phosphorylation
involved, but aberrant glycosylation also increases tauopathies associated with
neurodegeneration (268). Researchers also found that male rats undergoing acute noise
exposure displayed increased phospho-tau levels in brain tissues (138). This strengthens
the link between psychosocial stress exposure and NCDs, while implicating protein
modification in this process. Numerous animal stress models exhibit relationships between
phosphorylation and microglial activation with upregulation in ROS and inflammatory
cytokine activity contributing to disease onset/progression (467). However, the evidence is
not fully conclusive (467). Another important protein in the control of oxidative stress is the
transcription factor nuclear factor erythroid-derived 2-like 2 which governs antioxidant
activity and status (391). Nuclear factor erythroid-derived 2-like 2’s activity is regulated by
phosphorylation and possibly glycosylation, with dysregulation in such modifications linked
to CVD, neurodegenerative disease and cancer (391). The implication of oxidative stress

further associates chronic stress with diseases onset/progression and with links to PTMs.

1.3.1.2 The direct involvement of phosphorylation in stress-related disease

The phosphorylation of the steroidogenic acute regulatory protein (StAR) and GR perform
important roles in the physiological outputs of the stress axes (106, 621). StAR aids in
steroidogenesis by controlling the rate-limiting step of shuttling cholesterol (cortisol
precursor) from the outer to the inner mitochondrial membrane (419). Phosphorylation of
StAR is an outcome of PKA activity which may increase its biological activity, thus increasing
cortisol production (27, 621). A more important role for phosphorylation involves the GR as

it is also subject to modulation by MAPK family members (221).
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1.3.1.2(a) Phosphorylation of the glucocorticoid receptor

Phosphorylation is a vital component in the stress response through the GR, with the
absence/presence of a phosphate group on a specific amino acid residue influencing
downstream signaling (221). Multiple Ser and Thr residues can be altered which can each
lead to changes in terms of localization, availability and transcription activity of this stress
receptor (221, 329). Furthermore, certain phosphorylated amino acids and sequences
associated with them are conserved between rats and humans (221). Regarding these
residues, a large body of data suggests that phospho-GR is induced by ligand binding (221).
Prior phospho-events may also play a role in the pattern of modification with kinases and
phosphatases catalyzing changes in composition and structure (221). However, knowledge
is sparse regarding the role of phosphatases in GR PTM although kinase activity is well-
documented (221, 293, 311).

Differential MAPK pathways such as ERK and JNK, as well as non-MAPK-related
ones such as the cyclin kinase pathways can specifically change the GR’s modification
(221). For example, phospho-Ser203 of the GR is correlated with inactivity by its
containment in the cytosol. Conversely, human phospho-Ser211 (rat Ser232/mouse
Ser220) produces increased transcriptional activity due to changes in conformation (221).
Alternative outcomes of GR signaling through serine residue phosphorylation include

blunted GC downstream effects and altered outcomes of the stress hormones (221, 311).

The Ser226 residue has gained major attention due to its link to diseases such as
major depressive disorder where patients exhibited relatively higher levels of this site-
specific modification compared to controls (311). c-Jun amino-terminal kinases -mediated
modification of this residue is also associated with GR resistance and could therefore
implicate other inflammatory diseases (311). This occurs through GR export from the
nucleus after Ser226 phosphorylation (106). Rodents undergoing acute and chronic stress
also display higher phospho-Ser226 levels (Ser246 in rodents which is analogous to Ser226
in humans) (509, 590), while rats receiving standard antidepressant treatment exhibited
decreased JNK expression in hippocampal regions together with an alleviation of depressive
symptoms (388). Gender differences can also play a role in altered PTM activity through
disparate kinase activity (442). For example, male and female rats undergoing chronic
isolation stress exhibited distinct changes in terms of Ser phosphorylation (443). A general

overview of the involvement of phosphorylation in stress is depicted in Figure 1.2.
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Figure 1.2. A diagrammatic summary of the pathways and proteins involved in phosphorylation and
stress. PI3K, phosphatidylinositol-3-kinase; Akt, Ak strain transforming; JNK, c-Jun N-terminal kinases; ERK,
extracellular signal-regulated kinase; p38 MAPK, mitogen-activated protein kinase. Image created using

Biorender.com.

The modification status of the GR can clearly be linked to current therapeutic
strategies for chronic stress-induced diseases and may offer utility as a diagnostic biomarker
as certain amino acid residues and their diverse phosphorylation can lead to GC resistance
(221) and diseases onset/progression (599). Glycosylation is another important PTM
involved with GR function (384). Here, the downstream pathology of stress can be linked to
aberrant glycosylation, although this relationship remains enigmatic (144). Phosphorylation
is known to have direct links to the protein glycoproteome and vice versa as they can
preclude one another’s activity, or work in tandem to deliver vital functional alterations in a
physiologic system (264, 504). This interaction and competition usually takes place on Ser
and Thr residues (262, 263).

1.3.2 Glycosylation

Protein glycosylation refers to the covalent attachment of sugar moieties to specific residues
such as Asn, Ser and Thr (262). Alimost 200 glycosyltransferases catalyze the addition of
sugar moieties in the multistep process of glycosylation. This process exponentially
increases the diversity and complexity of the proteome, far more than any other PTM (574).
In contrast, glycosidases cleave the sugar moieties from such proteins (574). This dynamic
process is dependent on enzyme availability, cellular circumstances and the nature of the
amino acid sequence(s) (533). The majority of nuclear and cytoplasmic proteins undergo
this dynamic form of modification which many propose can rival the phosphorylation process

as the most abundant PTM (261, 263). Multiple important functions of this regulation exist
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and it is crucial for normal cellular function across all species (262), for e.g. intermolecular
and intercellular interaction, correct protein folding, signaling, transport and delivery (679).
Moreover, glycosylation affects blood type, T-cell regulation, B1 adrenergic receptor
signaling and the immune system (240, 465, 574). This can be cellltissue specific as
heterogeneity between enzyme localization and activation plays an important role in the
dynamic regulation of glycosylation (574). Proteins are not restricted to one type of
glycosylation as multiple sites of glycan attachment are available. This adds to the
tremendous structural diversity elicited by glycosylation, with 16 distinct pathways producing
N- and O-linked glycans that are the most common forms represented in humans (263, 574).

N-linked glycans refer to those which are bound to the amino group of Asn, where
the anomeric carbon present in the sugar side chain forms a link with the nitrogen atom of
the resident amine to result in an N-glycosidic bond (698). An O-glycosidic bond is attained
when the anomeric carbon attaches to the oxygen atom within the hydroxyl group of Ser
and Thr (622). A requirement of sugar attachment is often a specific consensus sequence
which glycosyltransferases recognize to perform their duty (157). For N-linked glycans, this
sequence is Asn-X-Ser/Thr, where X denotes any amino acid except proline (Pro) (403).
The specific monosaccharides which are involved in this attachment includes: D-glucose,
D-mannose, D-galactose, D-xylose, D-ribose, D-glucuronic acid, L-fucose, N-
acetylneuraminic acid, N-acetyl-D-galactosamine, and N-acetylglucosamine which are all
derived from sugar nucleotides or dolichol-linked donors (574).

Many of such attachments originate in the ER, with two initiating in the Golgi
apparatus (574, 622). After it is formed, further processing occurs within the Golgi complex
where different compartments are allocated for specific processing steps, often ending in
the capping of the glycan with a negatively charged sialic acid (sialyltransferase action)
(533). It may also occur co-translationally rather than post-translationally, with separate
events such as attachment, maturation and trimming aiding in its biosynthesis (574, 679).
The resulting attached glycan structures are classified as either complex oligosaccharides,
high-mannose oligosaccharides or a combination (hybrid) of the two (172, 663, 679). N-
glycosylation and a large number of its enzymes are conserved across eukaryotes (663).
Although N-linked glycans are the most prevalent, O-glycosyl attachments are important in

regulating cell biology and rival phosphorylation (49, 261).
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The O-glycoproteome is extensive in nature and can induce complex pathways and
outcomes which are yet to be fully understood. Thus far, more than 3, 000 O-glycoproteins
in humans are known together with up to 15, 000 identified sites of attachment on a myriad
of proteins (310). This clearly demonstrates the need for specific, reproducible and high-
throughput methods to be designed for the complete detection of such PTMs (361, 721).
Thus current workflows need to be considered along with the exponential increase in
proteomic tools to allow for further pioneering in this rapidly growing field. However, due to
the context and cellular specific nature of this PTM, continuous glycan processing occurs
alongside the non-specific catalyzation of certain glycosyltransferases. This creates large

volumes of heterogeneity and difficulties in terms of glycoproteome assessment (717).

Analytical challenges often present due to the low stoichiometry of glycosylated
residues versus other highly abundant proteins (574). Further side chain modifications which
involve acetylation, sulfation and phosphorylation play a regulatory role in glycan processing
which adds to its complexity (574, 588). The latter acts as gatekeeper for the elongation and
complexity of oligosaccharide moieties through the activation of synthesis of elaborate
glycans (588). Moreover, glycosylation is highly sensitive to cellular and physiological
changes and hence implicates it in the progression of pathologies such as congenital

diseases and cancer (436, 477).

1.3.2.1 The relationship between disease and protein glycosylation

Disease progression tied to protein glycosylation is often rooted in genetic mutations which
demonstrate complex mechanisms (533, 574). More than 100 disorders involving
glycosylation display a genetic basis such as autosomal recessive inheritance traits (211,
298). These result in congenital glycosylation disorders which display a wide spectrum
(211). Profiling of N-glycans of the abundant serum proteome is used to identify such genetic
perturbations which often involve enzymatic malfunctions, specifically glycosyltransferase
activity deficiencies (298). O-glycosyl residues can influence such congenital disorders and
manifest in the form of poly-organ diseases. Single organ diseases also exist for e.g.
cardiovascular, neurological, muscular, retinal and hepatic dysfunction with varying degrees
of severity (297, 298). However, genetic alterations are not the sole cause of disorders
linked to deviant glycosylation as Golgi fragmentation, ER stress and metabolic

perturbations are processes that are all implicated (49, 496, 574).
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Mental illnesses such as schizophrenia can also exhibit wide changes in the N-
glycoproteome of patients compared to controls (624). Of note, severe acute respiratory
syndrome coronavirus 2 displays specific glycans on its cell surface which is the foundation
of vaccine efficacy (691). Although glycosylation is a significant contributor to diseases
onset/progression, little is known regarding its role in chronic stress-related pathology.
Potential links therefore need to be stringently examined to help clarify this relationship as it
could potentially unlock numerous benefits for individuals suffering from such mental

illnesses.

1.3.2.2 Strengthening the link between stress and glycosylation

The influence of stress on glycosylation profiles was first studied in 1989 by Tsukada and
colleagues by employing rats subjected to water immersion tests (669). These data revealed
that gastric mucosal cells of stressed rodents displayed up to 50% lower N-
acetylgalactosamine levels versus matched controls. However, a paucity of information still
exists that directly links deviant glycosylation events with chronic psychosocial stress. The
high sensitivity of glycan attachment to physiological status offers potential to infer a unique
relationship between these two concepts (477). Evidence for the role of glycosylation in the
immune response and illnesses which involve chronic inflammation strengthens the
possibility of stress-related glycosylation deficiencies (533). An example of this is the effect
of glycosylation patterns on the function of different immunoglobulins, as well as T-cell
regulation and death promotion (69, 465). Here, especially immunoglobulin G can be
modulated as changes in N-glycan is a characteristic trait of acute and chronic inflammation
(532). Evidence also suggests that glycosyltransferases are affected by psychosocial stress
(364).

Enzyme activity (e.g. sialyltransferases) can be modulated under pathological
conditions such as stress (144). Furthermore, post-traumatic stress disorder (PTSD)
patients display increased glycome alterations that are associated with extreme traumatic
experiences and aging (346). Moreover, glycoproteins are involved in a wide array of
psychological disorders (e.g. Alzheimer’'s disease and major depressive disorder) which
exhibit significant N-glycosylation disturbances (409, 488). In support, some found strong
associations between major depressive disorder severity and aberrant N-glycosylation
(488), while others discovered significant differences in the serum N-glycan profile of female
major depressive disorder patients that correlated with increased IL-6 and C-reactive protein

levels (74).
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Although enigmatic, psychosocial stress and increased levels of circulating cytokines
exhibit a correlation (658). This is important as such pro-inflammatory cytokines are involved
in modulation of the HPA axis and chronic inflammation (599). Such cytokines can also
induce N-glycan changes of endothelial cells which can contribute to inflammatory vascular
disease (Figure 1.3) (97). Schizophrenic individuals also display glycan structural changes
in serum and cerebrospinal fluid that are linked to chronic inflammation (624). Moreover,
rats undergoing acute and chronic stress exhibited altered sialyltransferase activity in an
organ-specific manner (144).

1.3.2.2(a) Endoplasmic reticulum stress

Endoplasmic reticulum stress is a major determining factor for the correct glycosylation
pattern of cells (724). This could play a pivotal role in the outcomes observed with chronic
stress as numerous studies show a direct correlation between stress and markers of ER
damage (267, 719, 731). In support, a 21-day chronic restraint stress study using adult male
rats showed increased ER stress pathway activation in the hippocampus together with
cognitive impairments (731). Moreover, they found upregulated caspase cleavage that is
indicative of ER stress-induced apoptosis (731). In a similar study, rats that underwent
restraint stress (forced swimming) exhibited increased ER stress proteins in the
hypothalamus versus controls (719). Since excessive psychological stress induces oxidative
stress, this further implicates the ER and dysregulated protein synthesis and folding in this
process (Figure 1.3) (267).
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Figure 1.3. A diagram that illustrates the potential links between stress-linked glycosylation and

diseases. IgG, immunoglobulin G; ER, endoplasmic reticulum. Image created using Biorender.com.

1.3.2.2(b) The corticosteroid-binding globulin

The plasma carrier CBG is an important regulator of the effects of the GCs as it determines
the availability of steroid hormone accessible to target cells (378, 600). This hepatically
produced protein exhibits six N-linked glycosylation sites which are conserved across
humans and rats and account for ~30% of its mass (600). These sites are essential for the
half-life, stability and solubility of the CBG and if lost/modified may result in disrupted steroid
binding potential (42).

Corticosteroid-binding globulin glycoforms can also be altered via the stress axes as
revealed by dexamethasone treatment of hepatic cells (440). Hypothalamic pituitary axis-
related inflammatory effects form part of CBG functionality as the severity of chronic
inflammation in female rats negatively correlated with the weight and levels of circulating
CBG (275). Likewise, some indicated that CBG shuttles cortisol to inflammatory locations,
with a bidirectional influence of pro-inflammatory cytokines taking place via a 50% decrease
in serum CBG levels (493). This was demonstrated by exogenous IL-6 administration to
patients enduring acute trauma and surgery (668). A lesser known role of glycosylation in
the stress response is the modification of the corticotropic-releasing hormone receptor type

1 (37). It was found that N-glycosylation of the receptor subtype is needed for the proper
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functioning of the hormone itself (37). However, these observations were done in an in vitro

model and hence misses the well-known systemic effects of the stress response.

Although some glycan attachments seem inert, non-deleterious glycan events can
still impart subtle advantageous characteristics (477). However, most of the literature
supports the notion that aberrant PTM changes such as phosphorylation and glycosylation
are linked to the development of chronic stress-induced diseases. This concept may
therefore unlock utility as improved methodologies that allow for better detection of such
PTMs may result in the development of novel clinical biomarkers. The use of
phosphorylation and glycosylation as modes of diagnoses are not new concepts as they are
frequent reporters of disease and are already used in the clinical environment for examining
cancer and neurodegenerative diseases (268, 642, 645). Table 1.3 gives a brief overview

of the current use of these PTMs as clinical biomarkers.
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Table 1.3. A brief overview of glycosylation and phosphorylation usage in the clinical setting. CDG, Congenital Disorders of Glycosylation.

PTM Biomarker How it is used Diagnosis Reference
Glycosylation Serum transferrin The change in protein glycoforms is assessed | CDG-type 1 and 2 (207, 247,

by monitoring whether a loss of a specific 372)
glycan has occurred, or an alteration in glycan | Chronic alcohol abuse (269, 273)
structure has occurred
This ultimately leads to an overall molecular
weight change

Alpha-1 acid glycoprotein & | A change in the form of the N-glycan is related | CDG-type 1 and 2 (82)

haptoglobin to molecular weight change

Apolipoprotein C-3 The presence of O-glycan abnormalities is | N-acetyl-galactosamine- (718, 738)
evaluated transferase 2 deficiency CDG

Anti-thrombin Interrogation of altered glycosylation patterns, | Thrombophilia (153, 154,
including hypoglycosylation 448)

Alpha fetoprotein Glycoforms are used to predict the risk of | Hepatocellular carcinoma (174, 567)
developing a specific form of cancer

Immunoglobulin G Alteration of glycosylation patterns is | Chronological age (348)
associated with aging

Cancer antigen 15-3 Examination of the sialylated O-linked glycan, | Breast cancer (173, 336)
including protein concentrations

Phosphorylation | Phospho-taul81 (Thr 181) The examination of hyperphosphorylated | Alzheimer’s disease (296, 428,

protein tau in cerebrospinal fluid 678)
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Although only one phospho-biomarker has been established, treatment relating to
this PTM emphasizes the importance of a continuous investigation into its effects and the
machinery involved. Since abnormal phosphorylation is linked to disease progression, the
function and manipulation of kinase activity have been emphasized in treatment strategies
for diseases such as cancer (123, 407, 546). Numerous kinase inhibitors are therefore
employed to treat this disease (547). Such a therapeutic approach is not limited to cancer
as other drugs (e.g. abemiclib and tofacitunib) have been used in conjunction with endocrine
therapy for early breast cancer and rheumatoid arthritis, respectively (349, 551). Together
this strengthens the importance of investigating such PTMs in the context of biomarker
discovery and by extension into the realm of stress research. If successful, such
experimental advances may lead to various breakthroughs in terms of diagnostic and
therapeutic strategies. Figure 1.4 summarizes the potential inter-linking relationship

between glycosylation, phosphorylation, and chronic psychosocial stress.
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Figure 1.4. An integrative diagram representing the relationship between glycosylation,

phosphorylation, and chronic psychosocial stress pathways in no particular order. Step 1: Chronic
stress enables IRS-1 phosphorylation, which may either increase insulin sensitivity or insulin resistance; Step
2: Phosphorylation of PGC-1a results in mitochondrial translocation; Step 3: Phosphorylation of specific Ser
residues on the GR (indicated by green circle) can cause cytoplasmic retention or nuclear translocation; Step
4: Translocation of the GR results in cortisol’s anti-inflammatory effects; Step 5: N-linked glycosylation of CBG
can increase glucocorticoid shuttling, linking to; Step 6: Phosphorylation of StAR increases glucocorticoid
availability which CBG can carry; Step 7: Phosphorylation of IkB’'s substrates increases/decreases NFkB
translocation/retention, with translocation causing; Step 8: Pro-inflammatory cytokine gene transcription, as
well as; Step 9: Increased mitochondrial ROS release and thus; Step 10: Increased oxidative stress, which
can also be due to increased mitochondrial biogenesis from PGC-1a. IRS-1, insulin receptor substrate 1,
MAPK, mitogen-activated protein kinase, CBG, corticosteroid-binding globulin; GR, glucocorticoid receptor;
PI3K, phosphatidylinositol 3 kinase; Akt, Ak strain transforming; PKA, protein kinase A; PGC-1aq,
peroxisome proliferator-activated receptor-gamma coactivator; StAR, steroidogenic acute regulatory protein;
IkBa, inhibitor of nuclear factor kappa B; NFkB, nuclear factor kappa B; ROS, reactive oxygen species. Image
created using BioRender.com.
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1.4 THE EXPLORATION OF BIOMARKERS LINKED TO CHRONIC STRESS

Biomarkers are molecules, genes or phenotypic characteristics that appear naturally during
a physiological process, disease or reaction to a pharmacologic stimulation (38). They may
also appear in response to environmental cues and need to be objectively measured and
distinct from the direct measurement of an individual's state of emotional wellbeing and
functioning (91). Numerous forms exist such as diagnostic, prognostic, pharmacodynamic,
predictive and susceptibility biomarkers (91). However, a limitation exists due to the highly
complex nature of biomarkers where they form part of physiologic systems that involve multi-
dimensional levels of functioning. Likewise, multiple biomarkers play a role in the summative

outcomes of interest and interrelationships therefore also need to be considered (48, 91).

1.4.1 Current potential biomarkers of psychosocial stress

Since cortisol has a variety of functions it is often employed as a potential serum biomarker
of stress-linked mental disorders (181, 647). For example, some studies found elevated
cortisol levels in a range of depressive disorders (292, 711). However, serum/plasma is not
always utilized as a resource for biomarker assessment as levels can be affected by the
circadian rhythm (245). Less invasive measures such as salivary and hair cortisol are
therefore preferred to assess the nature and degree of stress (312, 556). It has also become
difficult to assess whether cortisol measurements directly relate to acute or chronic stress,
as prolonged exposure to stress can result in HPA-axis changes (181). Cortisol as a
biomarker may also prove to be more elusive than informative as a dissociation between
chronic stress and cortisol secretion may result due to downregulated GR expression or
habituation to chronic stress and hypocortisolism (125, 411). Hypo- and hypercortisolism
also relate to Cushing’s syndrome and Addison’s disease, respectively (245) and this further
complicates cortisol’s clinical utility as a biomarker. It is noteworthy that circulating cortisol
levels are also influenced by individual characteristics such as weight, age, sleep cycle and
other lifestyle factors (e.g. smoking) (44, 368, 655).

As a key cortisol-mediated metabolic effect include increased glycemia (114), HbAlc
levels may also be associated with chronic stress (431). For example, a comparison
between caregivers and controls revealed that the former displayed increased plasma
glucose levels (10). However, although HbAlc may appear to serve as a promising blood
biomarker, conditions such as T2D will make such analyses much harder due to associated

perturbations in blood glucose levels (7).
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Dehydroepiandosterone sulfate (DHEA-S) is a steroid hormone that is released in
response to ACTH and plays a protective and regenerative role (158). Thus, it can be posited
that increased DHEA-S serum levels may offer prognostic value by correlating with improved
health. However, in practice contradictory results have thus far been obtained in the context
of psychosocial stress. For example, Lennartson et al. (2016) found that half of their cohort
(treated for burnout) experienced increased DHEA-S, whereas the remainder displayed
decreased levels (374). In addition, DHEA-S levels peak in young people and start to decline

with age, together with its associations with CVD (375).

MicroRNA (miRNA) is another promising serum biomarker to consider in the stress
research context as they are a) present in serum and b) play a central role in the regulation
of a myriad of cell processes, including physiological and psychological pathways (697).
Moreover, miRNAs also offer promise as potential biomarkers for other diseases such as
T2D (674). Of note, miRNAs have been associated with psychosocial stress (academic
stress) (276, 322). However, such studies often lack standardization and control subjects
(128). Their analysis can also be time-consuming and expensive despite being readily
available in bodily fluids (239).

Serum immunological biomarkers have also been assessed in relation to
psychosocial stress (241, 369, 596). These include well-known pro-inflammatory cytokines
such as IL-6 and CRP that are often increased in response to stress (241, 596). However,
despite such promise their circulatory levels are affected by infection, lifestyle choices and
medication (460). Such factors confound their use as serum stress biomarkers.
Catecholamines have also been touted as stress-related biomarkers because of the
involvement of the ANS in this context (158, 470). However, catecholamine half-lives are
very short which makes it difficult to employ them as clinical biomarkers in the context of

psychosocial stress (723).

Chromogranin A is a prohormone that is stored in, and released by the adrenal gland
and has also been proposed as a potential biomarker of mental stress (216, 712). In support,
some showed that work stress was associated with increased plasma chromogranin A levels
(392). Despite such potential, it lacks specificity (252) and is therefore also considered as
a potential biomarker of other complications (78, 484, 515). Alpha-klotho is another potential
serum biomarker for psychosocial stress and some found that male students exhibited
increased levels due to poor sleep and stress management (457). However, this study has

several weaknesses as only healthy male students were investigated while it also did not
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include any matched controls. As alpha-klotho levels are also associated with lifestyle
factors such as smoking, this further weakens its claim to act as a stress-specific biomarker
(4586).

Together this summary shows the problems linked with the current crop of stress
biomarkers and emphasizes the need for further research to identify novel biomarkers in this
context (457). It is evident that phosphorylation and glycosylation are integral components
of human health and functioning, and when adversely altered may result in pathogenic
outcomes (320, 525). Literature indicates that some of these outcomes are associated with
psychosocial stress (59, 69, 138, 346, 488, 550, 624, 689). This therefore points toward the
potential implication of these PTMs in stress exposure and poor health. Moreover,
phosphorylation of the GR impacts its systemic role (329), whereas glycosylation of the CBG
is essential for its function (600). The use of such PTMs as biomarkers is well-known in the
clinical setting. For example, Table 1.3 demonstrates its employment for complications such
as CDG, cancer and neurodegeneration. As protein kinases form the basis of some
therapeutic interventions (546, 547), this demonstrates a link between stress and such
PTMs. Collectively, such information together with the current lack of a suitable biological
parameter for measuring the effects and outcomes of psychosocial stress (457), points
toward the potential of phosphorylation and glycosylation PTMs as putative markers of
stress-related diseases. This project therefore aimed to begin to address this research gap
by initially setting out to establish a method that should eventually help lead to the discovery
of novel and specific biomarkers in this context.

1.4.2 Methods employed for biomarker discovery

Studies can generate fragmented outcomes due to disparities in the measurements of such
biomarkers (470). Measures include immunoassays such as enzyme-linked immunosorbent
assays, Western blotting, immunohistochemistry and flow cytometry (470, 501). However,
their limitations include lack of sensitivity, availability of adequate sample amounts,
decreased global profiling, denatured samples and lowered availability of analytes (501).
This is a major factor that hinders the evaluation of phospho- and glycoproteins as they exist
in sub-stoichiometric levels (151, 288). Methods such as novel enrichment techniques are
thus necessary to facilitate their evaluation. To the best of our knowledge, the careful
enrichment of such proteins for evaluation in the context of stress-related CVD

onset/progression has not yet been rigorously pursued. Here, a rat model of chronic stress

37



Stellenbosch University https://scholar.sun.ac.za

will be utilized to allow for suitable biological material to be obtained for the testing and

validation of the enrichment material.

1.5 A RAT MODEL OF CHRONIC STRESS

The complexity and multi-dimensional nature of stress means that care should be taken to
select the most suitable experimental model to optimally simulate such processes and
phenotypes (591, 604). As stress is almost never contained or localized to a specific region
and implicates numerous organ systems, it makes rodent models particularly suitable due
to a similar physiological make-up compared to humans (489, 604). These models provide
important information and insight into the mechanistic basis of stress pathophysiology and
related disorders such as PTSD, depression, cognitive impairments and related CVD onset
and progression (39, 591). Although similarities exist between rodents and humans,
fundamental differences do occur for e.g. sleep-wake cycles, metabolic rates and social

hierarchies that may cause variations in results obtained (604).

Two main forms of stressors employed in rodent models include physical and psycho-
emotional stress constructs (299, 489). The former includes those that inflict physical pain
such as foot shock and forced swim tests, whereas the latter focuses on producing the
anticipation of pain, discomfort and fear (64). Examples of psycho-emotional stressors
include maternal separation, isolation, environmental disturbances such as altered light/dark
cycles, and animal restraint (39). Both these forms can be employed to induce an acute or
chronic stress setting, although our focus is placed on the chronicity of stress and its relation
to pathological outcomes. Of note, chronic stress models often display greater effectivity
and reliability when the aim is to model depressive-like behavior in rodents, as well as
phenotypes of anhedonia and anxiety (39, 57, 580). Despite the wide variety of models that
can be employed for stress research, the ideal does not exist as confounding factors and
guestions of validity remain problematic (489, 604). Thus a suitable model should rather be

chosen according to the unique pathological features that form the subject of investigation.

1.5.1 Chronic restraint stress

The restraint stress model was previously validated to mimic rodent-like mental disorders
(282, 699, 709). Although it is considered a milder form of stress, it remains ideal for studying
acute and chronic conditions while maintaining easy standardization and replicability (604,
676). Here, HPA axis alterations and significantly increased corticosterone levels are often

observed in experimental animals compared to controls, thereby confirming the successful
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induction of the stress response (76, 225, 604). A major advantage of this stress protocol
over unpredictable mild stressors includes the fact that rodents may adapt to the multiple
mild stressors over time (225). In the case of CRS, rodents are rendered less capable of
adaptation and full recovery which mimics occupation-like stressors in humans when
considering the long term, inescapable and psychological nature of this model (64, 604).
The literature also highlights CRS eliciting changes such as mitochondrial respiratory
alterations and enzymatic adaptations (39, 190, 315, 689). Increased CRS-related ER stress
markers in the brain is also an outcome in rodents (676, 731, 737). This demonstrates the
potential link between this chronic stress paradigm and aberrant phosphorylation and

glycosylation outcomes.

Potential limitations of the CRS model include habituation together with the
introduction of adverse stimuli such as isolation and/or food and water deprivation in the
animal facility. Our model of restraint aims to bypass such confounding factors as rats will
be restrained for one hour per day for four weeks in Perspex cages placed next to one
another. This should prevent the introduction of social isolation as an unintended stressor
since rats prefer to be with one another (660). In addition, food and water deprivation should
not occur as the restraint protocol will be done during the natural inactive periods of the rat
cycle, with limited requirements for food and water (604). After completion of the CRS
protocol, serum will be harvested to try and establish unique proteomics methods that will
be designed to enrich for, and examine, glycosylation and phosphorylation changes due to
chronic stress (refer Chapter 2 for a detailed description of the restraint stress protocol).

1.5.2 Serum as the biological sample

Blood samples pose significant difficulty regarding the prevalence of high abundance
proteins as they decrease the concentration of proteins of interest (such as PTMs) to the
range of 10° to 10*2 mol (52). Thus enrichment of serum samples for target proteins is vital

(412) and compounded by the even lower abundance of PTMs (100).

Plasma and serum differ from one another with respect to coagulation factors as well
as processing techniques to collect such fractions from whole blood (412). Biomarker
identification often involves serum as it is considered more stable due to the absence of
clotting factors. These overall differences are regularly viewed in their proteomic profiles as
no proteome is identical, despite similar biological origins (279). This highlights the
complexity which inter-variation adds between differing biological samples. Nevertheless,

serum is considered the most informative and complex proteome as it provides valuable
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insights into disease onset and progression through high protein content and contact with
the entire physiological system (23, 60, 429). Our laboratory will therefore first test the
efficacy of the enrichment material on the biological samples intended for biomarker
discovery. One way to conclude whether sample preparation was effective is by utilizing a
quality control that consists of an exogenous protein. This is crucial as data comparison and
integration across laboratories depend upon it (70, 75, 220). Later chapters will discuss the
novel and optimized sample preparation procedures in more depth, with a focus placed on

the modes of enrichment. These methods form part of techniques employed in proteomics.

1.6 PROTEOMICS METHODOLOGIES

Proteomics was derived in 1994 from the genomics field, with Mark Wilkins referring to it as
the study of the entire set of proteins that can be expressed by a genome at any point in
time (583). Protein content is affected by the corresponding mRNA levels and host
translational regulation and control, establishing proteomics as the best way to characterize
a biological system (36). This methodology involves analyzing the structure, function,
localization and interactions between different proteins, while ultimately identifying and
guantifying the overall protein content present in an organism, cell, or tissue (36, 687). This
provides an opportunity to visualize, quantify and hypothesize about the various protein
interaction networks involved in disease pathophysiology. This rapidly growing field is
therefore regularly employed to identify novel biomarkers in relation to diseases onset and
progression (67, 377, 492). Thus proteomics remains a highly promising tool to investigate
and diagnose the early onset and progression of various diseases (20, 36, 687). Despite
studies employing proteomics methodologies to discover biomarkers (127, 592, 720), the
implementation of such findings are often hindered due to ethical standards and sample
complexity (412, 418, 714). Clinical proteomics also faces the physiochemical complexity of
biological samples and hence numerous methodologies are required in this instance (685).
Therefore, samples must be depleted/enriched to analyze target proteins (507), and this
need is heightened when assessing low-abundance PTMs (201, 736). Thus, method
refinements and developments are continuously implemented to render this process less

complicated.
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1.6.1 Bottom-up versus top-down approaches

Two approaches in proteomics can be applied even though diverse sub-fields are pursued.
These include bottom-up (shotgun) and top-down proteomics (30, 96). The former requires
proteins to be digested by specific proteases prior to being analyzed by MS (682), whereas
the latter evaluates the intact protein by MS (96). Bottom-up approaches are typically
employed by biologists to gain valuable insight into the nature of the proteome, as well as
to discover unique biomarkers (67, 640, 730). Here, protein inference is employed to identify
proteins from their peptide sequences (730). Despite its general use, a key limitation of this
approach is that information describing the individual intact protein is lost (569). The
digestion step also increases the complexity of the sample since each protein can now be
related to multiple peptides (285). Therefore, protein inference may decrease the chances
of biomarker discovery due to ambiguities encountered with a bottom-up approach (325).
For this reason, top-down approaches which include intact protein enrichment may be
preferred to overcome this and identify various proteoforms (6, 80). This also means that
top-down methods can be beneficial for PTM analysis (96). Although this seems promising,
the approach still has limitations such as the co-elution of intact proteins after LC (140). In
addition, both approaches make use of core proteomic methods which include sample

preparation, LC-MS and bioinformatic processing.

1.6.2 Methods in proteomics

Techniques in proteomics are employed in a specific way to best answer the research
guestion posed. The main components of a proteomics workflow include sample
preparation, data acquisition with LC-MS, and data interpretation using bioinformatic
analyses (100, 189, 682, 730). Here, sample preparation is the most important step (450).
New techniques are continuously being implemented to render this process less

complicated.

1.6.2.1 Sample preparation

Sample preparation remains the “Achilles heel” of proteomics as this will determine the
quality and accuracy of results in later stages (36, 631). Sample handling procedures must
therefore be optimized based on the required outcome which ensures compatibility and
maximal ranges of detection. These include appropriate storage, freeze-thawing (441), and
protein separation/extraction techniques (70). A commonly used method for separation of
proteins occurs through SDS-PAGE whereby 1-D or 2-D polyacrylamide gels ensure the

separation of proteins based on their molecular weight (244). Stains such as Coomassie
41



Stellenbosch University https://scholar.sun.ac.za

blue or fluorescent stains that possess a unique affinity for specific groups assist in the
visualization of molecules of interest (1, 627, 628). Such protein spots are then excised from
the gel and digested by proteases for downstream analysis (244, 626). However, such
preparation is labor intensive with certain proteins exhibiting a general inability to separate
(127). Moreover, biological samples such as blood are often difficult to analyze due to the
masking effects of highly abundant proteins (513). This heavily affects the identification of
PTMs such as glycosylation and phosphorylation (412). Thus protein enrichment must be

included in sample preparation to enable the analyses of these modifications.

1.6.2.1(a) General modes of protein enrichment

The sub-stoichiometric nature of glyco- and phosphoproteins requires specific and
reproducible methods of abundant protein depletion/low-abundant protein enrichment (151,
288). A variety of abundant protein depletion methods are available and used in research,
for e.g. removal by immuno-depletion and chromatography, with the general implementation
of monoclonal antibodies and hydrophobic dyes for serum albumin removal (60, 215, 513,
714). In addition, affinity columns can also be employed such as the Multiple Affinity
Removal Column and the ProteoPrep Spin column (61, 507, 714). These columns are
applied to ensure the simultaneous removal of immunoglobulin G and albumin from the
serum proteome. However, their efficacies have been previously queried (507, 714).
Additional methods incorporate commercially available depletion kits for protein enrichment,
although this may introduce risk as they are known to remove non-target proteins of interest
(249). Conversely, high-abundant proteins may provide insight (via PTMs) (28, 119) in terms
of the onset and progression of diseases (e.g. T2D). In addition, limitations such as extreme
costs and inter-assay variations are reasons to exclude depletion from the workflow (565).
Furthermore, literature indicates that the loss of valuable proteins have previously occurred
due to the effects of albumin (249). This could be due to the ‘sponge-effect’ of albumin,
whereby it becomes negatively charged and ‘sticky’ at physiologic pH (565) and this may
lead to the significant and unintended loss of proteins of interest (598). Enrichment methods
can be employed (without prior depletion) to avoid such negative effects and to lower the
sample processing steps. Furthermore, enrichment may consist of chromatographic
techniqgues which form an integral part of proteomics. Hence such proteins may be of
significance for the current study and should be preserved and enriched along with the low

abundant proteins (refer in-depth overview of such methods in later chapters).
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1.6.2.2 Chromatography as a mode of separation

Liquid chromatography remains a vital tool for providing accurate results in proteomics
research (319, 593). A major advantage of resolving proteins by LC is that ion suppression
effects can be minimized (593). Online systems which employ high performance LC (HPLC),
can aid with this by concentrating samples and improving separation (137). In comparison
to 2D-PAGE, HPLC offers high reproducibility, high resolving power and compatibility with
certain modes of MS (319, 593). Multi-dimensional chromatographic steps are conjointly
employed to fractionate samples for low-abundance protein retrieval (198). Examples
include hydrophilic interaction liquid chromatography (HILIC), strong anion exchange (SAX)
and strong cation exchange (SCX) chromatography (400, 735). An important method of
enrichment includes immobilized metal affinity chromatography (IMAC) that can be applied
to a wide range of retrieval strategies. Here, the coupling of proteins/molecules to specific
reactive groups/ions ensures optimal recovery of phospho- and glycoproteins (refer
Chapters 2 & 3) (339, 400). It is important to note that although more sample handling steps
might improve the identification of proteins of interest, it may also result in higher chances
of sample loss (70). An example of this is where sample loss occurs due to surface
adsorption (415), hence an important consideration is the number of processing steps

involved prior to MS analysis.

Stress research has employed proteomics-based technologies to discover candidate
biomarkers and to also identify mechanistic links. For example, a study employing human
plasma samples attempted to discover biomarkers which could relate stressful physical
activity to inflammation (47). Here, the authors employed kits for abundant protein removal
and protein enrichment, while eluates were further processed using MS. Their results
revealed proteome alterations before and after intense physical activity (47). Human salivary
samples were also previously analyzed in the context of acute and chronic stress (434, 726).
For example McKetney et al. (2021) employed saliva samples from war veterans to analyze
the stress response and associated physical and cognitive links (434). Although they did not
employ depletion/enrichment strategies in their untargeted bottom-up experiment, they
found significant alterations in humerous proteins in response to simulated war missions
(434).

Animal models of stress that involved proteomic analysis were performed using
serum, saliva and organ tissue samples (278, 491, 529, 706). For example, a rodent study

focusing on chronic restraint stress and exhaustive swimming utilized both serum and
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splenic tissue to aid in the identification of candidate biomarkers linking immune suppression
and chronic stress (278). Here, the authors depleted the serum of high abundant proteins
and performed SCX chromatography to further fractionate samples post-digestion and found
121 proteins which were differentially expressed between the control and stress groups
(278). An enzyme-linked immunosorbent assay was also applied to further assess and
validate four candidate biomarkers. Overall the study provided insights into differential
protein expression involved in multiple processes (278). Moreover, two additional rodent
studies employed SCX fractionation prior to LC-MS analysis (706, 733), while others used
centrifugation to enrich for synaptosomes in rat hippocampi (706).

Table 1.4 summarizes examples of proteomic techniques that were employed for
studying psychosocial stress, with some aiming for biomarker discovery. However, to the
best our knowledge none have interrogated phosphorylated and glycosylated changes in
preclinical and clinical chronic psychosocial stress models. Furthermore, intact protein
enrichment strategies involving PTMs have not yet been included in sample preparation

workflows for this type of research work.
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Table 1.4. A brief description of proteomics analyses in stress pathology research and the methods involved. ANS, autonomic nervous system; PTSD, post-
traumatic stress disorder; MDD, major depressive disorder; CREB, cAMP-response element binding protein; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel
electrophoresis; IgG, immunoglobulin G; 2-DE, 2-dimensional electrophoresis; SCX, strong cation exchange; UPP, ubiquitin-proteasomal pathway; ERK, extracellular

signal regulated kinase; MAPK, mitogen activated protein kinase; PI3K, phosphatidylinositol 3 kinase; Akt, Ak strain transforming; mTOR, mammalian target of

rapamycin.
Biological sample Study overview Stressor Methods of enrichment/fractionation Study outcomes Reference
Human plasma Identification of possible biomarkers to | Extreme physical stress (246 | Depletion kits for albumin and IgG removal, | Distinct alteration of proteomic profile before vs | (47)
understand and link stress to inflammation | km run) enrichment kits for low abundant proteins after marathon, related to inflammation
Human salivary | Evaluation of the role of the ANS in acute | Acute psychological stress in | 2-DE and spot excision Known biomarkers of stress exhibited | (726)
samples stress in university students the form of an oral exam significant change
Human salivary | Unravelling of the biomolecular | Simulated acute & chronic | No protein enrichment > 300 proteins significantly altered, immune | (434)
samples components which links physical and | war stress and metabolic perturbation
cognitive performance in soldiers
Rat serum & | Examination of serum proteins which link | Chronic restraint stress & | Cell preparation using panning and | New insight into molecular mechanisms | (278)
splenic tissue chronic stress and the immune system, | exhaustive swimming microbeads, SCX fractionation gained, 121 proteins changed between groups,
whilst identifying candidate biomarkers metabolism plays a major role
Rat liver tissue Gaining a better understanding of the | Chronic restraint stress No protein enrichment 2 176 proteins identified, 98 differentially | (379)
relationship between liver expressed, new insight into potential
dysfunction/injury and depression pathophysiological mechanisms
Rat saliva Understanding the mechanisms which link | Chronic restraint stress Centrifugal filtration, 2-DE & spot excision Bacteria & seven oral proteins significantly | (491)
chronic psychological stress and oral altered between groups,
disease
Rat hippocampi Investigation of extreme psychological | Foot shock stress No protein enrichment Overall protein changes indicative of redox | (171)
trauma, stress susceptibility and mental changes, top protein changes were also
illness (PTSD) validated proteins, potential relation to stress
observed
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Rat hippocampi Elucidating the pathogenesis of MDD Chronic unpredictable mild | SCX fractionation Alteration of proteins involved in synaptic | (733)
stress transmission, coupled with metabolic &
enzymatic changes
Rat hippocampi Evaluating  hippocampal function in | Chronic mild stress Density  gradient  centrifugation  for | 21 mitochondrial proteins significantly altered, | (706)
depression, as well as synaptic plasticity synaptosome enrichment, SCX | suggestive of oxidative phosphorylation
fractionation implication
Rat hippocampal | Examination of the hippocampal proteome | Chronic social isolation Electrophoretic separation of proteins Global, cytosolic and metabolic protein | (200)
hemispheres profiles in depression changes, UPP implication, potential biomarkers
Rat hippocampus Identification of molecular changes | Chronic social defeat stress 2-DE followed by spot excision Several changes in protein expression (93)
induced by constant psychosocial stress
Rat nucleus | Anti-depressant effects of the environment | Acute restraint stress Delipidation, 2-DE followed by spot | Change in ERK, MAPK & PI3K/Akt pathways, | (193)
accumbens and its relation to stress, examining excision 14-3-3 protein alteration and relation to
pathways such as CREB phosphorylation, energy metabolism alteration
Mouse limbic brain | Examining the molecular changes in limbic | Chronic social stress Delipidation, abundant protein depletion via | 51 altered proteins, widespread molecular | (256)
regions & serum regions for insight into stress and MDD spin cartridges changes, 3 specific protein alterations in serum
Mouse prefrontal | Revealing the correlation between the | Chronic social defeat stress SCX fractionation Inflammasome pathway alteration and proteins | (360)
cortex pathophysiology of MDD and inflammation involved in inflammation
Zebrafish The effect of depression and mood | Chronic unpredictable stress SDS-PAGE protein separation and | 58 protein alterations, implication of mMTOR and | (529)
telencephalon disorders on neurogenesis visualization by Coomasie staining followed | opioid signaling pathways
by spot excision
Zebrafish brain | Molecular basis of anxiety and depression | Chronic unpredictable stress 2-DE, spot excision 18 proteins deregulated which link to anxiety, | (98)
samples w.r.t. neuroglia mitochondrial changes and decreased

neurogenesis
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1.6.2.3 Mass spectrometry as a high-throughput technique

MS is a key high-throughput technique used to determine the mass-to-charge ratio
(m/z) of ionic species (36, 244). The high specificity and detection range of this
technique enables protein identification in the femtomolar concentration ranges (141).
Every proteomic experimental procedure comprises of a step involving MS (100) and
it contains three main parts, i.e. (1) molecules transitioning to gas phase ions via an
ion source, (2) separation of such ions based on their m/z values in the presence of a
magnetic field released by a mass analyzer, and (3) the measurement of the amount
of ions separated by virtue of their values by a detector (36, 100). Multiple MS
processes can take place in one experiment whereby the mass analyzers are used in
tandem (36).

Tandem MS (MS/MS) is regularly employed in biomedical research involving
proteomics workflows (459). Here, mass analyzers are connected by a collision cell
where precursor ions of a specific m/z ratio are selected to collide with gas molecules
(3, 459). This results in fragmentation into smaller product ions for identification, which
provide information on the make-up of the peptide in the form of MS/MS spectra (3,
319). Bioinformatic processes are then incorporated into the workflow to interpret the
spectral data (189).

1.6.2.4 Data analysis

The analysis of MS/MS data is a very important step in the proteomics pipeline
(189), as well as a complex multistep process (100). It includes the processing
of raw spectral data to extract relevant information, querying a sequence
database for peptide selection, scoring of peptides against in silico spectra and
validation of the identified peptides and proteins (164). Various commercial and
open-source database search tools exist (307), which include Sequest (188),
MaxQuant (134), MyriMatch (637) and MSFragger (345). Such search engines
may Yyield varying results as they are based on different algorithms (164). The
choice of a search tool(s) is therefore a very important aspect of such studies.
Although they may differ in data output, most of them still retain the same basic
functions (189). For example, the database search tool employs a sequence
database from which it selects peptides that can be matched to MS/MS spectra

(189). The sequence database is usually in FASTA format containing all the
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known proteins of the organism (133) and is often acquired from UniProt (130).
Specification of the enzyme employed for digestion is necessary to generate
such peptides in silico, followed by spectral matching (189). Contaminants are
often added to the sequence database which assist with identifying peptides
which are not of host origin and explaining the spectra obtained in relation to
them (189). Furthermore, decoy sequences are added by reversing the
sequence database (8). This enables a threshold of a false discovery rate (FDR)
to be achieved that allows for a statistical estimation of the amount of false

positive identifications (187).

Fixed and variable modifications are set within the database search tool. An
example of a fixed modification is setting the mass change of cysteine due to the
alkylation step in sample preparation (355), whereas a variable modification includes
the oxidation of methionine, deamidation or phosphorylation (84, 189, 487). This
therefore assists with PTM identification (84). Additional important parameters for
search input include peptide/precursor mass tolerance, as well as fragment mass
tolerance (189). The former is essential for identifying candidate peptides of which the
highest-ranked is compared to a MS/MS spectrum (189). The latter helps to assign a
peptide spectrum match (PSM) which has a score relaying the probable correctness
of the observed peptide identification (283). Further validation of the data is crucial for
confident statistical analysis of the peptide sequences and the probabilities of their
inferred proteins (189), and the method chosen here may vary between researchers
as different algorithms exist for this (164). Examples of these include PeptideProphet
for peptide validation (326) an ProteinProphet for protein validation (461). Moreover,
the investigator defines a threshold for acceptance of the generated information that
will ultimately be reported to the scientific community (283). There is no clear
consensus regarding the optimal choice in search strategy that should be employed
(189). However, each user should construct a bioinformatics workflow in relation to

their research question(s) and in line with the available resources.

1.7 AIMS AND OBJECTIVES
We aim to establish and validate two distinct methods of enrichment for
phosphoproteins and glycoproteins. These will be tested using a purified protein and

serum from our in-house model of chronic restraint stress. The eluted fractions will
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then be analyzed using MS to further assess the efficacy of our unique enrichment
techniques in comparison to standard enrichment techniques. The specific aims of this

study are:

. To construct a unique method of intact phosphoprotein enrichment. Here, the
Zirconium (Zr)-IMAC beads from Resyn Biosciences will be employed, while the
original protocol for phosphopeptide enrichment will be altered to prevent protein loss
and to retrieve intact phosphoproteins. The efficacy of this technique will be assessed
using SDS-PAGE analysis. Suitable positive and negative controls will be included,
i.e. a) the enrichment of the phospho-residues present in hen egg ovalbumin (OVA)
with Zr-IMAC beads as a positive control, and b) beads not binding phosphoproteins

will be employed as a negative control.

. To create and assess the suitability of lectin-functionalized magnetic beads for the
retrieval of glycoproteins. For this aim, carboxyl beads from Resyn Biosciences will be
employed onto which a lectin (concanavalin A [ConA]) will be covalently coupled. As
ConA possesses an affinity for a specific glycan moiety present on OVA, it will be used
as a positive control to determine the suitability of the technique. The carboxyl bead

without the lectin attached will be employed as the negative control.

. To enable tryptic digestion of the enriched glycoproteins prior to LC-MS by employing
chemical deglycosylation. Here, trifluoromethanesulfonic (TFMS) acid will be added to
OVA to assess the success of deglycosylation and identifying whether protein
degradation occurred. In addition, rodent serum will be deglycosylated and the overall
assessment of this technique be done using SDS-PAGE with fluorescent staining to

visualize protein stability and glycan loss.

. To investigate the efficacy of these unique enrichment methods by comparison to
standard bottom-up enrichment techniques. Here, a Q Exactive mass spectrometer
will be employed to generate data that will be analyzed using MS Fragger and the
Philosopher toolkit. This should assist with assessments of the enrichment
technique(s) for isolated phosphopeptides and glycopeptides, respectively, and also
to compare our proposed mode of enrichment. Quality control analysis of the workflow

will be evaluated by examining the number of spectra obtained from the RAW files and
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incorporating a suitable positive control. Furthermore, the ability to enrich for the
specified and modified peptides will be done by investigating the number of peptide
spectral matches (PSMs) identified in each technical repeat and the number of
glycosylated/phosphorylated peptides observed in each repeat. A comparison
between the enriched and unenriched (control) populations will be made to determine

the overall efficacy of the technique in serum.

50



Stellenbosch University https://scholar.sun.ac.za

} Chronic restraint stress |
- v _

?1‘—»‘—

"i Serum collection |
Glyco-enrichment

@ F S——

rbiriegege

Phospho-enrichment

Zirconium-functionalized @ Carboxyl-functionalized
bead bead & lectin
* SDS-PAGE *
".-__-"EL'LL-_{_}'_IL'\"Q'
Ovalbumin Ovalbumin

LC-MS/MS

—

@ Bioinformatics

P R

Figure 1.5. A summarized visual representation of our workflow. Step 1: Acquisition of serum from
stressed rats; Step 2: Phosphoprotein and glycoprotein enrichment; Step 3: Evaluating unique methods
by SDS-PAGE and staining from OVA enrichment; Step 4: Data acquisition using LC-MS/MS; Step 5:
Data processing. Zr, zirconium; COOH, carboxyl group; SDS-PAGE, sodium dodecyl sulfate
polyacrylamide gel electrophoresis; LC-MS/MS, Liquid chromatography tandem mass spectrometry.
Image created using Biorender.com.
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CHAPTER 2 - PHOSPHOPROTEIN ENRICHMENT USING ZR-IMAC
MAGNETIC MICROPARTICLES
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2.1 INTRODUCTION

Protein phosphorylation is one of the most extensively studied PTM and hence
underscores its integral physiological role (29). This occurs principally on Ser, Thr and
Tyr residues in eukaryotes, in a ratio of 1800:200:1, respectively (386). Of note, up to
30% of the human proteome can be phosphorylated at any given time point and it is a
dynamic process as rapid changes (in phosphorylation) are essential for normal
cellular functioning (29, 400). However, atypical modifications are linked to diseases
such as CVD, T2D and neurodegeneration (102, 122, 268). In the context of
psychosocial stress, phosphorylation influences the localization of the GR (329), while
MAPK, ERK and JNK pathways are known to also be involved in this instance (43,
190) (refer Chapter 1). Moreover, chronic restraint of male Wistar rats revealed
decreased neural ERK phosphorylation that could potentiate abnormalities in cell
proliferation and survival (689). These findings alert to the potential detrimental role of
abnormal phosphorylation in the context of chronic psychosocial stress. It also draws
attention to the potential utility of this particular PTM as a putative clinical tool for
monitoring various health outcomes. However, its analysis is complicated as such
modifications occur in relatively small amounts (370) and hence this requires unique

sample preparation techniques such as phospho-enrichment.

2.1.1 The enrichment of phosphoproteins

Although up to 30% of the proteome can be phosphorylated (400), the wide dynamic
range of biological samples decrease the detection of such important PTMs (612).
Furthermore, the complexity and high dynamic range of the serum proteome lowers
the stoichiometry of phosphorylation and masks its identification (502), therefore
enrichment methods are needed to improve their analysis (412). Prefractionation can
also be employed prior to enrichment, such as SAX or SCX chromatography, as well
as HILIC (201). Strong anion exchange chromatography is often used to retain
phosphoproteins as the negative charge present on the phosphate molecule
possesses an affinity for the positively charged matrix (400). However, additional
steps in sample preparation can result in protein losses and a subsequent decrease
in terms of its detection (70, 201). Overall, phosphoprotein enrichment is based on
electronegativity and hydrophilicity with contributions by the phosphate molecule (201,
400).
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2.1.2 Phosphopeptide versus phosphoprotein enrichment

Enrichment at the peptide level offers numerous advantages. These can occur due to
their lesser structural complexity compared to proteins, compatibility with
chromatographic methods, easy identification and usefulness for singular organelles
(201). A disadvantage of such peptide applications is a decrease in confidence for
protein identification and biomarker discovery (325) (refer Chapter 1). Protein level
enrichment can potentially bypass this limitation (96), with IMAC and metal oxide
affinity chromatography (MOAC) regularly employed because of their high sensitivity
and selectivity (42, 44). However, this is not without drawbacks as their complexity in
relation to peptides can lead to difficulties in terms of sample preparation. Protein
enrichment is relatively underdeveloped in comparison to the dominantly used bottom-
up approaches (96, 285). However, this has been performed for phosphoprotein
experiments (103, 285, 542) where some were done using the serum proteome (301,
302, 377). For example, researchers successfully employed Fe3*-IMAC material to
enrich serum phosphoproteins. It is important to note that the researchers chose to
deplete their crude serum using the Multiple Affinity Removal System column before
enrichment. The caveats of incorporating such commercially available systems and
the inclusion of additional processing steps are further discussed in Chapter 1.
Nevertheless, these findings show that metal affinity chromatography exhibits great
potential for protein enrichment.

2.1.3 Metal oxide affinity chromatography

The affinity of phosphate groups for metal oxides form the basis of MOAC enrichment,
where the mechanism of Lewis acid-base interactions and the phosphate group
adopting a bidentate binding mode takes place (373). This interaction occurs through
the amphoteric nature of metal oxides which allows the capture of peptides at low pH,
and the elution thereof at a relatively high pH (176, 373). Titanium dioxide was the first
to be applied, followed by others such as Zr dioxide, iron (I1,11l) oxide and aluminium
oxide (109, 356, 382, 505). This material is more tolerant to buffers and detergents
such as those containing ethylenediamine tetraacetic acid (EDTA) which chelates
metal ions involved in IMAC (304). However, various manufacturers’ products often
yield different results despite employing the same metal oxides (31, 92). It is also
possible for differences in affinity between these groups, as singly and multiply
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phosphorylated peptides are enriched in differing orders of magnitude (201).
Mesoporous materials are selected as the matrix of choice for both IMAC and MOAC
due to their higher surface area and increased reactive sites (386, 404, 641). Despite
the similarity between the two enrichment techniques, some studies also found

differences in terms of their specificity (32, 227).

2.1.3.1 Immobilized metal affinity chromatography

IMAC enrichment techniques are based on the interaction between positively charged
metal cations and the negatively charged phosphate group (201, 386). This strong
interaction prevents the leakage of metal ions and was initially used for
phosphoprotein enrichment, although numerous studies published data on peptide
enrichment due to its overall ease of operation (359, 382, 512, 666). Peptide-level
enrichment assists in the easy binding and elution of phosphates through both low pH
and high pH levels, respectively (201). These pH levels are not suitable for protein
enrichment as it will result in overall protein precipitation (201). Another disadvantage
includes the bias observed between metal ions for either singly or multiply
phosphorylated peptides. Gallium has been noted to bind multi-phosphorylated
peptides, whereas ferric iron is known to collect those remaining (666). Moreover, the
method used to chelate these cations to the matrix (either iminodiacetic acid or
nitrilotriacetic acid) exhibits further differences in terms of binding (257, 462, 512, 713).
These reasons contribute to its rare usage at the protein level. However their long
traditional use, ease of operation and large amount of available data (at peptide level)
compared to other methods supports the standard choice of this material (201, 385,
386).

In addition to overcoming the complications associated with the dynamic range
of serum (mentioned in Chapter 1), enriching for undigested phosphoproteins enables
a higher chance of confident identification (80, 96). Resyn Bioscience’s MagReSyn®
high performance Zr-IMAC magnetic microparticles were chosen for this application.
Since Zr** is a high valence metal cation, its coordination specificity with phosphates
are unique and enables it to bind to numerous phosphorylated residues (257). In this
case, the metal ion is bound to activated phosphonate groups connected to a flexible
linker that increases stability and limits steric hindrance (402, 631). It was also shown

to have little to no bias towards singly and multiply phosphorylated residues (31).
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Increased stability over time is another reason why this was chosen over traditional
titanium(lV)-IMAC material (31). To the best of our knowledge, no intact protein
enrichment experiments have been done using Zr-IMAC material, and specifically
using ReSyn Biosciences’ high performance zirconium beads. As these were only
been employed for phosphopeptide enrichment (31, 351, 729), optimization of the
current protocol was necessary as the buffers employed for peptide experiments are

unsuitable for intact protein retrieval.

2.1.3.2 The presence of nucleic acids in serum

The loss of phosphoproteome information can occur due to the presence of nucleic
acids (387). This is because these macromolecules contain abundant phosphate
groups that can bind to the IMAC/MOAC material and hence negating phosphopeptide
enrichment (452). Serum DNA and RNA can be derived from bacteria and viruses,
cell and tissue apoptosis/necrosis, blood cell breakdown, extracellular vesicles and
other cell-free sources (218). For this reason, relatively low levels of nucleic acids are
usually found in serum. This can range between 1.8 — 474 ng/mL DNA and 2 — 12
ng/mL RNA (277, 352, 354, 383), while relatively higher serum DNA levels were
observed in disease states such as cancer (354). However, the latter was not
applicable to our rat CRS model. It is important to note that the concentration of serum
proteins is 60 mg/mL — 80 mg/mL (87), meaning a 6-fold greater abundance compared
to circulating nucleic acids. Despite this, we performed an extraction of DNA and RNA

fractions to determine their levels in our serum samples.

2.2 AIMS AND OBJECTIVES

The aim of this chapter is to establish an intact phosphoprotein enrichment method.
Here, unique Zr-IMAC particles will be employed as the material for enrichment, where
the original protocol (designed for peptide enrichment) will be altered to enrich for
intact proteins. A phosphorylated protein, namely OVA (335), will be incorporated as
the positive control. The negative control will be magnetic beads that only consists of
the phosphoryl backbone present on its surface. Moreover, Zr-IMAC beads which
were previously employed for OVA enrichment will be reused to test whether the
adapted elution method was successful. The analysis of this method will be done using
SDS-PAGE.
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2.3 MATERIALS AND METHODS

Although the product and supplier details are stated in this section, information
regarding buffers consisting of multiple constituents are listed in the relevant

appendices.

2.3.1 Chemicals and Materials

Hen egg OVA (A5503, Sigma-Aldrich, St. Louis, MO, USA) was chosen to assess the
enrichment experiments. Here, Zr-IMAC beads (MR-ZHP002, ReSyn Biosciences
Ltd., Gauteng, SA) were tested to enrich intact proteins and were the positive control.
Resyn’s Phosphoryl beads (MR-PHOS-SAMPLE, ReSyn Biosciences Ltd., Gauteng,
SA) were employed as the negative control. TRIzol® Reagent (15596026, Thermo
Fisher Scientific, Waltham, MA, USA) was employed for RNA and DNA extraction.

2.3.2 TRIzol extraction

The extraction of DNA and RNA was performed according to the manufacturer's
instructions (Appendix B). Protocol alterations were similar to those of Trakunran et al.
(2019) as they employed rat serum for their miRNA experiments (662). The protein
content of the chosen male rat serum was measured using the A280 function on a
NanoDrop™ One (ND-ONEC, Thermo Fisher Scientific, Waltham, MA, USA). Briefly,
250 pL of male rat serum was added to 750 pL of TRIzol® reagent and mixed by gentle
inversion, followed by 15 minutes of incubation. Two hundred microliters of chloroform
(C2432, Sigma Aldrich, St. Louis, MO, USA) was added to the mixture followed by
gentle inversion and 5 minutes of incubation. The mixture was then centrifuged
(Eppendorf® Centrifuge 5810 R, Hamburg, Germany) at 12 000 x g for 15 minutes at
4°C. After this, an upper aqueous phase, interphase, and lower red phenol-chloroform
phase became visible. The upper aqueous phase was transferred into a new tube to
which 500 pL of isopropanol (19516, Sigma Aldrich, St. Louis, MO, USA) was added.
All other RNA extraction steps proceeded as indicated in the manufacturer's
instructions, except for air-drying time which occurred for 20 minutes. For protein
extraction, the interphase was removed and put into a new tube after removal of the
aqueous phase. Three hundred microliters of 100% ethanol (E7023, Sigma Aldrich,
St. Louis, MO, USA) was added and the tube was gently inverted for sufficient mixing.

The mixture was then centrifuged at 2000 x g for 5 minutes at 4°C. This ensured that
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the DNA formed a pellet, and the supernatant (protein fraction) was transferred to a
new tube for processing. All further centrifugation, wash and resuspension steps took
place according to the original protocol; however, 100% ethanol was employed for
washing the protein fraction. The DNA pellet was resuspended in 1 mL of 0.1 M sodium
citrate (S4641, Sigma Aldrich, St. Louis, MO, USA) in 10% ethanol, pH 8.5. All steps
after this were completed according to the original protocol (Appendix B). The end-
point measurements were taken with the Nanodrop One, with an A280 measurement
employed for protein concentration determination, and the respective settings for the
DNA and RNA measurements. This experiment was repeated on three separate

occasions.

2.3.3 Phosphoprotein enrichment

Alterations were made to the original protocol to suit enrichment on an intact protein
level. These include buffer substitutions, increased incubation periods and altered
washing and elution procedures. The original and final altered protocol is provided in
Appendix B. The original protocol employed an acidic solution for binding, and a basic
solution for elution (536) which could not be incorporated for intact protein enrichment
as this would result in protein precipitation and loss (201). The buffer substitutions and
reasons for it are detailed in Table 2.1.

Table 2.1. A comparison between the originally specified buffers and their replacements,
including the reason for their substitutions. NA, not applicable.

Protocol buffers

Purpose

Replacement

Explanation

Loading buffer

0.1 M glycolic acid, 80%
acetonitrile, 5%
triflouroacetic acid (also
employed as the
solubilization buffer)

0.1 M glycolic acid in
10 mM ammonium
acetate solution, pH 7

This was used for the sole purpose of
equilibrating the beads before sample loading.
The ammonium acetate was incorporated as it is
volatile and used for LC-MS experiments (344).
Acetonitrile and trifluoracetic acid were excluded
due to their potential contribution to protein
precipitation.

Wash buffer 1

80% acetonitrile, 1%

trifluoroacetic acid

10 mM ammonium
acetate, pH 7

Utilized for washes and sample solubilization
instead of the proposed organic solvent and acid,
for reasons mentioned previously.

Wash buffer 2

10% acetonitrile, 0.2%
trifluoroacetic acid

NA

NA

Elution buffer

1% ammonium
hydroxide

10 mM EDTA, pH 7

A strong base could not be used for elution as it
could result in protein precipitation, therefore
EDTA was chosen due to its strong chelating
ability (228) which could elute the bound protein
by removing the Zr ion.
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Fifty micrograms of OVA were solubilized in 10 mM ammonium acetate (pH 7,
AM9070G, Thermo Fisher Scientific, Waltham, MA, USA) for both enrichment and
phospho-fluorescence detection. Twenty microliters of Zr-IMAC, MagResyn
Phosphoryl and previously used Zr-IMAC (now referred to as “stripped”) beads were
removed from their respective vials and separated from the solution prior to
equilibration using a magnetic separator (MagReSyn®, ReSyn Biosciences Ltd.,
Gauteng, SA). The volumes removed were based on the recommendations of the
original protocol. The stripped beads were washed three times with wash buffer 1 to
ensure removal of any residual protein from a previous experiment. Thereafter, all the
material was washed once with 0.1 M glycolic acid (124737, Sigma-Aldrich, St. Louis,
MO, USA) in 10 mM ammonium acetate (pH 7), followed by two washes with wash
buffer 1. This was done to remove any excess glycolic acid present in the tube.
Thereafter the incubation with sample occurred for 3 hours at 4°C on a rotational mixer
(Labnet International, Inc., Edison, NJ, USA). Once complete, the supernatant
(unretained fraction) was removed and the material was washed once with loading
buffer (glycolic wash fraction), followed by the removal of unbound proteins with wash
buffer 1 (wash fraction). Lastly, proteins were eluted with 10 mM EDTA (pH 7,
CalBiochem 34103, Sigma Aldrich, St. Louis, MO, USA) for three separate washes of
10 minutes each, and the elutes were pooled to a form a single fraction. This fraction,
as well as the unretained and two separate wash fractions, were lyophilized and stored
for later analysis. All lyophilization took place in a bench top freeze dryer (VirTis
BenchTop Pro Freeze Dryer, SP Scientific, Warminster, PA, USA). Storage of the
dried fractions prior to SDS-PAGE was at -80°C.

2.3.4 Protein determination, SDS-PAGE analysis and staining
Both a Bradford assay and BCA assay kit (23225, Thermo Fisher Scientific, Waltham,

MA, USA) were completed to determine the protein content present in the various
fractions. The Bradford assay was done according to the protocol produced by Dr.
Danzil Joseph (Department of Physiological Sciences, Stellenbosch University),
whereas the manufacturer’s instructions were followed for the BCA assay (refer
Appendix D for both protocols). Absorbance was measured at 595 nm using a
spectrophotometer (E-SP1000-V-P, Eins-Sci, Gauteng, SA) and 562 nm using a
FLUOstar Omega UV/vis Microplate Reader (Ortenberg, Germany) for the Bradford
and BCA assays, respectively. SDS-PAGE analysis was employed to inspect the
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efficiency of phosphoprotein retrieval. The appropriate steps were followed according
to the protocol received from Dr. Danzil Joseph (Department of Physiological

Sciences, Stellenbosch University) (refer Appendix D).

2.3.4.1 Laemmli sample preparation

The dried samples were resuspended in ultrapure water and combined in a 1:1 ratio
with 2X Laemmli buffer (details in Appendix D). Such prepared samples were heated
at 95°C for five minutes, put on ice and stored at -20°C for up to a week before gel
loading.

2.3.4.2 Protein loading and staining

A 10% hand-cast gel (refer Appendix D for gel constituents) was utilized for OVA
visualization, while a 4% — 20% precast gradient gel (456-1094, Bio-Rad Inc.,
Hercules, CA, USA) was used for the phospho-fluorescent image analysis of OVA.
The first lane always consisted of the protein ladder (26616, Thermo Fisher Scientific,
Waltham, MA, USA) and the proteins were separated using the Bio-Rad PowerPac300
(Bio-Rad Inc., Hercules, CA, USA) set at 120 V for approximately one hour. Once
separated, the gel which required fluorescent visualization was stained with a specific
commercial Pro-Q Diamond fluorescent stain (Invitrogen™, P33301, Thermo Fisher
Scientific, Waltham, MA, USA) by following the required protocol (Appendix D). Briefly,
the gel was fixed in a 10% glacial acetic acid and 50% methanol solution for one hour,
followed by three washes in ultrapure water. Pro-Q staining occurred for 90 minutes,
with 50 mM sodium acetate and 20% acetonitrile (pH 4) used for destaining for 90
minutes. Ultrapure water was once more employed for 10 minutes of washing before
fluorescent imaging. All images were documented using the ChemiDoc™ MP Imaging
System using Image Lab™ software (Universal Hood Ill, Bio-Rad Laboratories Inc.,
Hercules, CA, USA). Fluorescent imaging was recorded by utilizing the Pro-Q
Diamond setting (filter 3, green epi-illumination) and thereafter gels were immersed in
a Coomassie stain (ab119211, Abcam, Cambridge, UK) for at least 15 minutes until
the bands were fully visible. This image was taken using the Coomassie protein gel
setting with white transillumination. Here, the gel was placed on a white light
conversion screen (1708289, Bio-Rad Inc., Hercules, CA, USA) (refer Figure 2.1 for

phosphoprotein retrieval and analysis). The stain free setting was chosen to image the
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hand cast gel. Every wash and incubation step took place in polypropylene holders
placed on rotational mixers (FMH200, Labotec, Gauteng, SA).
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Figure 2.1. A visual summary of the workflow for evaluating the efficacy of phosphoprotein enrichment. Step 1: Incubation of sample with microparticles;
Step 2: Unretained fraction removal; Step 3: Material washing and unbound fraction removal; Step 4: Elution; Step 5: Lyophilization; Step 6: SDS-PAGE and

staining analysis. SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis. Image created in Biorender.com.
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2.4 RESULTS

2.4.1 OVA results

Figure 2.2 shows the total protein and OVA phospho-fluorescent image. The total
protein results of the Zr-IMAC beads OVA experiments are displayed in Figure 2.3A,
whereas the negative control and stripped beads are shown in Figure 2.3B. The
Coomassie-stained gel revealed an OVA band at ~45 kDa (Fig 2.2A), while the
phospho-fluorescent staining showed a strong signal at ~45 kDa (Fig 2.2B). The

original uncropped gel images are provided in Appendix B.

2.2A 2.2B

55 kDa =

Figure 2.2. 4% - 20% gradient gel displays the (A) total protein stain of OVA and (B) the fluorescent intensity
of OVA. A - Lane 1: Protein ladder; Lane 2: OVA. B — Lane 1: OVA fluorescence.

1 2 3 4 5 2.3B 1 2 3 4 5 6 7 8

Figure 2.3. Stain free 10% mini-protean gels which display the efficiency of the intact protein enrichment
technique. 2.2A represents the new Zr-IMAC beads which were employed as a positive control, whereas 2.2B
represents the negative control (lanes 2-5) and stripped beads (lanes 6-9). A - Lane 1: Protein ladder; Lane 2:
Unretained fraction; Lane 3: Glycolic wash fraction; Lane 4: Unbound fraction; Lane 5: Eluted fraction. B — Lane 1:
Protein ladder; Lane 2: Unretained fraction; Lane 3: Glycolic wash fraction; Lane 4: Unbound fraction; Lane 5:
Eluted fraction Lane 6: Unretained fraction; Lane 7: Glycolic wash fraction; Lane 8: Unbound fraction; Lane 9:
Eluted fraction.
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2.4.2 Nucleic acids in rat serum

Table 2.2 represents the protein, DNA and RNA measurements obtained from the
three separate TRIzol extraction experiments. Relatively high protein concentrations
were observed for unprocessed serum and for TRIzol-extracted proteins compared to

extracted nucleic acids.

Table 2.2. Protein (including unprocessed from serum), DNA and RNA concentrations obtained

from the Nanodrop One are listed, including purity ratios. NA, not applicable.

Repeat | Sample type Concentration | A260/A280 | A260/A230

1 Protein (unprocessed serum) 40 mg/mL 0.64 NA
Protein 9 mg/mL 0.74 NA
DNA 16 ng/uL 1.1 0.19
RNA 21 ng/pL 15 2.3

2 Protein (unprocessed serum) 42 mg/mL 0.64 NA
Protein 2.21 mg/mL 0.65 NA
DNA 1.2 ng/pL 0.92 0.2
RNA 1.4 ng/uL 1.418 0.027

3 Protein (unprocessed serum) 41 mg/mL 0.64 NA
Protein 2.26 mg/mL 0.69 NA
RNA 1.7 ng/pL 0.835 0.034
DNA 0.59 ng/uL 0.54 0.037

2.5 DISCUSSION

Protein phosphorylation is a pivotal regulator of numerous intracellular functions
through various signaling cascades (525). Research suggests that its dysregulation is
involved in the pathogenesis of diseases such as cancer, neurodegeneration and
CVD, as well as potentially linking psychosocial stress and pathology (122, 391, 509,
553, 645) (refer Chapter 1). However, its analysis poses significant challenges due to
the masking effects of high abundance proteins (386). Techniques such as affinity
chromatography must therefore be employed to enrich such specific populations to
then gain mechanistic insights into the role of dysregulated phosphorylation and
diseases onset and progression. In unison with the aim outlined in Chapter 1, the aim
of this chapter was to establish and validate a unique intact phosphoprotein retrieval
method.
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2.5.1 The efficiency of the unique phosphoprotein enrichment technique

The proposed unique phosphoprotein enrichment technique was tested using OVA
which is known to be phosphorylated (335). Moreover, protein determination of the
various fractions yielded inconsistent results (refer Appendix B) which could be due to
the chemical nature of each method, the detectable limits (116, 589) and the protein-
to-protein variation involved for detection (i.e. BSA versus OVA measurements) (651).
The phosphorylation of OVA was first investigated by SDS-PAGE fluorescent staining.
This was done as dephosphorylation may occur in the absence of protein
phosphatases (254). We therefore analyzed this on a 4% - 20% gradient gel and it
was evident that OVA was phosphorylated (Figure 2.2B). Moreover, the protein was
stored at 4°C and not subjected to extreme conditions which could have resulted in
phosphate loss.

The intact protein enrichment technique was assessed using SDS-PAGE
analysis. Figure 2.3A represents the positive control employed (Zr-IMAC beads with
OVA) and shows the potential of the IMAC material to enrich 50 pg of intact
phosphoprotein, as there are no other bands present in lanes 2-4. However, when
assessing the results of the negative control (Figure 2.3B), the phosphoryl beads
bound all the OVA with which it was incubated. This type of bead should not bind any
protein as it does not possess the Zr#* ion that attracts the negatively charged
phosphate moiety of proteins. An explanation for this occurrence could be the
mesoporous structure of the bead, as many enrichment strategies employ porous
particles for greater surface area to provide increased binding (713). Coupled with the
complexity of native proteins compared to peptides (201), OVA may have lodged
within the pores of the bead. The longer incubation and constant agitation of the elution
step could then have resulted in the retrieval of OVA. This demonstrates that the
mechanism of interaction between the microparticle and the intact phosphoprotein is
non-specific. In addition, the adapted elution procedure utilizing EDTA may not be
useful as the stripped beads could retrieve OVA and could indicate that the new elution

mechanism is unable to chelate the Zr** ions.
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2.5.2 The presence of nucleic acids in rat serum

The presence of nucleic acids in biological samples could interfere with phospho-
retrieval techniques for proteomics (201). With regards to serum, literature indicates
that the levels of nucleic acids are relatively low (218, 352, 383). A TRIzol extraction
was utilized to assess the levels of nucleic acids in our rat serum to ensure that this
would not interfere with enrichment. Table 2.2 displays the results obtained from this
experiment. The purity ratios for all three experiments were not optimal. An A260/280
ratio for DNA and RNA of ~1.8 and ~2.0, respectively, would usually be considered as
pure (652). The obtained ratios for all three repeats demonstrate the presence of
contaminants such as protein and phenolic compounds (406, 653) of which the latter
forms part of the TRIzol reagent (541). Experiments 1 - 3 produced less protein than
was first determined in the unprocessed serum. Variance between replicates may
have influenced the macromolecular measurements as all three replicates were
obtained from different male rats. In addition, pipetting errors may have occurred and
also result in the variable measurements. Despite the relatively low levels of nucleic
acids found in the rat serum (on three different occasions), protein levels were still 6-
fold higher. Thus, for for the phosphoenrichment of serum we conclude that the

presence of nucleic acids would cause minimal to no interference.

2.6 CONCLUSION

The results from our OVA enrichment with Zr-IMAC beads demonstrate that intact
phosphoprotein retrieval is non-specific and thus not feasible to pursue. There is an
even higher probability of non-specific enrichment occurring in samples such as serum
that display a relatively high dynamic range. The implementation of a technique which
is meant for phosphopeptide enrichment is therefore not recommended for protein
retrieval. Lastly, enriching serum phosphoproteins/peptides should not be hindered by

the presence of serum nucleic acids as their levels are relatively low.

2.7 LIMITATIONS AND FUTURE RECOMMENDATIONS

The main limitation is that Zr-IMAC material intended for phosphopeptide retrieval
was employed for protein enrichment and hence future experiments should employ
other methods such as that described by Jaros et al. (2012, 2015) for phosphoprotein
enrichment (301, 302). Iron-oxide (285, 542) and cobalt ferrite (103) nanoparticles
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were also employed for phosphoprotein enrichment and thus smaller particles should
be used in the place of microparticles. The Zr-IMAC particles should therefore only be

utilized for phosphopeptide retrieval as done previously (351, 571, 729).
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CHAPTER 3 - THE ENRICHMENT OF GLYCOPROTEINS USING LECTIN
AFFINITY CHROMATOGRAPHY
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3.1 INTRODUCTION

Glycosylated proteins attract interest from the scientific community due to their integral
role in various biological processes (533). This complex form of PTM refers to the
enzyme-catalyzed reaction whereby a glycan moiety is attached to the peptide
backbone, resulting in a biological response (533, 698). The overall roles of
glycosylation include alterations in cell-to-cell communication, protein folding and
immune reactions (477, 698). It is known that glycosylation is one of the most common
and heterogenous forms of PTMs in the proteome (540, 574). Such modifications also
play a role in pathology as evidence shows that their aberrant attachment leads to
congenital disorders, CVD and cancer (436, 477, 495, 533, 679).

Despite their relative importance, protein enrichment from samples with a high
dynamic range remains a dilemma due to the masking effects of highly abundant
proteins. This results in difficulties in terms of its analysis and therefore enrichment
first needs to occur (540). Although the repertoire of glycopeptide/protein retrieval
techniques has expanded (385), a universal method in this instance still does not exist
(540). Moreover, commercially available enrichment kits are expensive and have
limited usage (217, 654). Thus, the choice of enrichment must be specifically designed
to match the aim and constraints of the intended study. For the current investigation,
the intact protein level enrichment method was chosen as it is applied in
glycoproteomics (194, 243, 661) and may assist with improved protein identification
later-on in the workflow (325). This method was designed to suit the capture of
glycoproteins from rat serum by first evaluating its efficiency with a test protein. This
was followed by the adaptation of deglycosylation as it forms an integral part of

glycoproteomics (46, 648).

3.1.1 Enrichment strategies for glycoproteins

Glycosylated protein enrichment regularly employs functionalized particles which
involve HILIC, hydrazide chemistry, boronate affinity chromatography, IMAC/MOAC
and lectin affinity chromatography (LAC) (68, 305, 380, 540, 661, 707). Each method
has its own advantages but is also not without disadvantages. For example, HILIC is
well-characterized and has been utilized in glycoproteomic sample preparation (287,
453, 485) as the attached glycan moiety imparts a degree of hydrophilicity which
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enables separation from an organic loading buffer (251). This technique was
previously involved in serum and plasma glycoprotein retrievals but only at the level
of peptide compliance (453). Furthermore, it is not the most favorable technique due
to the hydrophilicity of non-glycans and concealment of glycans (518) that can result
in non-specific interactions. Hydrazide chemistry is an additional and widely employed
technique for enrichment and requires periodate oxidation of sialyl groups that results
in an aldehyde with which hydrazide groups can react (482, 736). However, a
drawback includes side reactions that may occur during this process, as well as a lack
of specificity of this method (280, 385). It has also mainly been used for glycopeptide
enrichment (482).

Boronic acid-based enrichments utilize the affinity of boronic acids for cis-diol-
containing moieties (305). However, this approach is not useful for intact protein
retrieval as an alkaline pH is necessary for binding, coupled with dissociation at an
acidic pH (68, 707). The weak boronate ester bond also results in weak glycoprotein
adsorption, relatively poor selectivity and adsorption of non-glycoproteins (68, 305,
707). Immobilized metal affinity chromatography and MOAC may also be employed
for glycoprotein enrichment (362). This employs similar binding modes as discussed
in Chapter 2 where deprotonated carboxyl groups on Asp and Glu enable enrichment
(540). Metal oxide affinity chromatography material such as titanium dioxide particles
can also enrich for glycosylated residues which contain sialic acid (362, 485).
Conversely, immobilized metal affinity enrichment focuses on N-linked glycopeptides
as they can be enriched with iron (lll, IlI)-IMAC and titanium (IV)-IMAC (339, 362).
However, this has mainly been employed for glycopeptide enrichment (339, 362, 485,
486) and presents with similar limitations for protein enrichment as mentioned in
Chapter 2, such as low pH buffer usage (362, 485). These reasons do not exclude the

use of magnetic particles as support structures for enrichment methods such as LAC.

3.1.2 The use of lectins for affinity chromatography

Plant lectins have been widely used for decades and are considered one of the most
significant discoveries of the century (286, 458). These proteins are not only applied
for the separation of biological molecules, but also in clinical environments for drug
delivery (318, 331, 716). Such widespread usage stems from their ability to recognize

specific carbohydrate components on cell surfaces, proteins and lipids, as well as their
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sensitivity to changes in glycosylation patterns (194, 586, 715). All plant lectins exhibit
the ability to bind reversibly to a specific mono- or oligosaccharide through the
possession of a catalytic domain(s) (732). ConA, wheat germ agglutinin, jacalin and
ricinus communis agglutinin | are among the most popular ones (210). Drawbacks of
LAC include the weak interactions with glycoproteins and also that no lectin contains
an affinity for all potential glycan structures (194).

To combat the limitation of specificity, researchers make use of multi-lectin
affinity approaches for the enrichment of glycoproteins (243). For example, Totten et
al. (2018) employed three lectins on a HPLC system to investigate glycoprotein levels
in prostate cancer patients, while Durham et al. (2006) studied the human blood
proteome using lectin columns in a serial manner (178, 661). Furthermore, wheat germ
agglutinin only exhibits an affinity for GIcNAcylated residues. However if it is paired
with others such as ConA, a broader range of protein enrichment can be achieved
(540). ConA is the most extensively used lectin due to its ability to bind high mannose
residues arranged in a branched or terminal manner (58, 139, 237, 732). In light of
this, we chose to immobilize this lectin on a specific support structure for the

purification of glycoproteins.

3.1.3 Support structures for lectin affinity chromatography

The choice of support structure is pivotal for the application of LAC in sample
preparation workflows (243). Formats of support structures include monoliths, column
setups, silica particles, and magnetic microparticles/beads (45, 217, 458, 527, 640).
Silica particles are traditionally used for their high pressure resistance and variability
in particle and pore size. However, their application can include drawbacks such as
limited pH stability, and the presence of increased silanols which may interact with
basic compounds and result in decreased chromatographic performance (629).
Monoliths are a continuous porous sorbent which contains varying sized pores (243)
and offer advantages such as high permeability and high porosity, which also saves
time for analysis (180). However, irreversible binding, clogging and the loss of small
molecules decrease its efficacy (523). Commercial lectin affinity materials usually
consist of agarose-based materials (243) and exhibit low non-specific binding to

proteins and a hydrophilic surface area large enough for proteins to diffuse into.
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However, they are known for limited chemical, biological and mechanical stability (243,
272, 446) whereas magnetic microparticles are regularly used (13, 243, 517, 632).

Enrichment strategies for glycoproteins regularly adopt the use of magnetic
microparticles as they exhibit a wide variety of beneficial characteristics. These include
effective support of biological materials, high convenience, reversible binding and easy
resuspension and separation from complex mixtures (286, 570, 732). They are also
able to be combined with other proteins which increase binding capacity and
specificity, while retaining magnetic durability (732). Chromatographic techniques
using magnetic microparticles are well-established in various sample preparation
workflows (243, 397, 412, 454). Coupling lectins with magnetic particles has been
done previously, however, the use of these particles is not without limitations as
magnetic aggregation, variations between different batches of the same beads and
lack of reusability has been reported (412, 578). Despite this, they are relatively low-
cost compared to other support structures, easy to use, stable under numerous
conditions, useful for high-throughput experiments and easy to couple with multiple
sample processing steps (397, 578). Magnetic microparticles are therefore often the
first choice as a support structure in sample enrichment for cells, nucleic acids and
proteins (286). Moreover, when coupled with LAC this can be effective for glycoprotein

retrieval from complex samples such as serum (104, 414, 517).

The application of ConA for glycopeptide/protein retrieval has been well-
documented (16, 65, 165, 286, 371, 575, 716). Furthermore, this lectin has been
employed for glycoprotein analysis of serum and plasma (104, 313, 414, 519), for
example Qui et al. (2008) utilized a ConA column for the enrichment of human plasma.
However, the samples first underwent delipidation followed by immunoaffinity
depletion (519). Similarly, Madera et al. (2008) depleted their samples with the Multiple
Affinity Removal System column prior to enrichment with two different commercially
available ConA agarose gels (414). Others did not employ a depletion strategy, but
rather used a commercially available ConA resin coupled with 2-DE (104). Moreover,
there are reports that ConA appears to possess a relatively low affinity for serum
albumin (166) and contradicts the use of serum depletion strategies. However, we

chose not to employ a depletion strategy for the reasons discussed in Chapter 1 of
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this thesis. Furthermore, none of these methods employed carboxyl magnetic
microparticles as the support structure for their enrichment.

3.1.4 ConA immobilized onto carboxyl magnetic microparticles

The coupling of ConA to magnetic beads for glyco-enrichment was previously
achieved (13, 286, 517). For this chapter, unique carboxyl-functionalized magnetic
microparticles were chosen for the covalent immobilization of ConA. The present
carboxyl groups enable mild coupling to attain covalent immobilization since Glu and
Asp constitute the majority of amino acids on protein surfaces (554). This is done by
using a carbodiimide, i.e. 1-ethyl-3-(3-dimethylamino) propyl carbodiimide (EDC)
(226, 696) as it is a convenient and relatively inexpensive water soluble crosslinker
used to couple carboxyl groups to primary amines (95, 696). Limitations involving EDC
crosslinking include reversion reactions and potential hydrolysis (696) due to EDC’s
secondary intermediate, O-acylisourea, which is unstable in aqueous solutions and
may result in hydrolysis (650). For this reason, N-hydroxysuccinimide (NHS) is
coupled with EDC to ensure covalent immobilization, as NHS forms a more stable
secondary intermediate prior to amination (625, 680). In this reaction, EDC couples
NHS to carboxyls, forming an NHS ester which allows for primary amine conjugation
under physiological conditions (625, 650, 680). This enables the coupling of ligands
such as ConA.

ConA exhibits an affinity for a-D-mannose and a-D-glucose which are branched
in a terminal manner (65, 530). To prove the applicability of the affinity material, a
known glycosylated protein such as OVA can be employed as it contains a single N-
linked glycosylation site at the Asn292 residue (266, 635). The glycan present on the
Asn292 residue consists of [Mannose]s[N-acetylglucosamine]z / [Mannose]s[N-
acetylglucosamine]z, constituting ~2 kDa of the 45 kDa (266). Previous studies
employed ConA affinity material to enrich OVA (394, 531, 632, 692). For example, Liu
et al. (2015) employed silica-bonded ConA (394) whereas Sugawara utilized magnetic
particles as the support structure (632). Additionally, Reichelt et al. (2012) immobilized
ConA onto monolithic material (531). This points towards the applicability of employing
OVA to test ConA affinity material, irrespective of the support structure to which ConA
is immobilized. For a sugar residue to be bound by the lectin, ConA must undergo a

conformational change through its interaction with manganese and calcium cations
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(530). Furthermore, a competing sugar is needed to elute the protein for downstream
applications (286, 649). Deglycosylation is another important aspect of
glycoproteomics which ensures HPLC-MS/MS compatibility (540).

3.1.5 The importance of deglycosylation in proteomics workflows

Bottom-up proteomics exploit proteins which have been proteolytically cleaved into
constituent peptides for MS analysis (30). Proteases such as trypsin and chymotrypsin
can be applied here and a requirement is an interaction with their respective “cutting
sites” (refer Chapter 4) (401). Glycans increase the structural complexity of proteins
and can often block such cutting sites to thereby lower confident protein identification
especially under limited sample conditions (46). Thus, deglycosylation is employed to
circumvent this obstacle (46). This can occur enzymatically and chemically, although
neither is without drawbacks (46, 179, 490).

Enzymatic deglycosylation employs glycosidases such as peptide N
glycosidase F which cleaves between the Asn residue and the innermost N-
acetylglucosamine (623). Although it exhibits few caveats, it is universally employed
as it assists with O-glycoproteomic data interpretation (623). This is possible as the
removal of larger N-linked glycans assist with complete digestion to enable MS
analysis and to retain O-glycopeptides (623). An unfortunate drawback is that the non-
enzymatic re-addition of N-glycans was observed and can therefore introduce artifacts
(324). It also often requires the addition of denaturing agents for the process to fully
proceed (183). In light of this, the use of hydrazine for release of both N- and O-linked
glycans is possible but not favorable, due to long preparation time and hydrazine
toxicitiy (455). The B-elimination (base hydrolysis) with Michael addition is another
method for glycan release while still confidently identifying the glycosylation site (694).
A draw back here includes the introduction of artifacts, as well as difficulty in

distinguisng between glycosylation and phosphorylation (540, 646).

Chemical deglycosylation with TFMS is another approach to non-specific
glycan removal. Its effectivity is based on acid volume employed, reaction time, free
radical scavenger use and temperature (183). This mode preserves the core protein
and can remove the sugar moieties of complex glycoproteins, although certain glycans

still remain such as those on the innermost Asn (183). A limitation is the non-specific
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removal of glycans as it complicates the identification of O-linked sugars (183).
Despite this drawback, this procedure is regularly employed as it chemical
deglycosylation enables simple and affordable glycan cutting (183, 611). Moreover,
PTMs such as phosphorylation remain intact and can be distinguished from

glycosylation through TFMS supplementation (183).

By taking all this into account, we chose to make use of carboxyl surface-
functionalized magnetic beads as an immobilization support for ConA. Chemical
deglycosylation via TFMS was included after enrichment. This procedure was
designed and performed according to previous literature and the supplied carboxyl
bead protocol (refer Appendix C) (243, 286, 517, 535).

3.2 AIMS AND OBJECTIVES

The aims of this chapter is to a) construct and evaluate the enrichment efficiency of
the unique ConA-functionalized carboxyl magnetic microparticles, and b) to ensure
adequate deglycosylation of glycoproteins. For aim (a), we will couple ConA to Resyn
Biosciences’ carboxyl beads using EDC and NHS. We will then assess the coupling
efficiency of ConA by employing the Nanodrop One to determine how much protein
was covalently immobilized onto the magnetic particle. Furthermore, we will employ
OVA as the control protein to evaluate whether the affinity material can bind specific
glycan moieties. The carboxyl bead without ConA will be included as a negative control
to assess the non-specific enrichment of the material. For aim (b), TFMS will be
employed for non-specific deglycosylation of OVA. Different concentrations of acid at
various time points will be tested to prevent protein degradation while maximizing
deglycosylation. This will also be repeated with serum. Overall, protein determination
and SDS-PAGE with total protein visualization and glyco-fluorescent staining will be

utilized for analyses.

3.3 MATERIALS AND METHODS

Although product numbers and supplier details of the materials used for experiments
are provided, we excluded certain information as it was already stated in Chapter 2.
Furthermore, constituents of buffers and optimized protocols can be found in the

relevant appendices.
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3.3.1 Biological sample origin

Ethical approval was obtained from the Stellenbosch University animal ethics
committee (ACU-2021-19400) (Appendix A). The rats were treated according to the
Guidelines for the Care and Use of Laboratory Animals of the National Academy of
Science (NIH publication no. 85-23, revised 1996), as well as the South African
National Standard for the care and use of animals for scientific purposes (SANS
10386). The animals were handled by researchers authorized by the South African
Veterinary Council.

Both male and female Wistar rats (n = 16 per sex) were chosen for the CRS
model and were obtained at an age of around seven and a half weeks old. After one
and a half weeks of handler habituation, plasma samples were collected for baseline
measurements. This was done by employing isoflurane for anesthesia and drawing
blood from the jugular vein. Plasma was then separated from whole blood using
Vacucare blood tubes (AXI11EZZ, Axiology labs (Pty) Ltd., Gauteng, SA) and
centrifuged (Eppendorf® Centrifuge 5810 R, Hamburg, Germany) at 1, 500 x g for 10
minutes at 4°C. The rats were then equally divided into the stress and control groups
(n = 8 per group/sex) for the duration of the CRS protocol. Four weeks of restraint for
one hour per day occurred between 10h00 and 11h30 for seven days of the week.
After the four weeks, blood plasma was once again taken for end-point measurements
and enzyme-linked immunosorbent assays were completed to assess plasma

corticosterone and ACTH (results available in Appendix A).

Here, trunk blood was collected following rapid decapitation of the rats. Serum
was obtained from whole blood using Vacuette blood tubes (456018, Greiner Bio-One,
Kremsmunster, Austria) and centrifuged at 2, 000 x g for 10 minutes at 4°C. The serum
fraction was separated into 4 mL microfuge tubes and phosphatase (PhosStop,
04906837001, Roche Holding AG, Basel, Switzerland) and protease inhibitors
(Complete Mini EDTA free protease inhibitor cocktail tablets, 04693159001, Roche
Holding AG, Basel, Switzerland) were added. Their initial concentration was
determined according to the manufacturer’s instructions and diluted 9.25X into the
serum fraction. The fractions were further aliquoted into ~600 pL portions into 2 mL
DNA lobind microfuge tubes and stored at -80°C.
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3.3.2 Building and testing novel affinity material for glycoprotein
enrichment

MagReSyn® Carboxyl-functionalized magnetic microparticles were purchased from
ReSyn BioScience’s (MR-CBX002, Gauteng, SA) and stored at 4°C prior to use. 0.1
M 2-(N-morpholino) ethanesulfonic acid (M3671, Sigma-Aldrich, St. Louis, MO, USA),
20 mM EDC (22980, Thermo Fisher Scientific, Waltham, MA, USA) and 50 mM NHS
(24500, Thermo Fisher Scientific, Waltham, MA, USA) were utilized to couple ConA
(C2010, Sigma-Aldrich, St. Louis, MO, USA) to the beads. Five hundred micrograms
of magnetic particles were inserted into a 2 mL tube and separated from the shipping
solution. All separations were performed using Resyn Bioscience’s magnetic
separator (suitable for up to four tubes). The microparticles exhibit a binding capacity
of =2 20 mg/mL BSA, therefore ConA has a 50% less binding capacity as it is almost
double the size of BSA at physiologic pH (398). According to this, it is possible to
immobilize ~ 250 ug of lectin onto the bead. We therefore loaded ConA in excess, with
~ 500 ug solubilized in phosphate buffered saline (PBS, pH 7.4, P4417, Sigma-Aldrich,
St. Louis, MO, USA). Once the carboxyl residues were activated after incubation with
EDC and NHS, the particles were equilibrated in PBS and then allowed to couple to
the lectin overnight at 4°C. Each incubation step took place with gentle agitation at
either 60 rpm (Rocker 25, Labnet International, Inc., Edison, NJ, USA) or a fixed

rotational speed.

The unretained ConA fraction was removed the following day and stored for
protein determination using the A280 assay on a NanoDrop™ One (ND-ONEC,
Thermo Fisher Scientific, Waltham, MA, USA). Following this, any remaining unbound
protein was washed away with PBS whereafter the lectin-bound microparticles were
incubated in 200 mM ethanolamine (E9508, Sigma-Aldrich, St. Louis, MO, USA) for
three hours at 4°C to quench remaining active residues. The affinity material was then
washed with 1M NaCl (S9888, Sigma-Aldrich, St. Louis, MO, USA) to remove non-
covalently bound particles. Numerous studies employed ConA affinity
chromatography and therefore a variety of protocols exist (217, 575, 614, 654). Since
it is also one of the most commonly used lectins (210), its function is well-defined and
the protocol was constructed based on existing literature and product information (24,
202, 393, 535, 597). Table 3.1 briefly explains the choice of buffers and their uses.
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Table 3.1 The buffers, their respective constituents, and explanations for use. ConA,
concanavalin A.

Buffer

Buffer constituents

Explanation

Loading buffer

PBS (0.01 M phosphate buffer, 0.0027 M
potassium chloride and 0.137 M NacCl, pH
7.4), 1 mM MnClz, 1 mM CacCl

PBS is a non-toxic solution which is used in a
variety of biological applications at physiologic pH
(424). Other loading buffers usually consist of Tris
with the addition of salt at pH ~7-8 (24, 202, 217);
however, PBS already contains salt which can
assist with protein solubility and enhance
enrichment (614).  Moreover, ConA requires
metal cations such as Mn2* and Ca?* for sugar
binding (530).

Wash buffer

PBS

This was employed to remove any unbound/non-
specifically bound/residual proteins.

Elution buffer

100 mM methyl-a-D- mannopyranoside in
PBS

Various concentrations of this competing sugar
are employed for glycoprotein elution. A range
between 50 mM to 200 mM is regularly used
(210, 614). We chose 100 mM to limit
interference with protein determination and

sample clean-up in later workflows.
concentrations of competing sugar
negatively affect enrichment (196, 649).

Higher
can

After washing with NaCl, more washing with PBS was done before the
incubation of glycoproteins with the affinity material. Here, the loading buffer consisted
of PBS with metal cations (1 mM manganese (Il) chloride, 244589 and 1 mM calcium
chloride, C1016, Sigma-Aldrich, St. Louis, MO, USA), and the sample and material

were allowed to mix overnight at 4°C.

Fifty micrograms of OVA (A5503, Lot number SLCH2421, Sigma-Aldrich, St.
Louis, MO, USA) was incubated with 25 pL and 50 pL of affinity material, respectively.
This amount of protein was chosen due to the overloading of the affinity material in the
original thesis, and we therefore reduced the original amount by 400X. The incubation
period ended the following day by removing the supernatant (stored as the unretained
fraction), washing with PBS to remove non-specifically bound protein (stored as the
wash fraction) and eluting three times for 10 minutes each. The eluent consisted of
100 mM methyl a-D-mannopyranoside (67770, Sigma-Aldrich, St. Louis, MO, USA)
which competes for lectin binding sites. Serum samples obtained from rats were
enriched in the same way as detailed in the original thesis, but were only incorporated
to assess deglycosylation. Total protein measurements of the unenriched serum
sample, the enriched fraction, the PBS wash fraction, and the eluted fraction were

taken with an A280 assay using the NanoDrop™ One as previously described (refer
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to Chapter 2). All protein concentration measurements were calculated according to
the total volume of the fraction. The subsequent eluates were pooled, lyophilized with
a bench top freeze dryer (refer Chapter 2), and resuspended in PBS for protein
determination and SDS-PAGE and staining analysis. The unretained and wash
fractions were included for this analysis. Storage of the material occurred at 4°C in
0.05% sodium azide (S2002, Sigma-Aldrich, St. Louis, MO, USA) in PBS (refer
Appendix C for full protocol details).

3.3.3 Ensuring sufficient deglycosylation for downstream analysis

Chemical deglycosylation was adapted from the available protocol of Sigma-Aldrich’s
kit (refer Appendix C, PP0510, Sigma-Aldrich, St. Louis, MO, USA). For testing, we
extracted a small portion of the eluted fraction from the OVA enrichment test. It is
important to note that the OVA used here was from a different lot (lot number
118K7002, Sigma-Aldrich, St. Louis, MO, USA). We also utilized the same volume of
the eluted fraction from our 50 pL serum sample enrichment for deglycosylation
testing. To identify the optimal incubation period and volume of TFMS, we performed
stepwise deglycosylation experiments. We employed 1 yL, 5 yL and 10 yL volumes
of TFMS over a period of 1, 2 and 3 hours, respectively. The inclusion of a control
sample (no acid added) allowed for monitoring over the same reaction timeframe and
for the comparison of deglycosylation effectivity. A supplementary experiment which
consisted of 1 yL and 2 pL of acid was also done by employing the same time limits
for serum deglycosylation. TFMS (347817), anisole (296295) and pyridine (360570)
were all purchased from Sigma-Aldrich (St. Louis, MO, USA). Anisole was employed
as a free radical scavenger while pyridine acted as a strong base for acid

neutralization.

Anisole and TFMS were combined prior to sample addition, with 1 puL of anisole
present in each acid fraction. The OVA/serum sample was first added to a 1.5 mL
glass vial, followed by the addition of the precooled acid-scavenger solution. The
reaction was allowed to continue for 1, 2 and 3 hours, respectively, with regular mixing
at 4°C. Once the respective reaction times were complete, a dry ice methanol bath
was prepared as the addition of 60% pyridine for neutralization results in a highly

exothermic reaction. An equal amount of the pyridine solution was first added to

79



Stellenbosch University https://scholar.sun.ac.za

neutralize the samples undergoing deglycosylation, followed by rapid cooling with a
dry ice bath. Thereafter, an additional equal volume of pyridine solution was added
that ensured the complete endpoint of deglycosylation. 50 pl of ultrapure water was
added before the respective samples were transferred into tubes and centrifuged (E-
C15-24.P2R, Eins-Sci, Gauteng, SA) at 10, 000 x g for 5 minutes. The supernatant
was separated from the resultant pyridinium TFMS salt and placed into a new 2 mL
tube which underwent vacuum centrifugation (Eppendorf Concentrator 5301,
Eppendorf, Hamburg, Germany) at 45°C overnight. Sodium dodecyl sulfate
polyacrylamide gel electrophoresis and gel staining were employed for analysis of
deglycosylation. Figure 3.1 demonstrates the workflow until this point.
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Figure 3.1. A basic representation of the workflow in building, testing, and utilizing the novel
affinity material. Step 1: Lectin-bead binding step; Step 2: Incubation with sample; Step 3: The affinity
of ConA for specific glycans; Step 4: Protein retrieval and processing; Step 5: Affinity material storage;
Step 6: Deglycosylation. ConA, concanavalin A. Image created using Biorender.com.
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3.3.4 Protein determination and SDS-PAGE analysis

The SDS-PAGE and total protein visualization analyses occurred as described in
Chapter 2. The separation of proteins was performed according to the protocol
produced by Dr. Danzil Joseph (Department of Physiological Sciences, Stellenbosch
University) (refer Appendix D). The protein ladder was the same as employed in
Chapter 2. For all OVA (in the case it being the sole protein used) and deglycosylation
results, a 10% hand-cast gel was utilized with 2X Laemmli buffer added to each
sample in a 1:1 ratio. Fifty micrograms of OVA were solubilized in PBS and then
prepared to be analyzed with fluorescent staining. The gel analysis for this was done
using a 4% — 20% TGX mini protein gradient gel (456-1094, Bio-Rad Inc., Hercules,
CA, USA).

3.3.4.1 Total protein and glyco-fluorescent staining

Glycoprotein fluorescent staining took place for the serum enrichment and serum
deglycosylation experiments, followed by Coomassie staining for total protein
visualization. The other gels were only stained with Coomassie (refer Chapter 2). The
Pro-Q Emerald 300 gel and Blot Stain Kit (Invitrogen™, P21857, Thermo Fisher
Scientific, Waltham, MA, USA) was employed for fluorescent staining. The
glycoproteins are visualized through a reaction using periodate-oxidized carbohydrate
groups which leads to a fluorescent signal (260). The signal is caused by the stain
reacting with oxidized groups (aldehydes) (628) and it is highly sensitive by detecting
as little as 0.5 ng of protein per band. Its efficacy has been proven and used previously
(129, 260). Briefly, gels were fixed in a 50% methanol and 5% acetic acid solution for
45 minutes for a total of two washes. Gels were then washed twice with washing
solution (3% glacial acetic acid) for 20 minutes prior to carbohydrate oxidation with
periodic acid in 3% glacial acetic acid. The gels were washed for 1 hour whereafter
fluorescent staining occurred (for 2 hours). After such staining the gels were washed
twice for 20 minutes and imaging took place by employing the ChemiDoc™ MP
Imaging System using Image Lab™ software (Universal Hood IlI, Bio-Rad Inc.,
Hercules, CA, USA). The image was taken with the Pro-Q Emerald 300 setting (filter
1, ultraviolet trans-illumination) (refer Appendix D for extended protocol with product
and buffer information). Here, every washing and incubation step took place in
polypropylene holders placed on rotational mixers (FMH200, Labotec, Gauteng, SA).
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3.4 RESULTS
3.4.1 Protein determination results

The ConA unretained fraction was saved to determine the amount of lectin bound to
the beads. We calculated ~ 250 pg of lectin to be bound to 500 pg of carboxyl beads
and protein determination results confirmed that the average amount of lectin bound
in our samples was ~170 ug — 240 ug. In addition, both Bradford and BCA assays
were separately completed to determine the OVA amount in the respective fractions
from the positive and negative control experiments. Here, inconsistent results (refer
Appendix C) were obtained for both assays in relation to the starting amount of protein,
like those obtained in Chapter 2. Protein determination of only the 25 uL experiment
was done as we anticipated the same result when increasing the volume of affinity
material for the following experiment. Moreover, the protein determination values for
the 50 pL serum glycoprotein enrichment technique were retained in Appendix C (from
the original thesis) as the elutes here generated were employed for deglycosylation

analysis.

3.4.2 The glycosylation of OVA

Figure 3.2 shows the total protein and glyco-fluorescent image of OVA, with the total
protein result (50 pug OVA) displayed in Figure 3.2A. The Coomassie-stained gel
showed an OVA band at ~45 kDa, whereas glyco-fluorescent staining showed a faint
signal at ~45 kDa (Fig 3.2B). The original (uncropped) gel images are available in
Appendix C.

3.2A 1 3.2B

Figure 3.2. 4% - 20% gradient gel displays the (A) total protein stain of OVA and (B) the fluorescent intensity
of OVA. A - Lane 1: Protein ladder; Lane 2: OVA. B — Lane 1: OVA fluorescence.
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3.4.3 Testing the affinity material with OVA

Assessment of the enrichment for glycoprotein was tested using OVA as a positive
control, as well as the carboxyl bead as a negative control. Here, 25 pL of affinity
material was incubated with 50 pg of OVA. Figure 3.3 displays the stain-free results of

this test where OVA bound to both sets of microparticles.

3.3 1 2 3 4 5 6 7

45 kDa

A 4

Figure 3.3 A stain free 10% mini-protean gel which displays the enrichment efficiency of the unique method.
Here a positive (lanes 2-4) and negative (lanes 5-7) control was employed. Lane 1: Protein ladder; Lane 2:
Unretained fraction; Lane 3: Wash fraction; Lane 4: Eluted fraction; Lane 5: Unretained fraction; Lane 6: Wash
fraction; Lane 7: Eluted fraction.

84



Stellenbosch University https://scholar.sun.ac.za

3.4.4 Fifty microliters of affinity material employed with 50 pg of OVA

Figure 3.4 displays the SDS-PAGE results for increasing the amount of material
utilized to enrich 50 pg of OVA. Figure 3.4A shows the ConA-carboxyl material,
whereas Figure 3.4B displays the results from using the carboxyl beads as a negative
control. These results were displayed on the same 10% mini-protean gel; however for
lanes 1 — 3 (of Fig. 3.4B) the contrast was altered to visualize the protein present in
the respective lanes. OVA bound to the material on both occasions. The original gel

is available in Appendix C.

3.4A 1 2 3 4 5 B 1 2 3

45 kDa

:
|

Figure 3.4 The total protein image of an increase in affinity material for enrichment for both positive (A)
and negative (B) controls. A - Lane 1: Protein ladder; Lane 2: Skipped; Lane 3: Unretained fraction; Lane 4:
Wash fraction; Lane 5: Eluted fraction. B - Lane 1: Unretained fraction; Lane 2: Wash fraction; Lane 3: Eluted
fraction.
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3.4.5 The efficacy of deglycosylation

OVA was employed to test the efficacy of various TFMS volumes for different reaction
time periods. The respective volumes were 1 uL, 5 yL, 10 pL, partnered with time
intervals of 1, 2 and 3 hours, respectively. Ovalbumin was employed as a control (lane
2), with it being combined with all the reagents (except for TFMS) and left to mix for
the previously specified times. Lanes 9 — 14 indicate higher volumes of TFMS with
protein degradation.

3.5

9 10 11 12 13 14

Figure 3.5. Optimization of chemical deglycosylation was assessed using increasing amounts
of TFMS. Two 10% hand-cast gels were employed with Coomassie staining. Lane 1: Protein ladder;
Lane 2: OVA control; Lane 3: 0 uL at 1 hour; Lane 4: 0 uL at 2 hours; Lane 5: 0 uL at 3 hours; Lane 6 :
1 yL at 1 hour; Lane 7: 1 yL at 2 hours; Lane 8: 1 yL at 3 hours; Lane 9: 5 yL at 1 hour; Lane 10: 5 yL
at 2 hours; Lane 11: 5 uL at 3 hours; Lane 12: 10 pL for 1 hour; Lane 13: 10 uL for 2 hours; Lane 14:
10 uL for 3 hours. kDa, kilodaltons.
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3.4.6 Serum deglycosylation

The eluted fraction from serum (50 pL experiment) underwent deglycosylation based
on the results of OVA deglycosylation (Figure 3.5). Following this, the eluted fraction
from enriched serum underwent deglycosylation with 2 pL of acid over the different
time periods (Figure 3.6). Unfortunately, the 2 hour incubation period sample was lost

during gel loading (Figure 3.8, lane 4).

36A 1 2 3 4 B

170 KD s

| ———
70 kDa—b—" .

Figure 3.6. One microliter of acid was employed to deglycosylate serum for three different time
intervals. 7A displays the total protein, whereas 7B displays the fluorescent stained gel. Lane 1: Protein

ladder; Lane 2: 1 L for 1 hour; Lane 3: 1 uL for 2 hours; Lane 4: 1 uL for 3 hours. kDa, kilodaltons.
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Figure 3.7. Two microliters of TFMS was employed for deglycosylation of the eluted serum
fraction. The reaction was monitored for three different time periods, with Coomassie staining (A) and
fluorescent staining (B) occurring. Lane 1: Protein ladder; Lane 2: Reference standard; Lane 3: 1 hour

incubation; Lane 4: 2 hour incubation; Lane 5: 3 hour incubation. kDa, kilodaltons.
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3.5 DISCUSSION

Glycosylation is the most complex protein PTM type and arguably the most abundant
(574). Its involvement in diseases such as CVD, cancer and T2D has resulted in the
burgeoning of the field of glycoproteomics where researchers aim to discover new
methods to increase coverage of the glycoproteome for analysis (540, 704). However,
it remains relatively understudied as analytical challenges continue to hamper its
effective investigation (478, 648). Affinity chromatography is the mode of choice for
protein purification as it enables the retrieval of low titer targets from complex mixtures
(142). We opted to use LAC for the glycoprotein enrichment where unique affinity
material was made using ConA and carboxyl magnetic microparticles. Testing
occurred using multiple purified proteins and serum, with reusability and
deglycosylation of enriched proteins also investigated. To the best of our knowledge,

this specific material has not been created before.

3.5.1 Investigation of affinity material competence

The initial assessment of whether ConA was immobilized to the surface of the
magnetic particles was done with an A280 experiment and it showed that enough
lectin was bound to the beads as previously determined (refer Appendix C). This was
indicative of the successful EDC/NHS coupling step, and we thereafter determined
whether this new material could enrich glycoproteins. However, protein determination
of the various fractions yielded inconsistent results (refer Appendix C) which could be
due to the chemical nature of each method, the detectable limits (116) and the protein-
to-protein variation involved (651). SDS-PAGE thus became the main method to
assess the unigue enrichment technique. Although OVA was employed to assess the
enrichment of ConA affinity material (394, 531, 632, 692), we still assessed whether
OVA was glycosylated. This was done using a 4% - 20% gradient gel which was
visualized using a Coomassie stain and a glyco-fluorescent stain. Figure 3.2B reveals

a fluorescent signal that shows OVA glycosylation.

The efficiency of 25 pL of affinity material was thereafter assessed by
incubating it with 50 pg of OVA. The stain free image (Figure 3.3) showed that OVA
was present in all three fractions of the positive control experiment. The negative
control also bound OVA as there was protein present in the wash and eluted fractions
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of this experiment. The results of our positive control experiment are in accordance
with the findings of others who employed ConA enrichment of OVA (394, 531). For
example, Liu et al. (2015) observed unbound OVA prior to the addition of methyl-a-D-
mannopyranoside, and profiling of the glycan composition led them to believe that
most of this fraction was non-glycosylated OVA (394). In addition, Reichelt et al. (2012)
found excess OVA in the wash fractions of their experiment with specifically bound
OVA present in the eluates (531). This shows that the OVA present in lanes 2 and 3
of Figure 3.3 could potentially be non-glycosylated. Magnetic microparticle size could
also be a reason for our results as such differences were shown to affect ConA-OVA
binding (632). Despite these potential explanations, the negative control showed that
OVA was bound to the carboxyl bead (Figure 3.3, lanes 6-7). This highlights non-
specific binding mechanisms and that further experiments are required to help clarify
this.

Fifty microliters of affinity material and carboxyl beads were incubated with 50
png of OVA in a follow-up experiment (Figure 3.4). Here, we did not observe any
proteins in the wash fraction, but only in the unretained and eluted fractions (figure
3.4B). This is in line with the findings observed by Liu et al. (2015) (394) and further
demonstrates that non-glycosylated OVA may be the reason for non-specific binding.
Moreover, isomers of OVA in relation to glycan composition and number were
previously documented by others (294, 394, 506). Despite such plausible
explanations, an increase in carboxyl microparticles resulted in OVA binding (Figure
3.4B). A significant contributing factor may be the structure of the beads as they are
hyperporous (535). This would result in non-specific enrichment of OVA, with wash
and elution steps causing the dislodging of protein adhered to the matrix. We therefore

cannot conclude that the material enriches glycoproteins.

3.5.2 Ensuring deglycosylation for downstream analysis

3.5.2.1 OVA deglycosylation

The complete removal of glycan moieties via chemical deglycosylation with TFMS was
first assessed using OVA. Various acid concentrations were employed — over a period
of three hours - to remove its glycan moiety. Figure 3.5 depicts the acid concentrations

with time for which the reaction was allowed to proceed. A double band appears in the

90



Stellenbosch University https://scholar.sun.ac.za

OVA molecular weight region and may be indicative of structural isomers consisting
of a singly and doubly glycosylated residue (294). This was reported previously as
changes in glycan structure can occur (294, 506). It is therefore possible that the
isomer with two glycan structures is present at 47 kDa, whereas the expected singly
glycosylated isomer of OVA is present at 45 kDa (294). Once these tests were
complete, the 1 pL volume of TFMS showed the disappearance of the 45 kDa OVA

isomer. This can represent the applicability of glycosylation using such acid volumes.

3.5.2.2 Serum deglycosylation

Conditions for serum deglycosylation were upheld in relation to OVA glycan trimming,
with only 1 pL utilized for 1, 2 and 3 hours of reaction time. Little to no fluorescent
signal should be obtained to enable the conclusion of successful deglycosylation.
However, Figure 3.6B highlights a relatively strong signal intensity that indicates
incomplete deglycosylation. Increased acid was then administered in a separate
experiment utilizing enriched serum (Figure 3.7). Here, a much lower fluorescent
signal is recognized especially after three hours of reaction time. The faint signal
displayed is related to high molecular weight proteins (~170 kDa) as well as high
abundance proteins (~60 kDa — 70 kDa). This may occur due to a greater number of
glycans present on such proteins and increased albumin, both which could result in
greater structural complexity of the sample and lessened glycan cutting (15). We thus
concluded that 2 pL of acid for a 3 hour reaction was sufficient to deglycosylate the
retrieved protein. Following this, numerous sample preparation steps must be

undertaken for compatibility with MS analysis.

3.6 CONCLUSION

ConA bound sufficiently to the carboxyl beads by employing carbodiimide-mediated
coupling. Further assessment of the affinity material generated contradictory results
as OVA presence in specific fractions was in accordance with previous literature that
demonstrated glycoprotein enrichment (394, 531). However, OVA that adhered to the
carboxyl beads showed that non-specific interactions occur. Thus, glycopeptide
enrichment coupled with LC-MS may be more suitable to assess the enrichment
capacity of the affinity material. In addition, moderate acid usage coupled to increased
reaction periods enabled deglycosylation.
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3.7 LIMITATIONS AND FUTURE RECOMMENDATIONS

Limitations include the choice of test protein as the literature indicates that OVA may
have glycan isoforms that do not exhibit an affinity for ConA (394). We are thus unable
to acknowledge the efficacy of the enrichment material. In addition, the porous
structure of the carboxyl beads may increase non-specific enrichment. Future studies
should aim to screen additional proteins (e.g. ribonuclease B) with a strong affinity for
ConA (58, 394). Moreover, a different and/or validated matrix with fewer pores and a
smaller size compared to the carboxyl particles should instead be employed, for

example nanoparticles or agarose beads (217, 531).
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CHAPTER 4 - THE EVALUATION OF THE ENRICHMENT METHODS BY LC-
MS
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4.1 INTRODUCTION

Chapters 2 and 3 demonstrated that intact protein enrichment is not feasible as both
sets of affinity material enrich in a non-specific manner. Hence a better approach
would be to assess the use of this material by a conventional bottom-up experiment
where the serum proteins are digested prior to enrichment. This chapter focuses on

utilizing LC-MS/MS to compare this versus the intact protein enrichment method.

4.1.1 Chromatography as an integral tool

The high resolving power of HPLC is a considerable incentive for its inclusion in
proteomic analyses (593). The broad selection of phases increases its ability to
separate complex mixtures into simpler parts (593). For normal phase HPLC the
stationary phase is polar while the mobile phase is non-polar. The opposite holds for
reversed-phase HPLC that exhibits compatibility with most samples (589, 630).
Columns consisting of C18 material are often exploited for the stationary phase, with
the carbon chains bonded to silica or other supports (589). The most significant
limitation of this approach is its low retention capacity of highly hydrophilic compounds
(630). Solvents which differ in polarity are thus employed to optimize partitioning from
the stationary phase for enhanced separation (630). For increased analytical
sensitivity, nanoflow HPLC is employed to ensure higher chromatographic resolution
(141). The flow rates involved here are in the nanoliter per minute range which
contribute towards greater separation (141). Moreover, configurations such as column
switching between a trap and analytical column enable higher separation, sensitivity
and accuracy and minimal sample handling and organic solvent use (137). The former
collects and concentrates the sample before it moves over to the analytical column
(141, 609). Following this, a gradient elution procedure can be implemented by
gradually altering the polarity of the mobile phase (445). Similar to other forms of LC,
nanoflow LC is compatible with ionization methods such as electrospray ionization
(319, 342) and enables the coupling of such processes for comprehensive proteomic

investigation (319).

4.1.2 Electrospray ionization-MS/MS

Electrospray ionization is a soft ionization technique whereby peptides can be ionized

for MS analysis (50). Briefly, liquid analytes that contain charged elements can
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transition into gas phase ions through the generation of a fine spray (100). This occurs
by feeding the solution through a needle held at high voltage (2 — 5 kV), with gas
collisions and proton transfers aiding in ionization (2, 50, 100). This assists with the
retention of structural information which is advantageous for acquiring PTM data (50,
314, 639). Following ionization, a mass analyzer separates such charged particles
based on their m/z ratio (602). The analyzers can either be in the form of a Quadrupole,
Time-of-Flight, Orbitrap and Linear lon Trap (323, 602, 606). Each has its own
specifications and limitations. For example, mass spectrometers containing an
Orbitrap boast the advantage of high mass resolution, good detection and ease of
operation (323, 739). Furthermore, hybrid instruments employ multiple mass

analyzers to enhance MS/MS data acquisition processes (192).

Data-dependent acquisition (DDA) is commonly used for bottom-up
experiments where the most abundant precursor ions observed in the MS1 scan are
selected for fragmentation to produce the MS/MS spectra (55). This is advantageous
as little (or none) processing is needed before the spectra can be used. However, a
limited number of ions may be fragmented due to small variations between scan times
and ion intensities (148). Moreover, lower reproducibility may be observed between
technical repeats (55). Despite this, there are well-established free software tools to
analyze the acquired data (250, 437). Such analysis is an important and complex
component of the proteomics workflow (189). As mentioned in Chapter 1, important
aspects of this step include the database search, the configuration thereof, and the
validation of such data (189). Important parameters include the modifications set and
the specificity of the enzyme used for proteolysis as this assists with peptide
identification from the MS/MS data (133).

4.1.3 The role of trypsin

The stringent cleavage specificity of trypsin is the determining factor in its regular
employment in bottom-up approaches (274). The kinetics and structure of this serine
protease are well characterized as it cleaves at the carboxyl terminus of Lys and Arg
(677). This results in fragments that usually range between 0.6 and 1 kDa (363).
Additionally, the presence of basic residues at the carboxyl terminus that exist in
balance with the free amine amino terminus is favorable for positive ionization (677).

Despite its specificity, it can skip a cleavable residue which results in a missed
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cleavage (479), for example when trypsin does not cleave Lys or Arg residues when
followed by a Pro (677). Likewise, the presence of acidic amino acids (Asp and Glu)
near the cleavage site can cause missed cleavages (603). Bioinformatics analysis

takes this into account and allows for a set number of miscleavages (479).

Regardless of its wide use, a lack of general consensus exists regarding the
parameters which govern its activity, i.e. incubation temperature, pH, type of trypsin
used and enzyme to substrate ratio choice (401). A consequence of this is the
reproducibility of results due to altered digestion conditions (85, 514). Recent
advances in proteolytic techniques produced on-bead digestion which utilizes HILIC
microparticles (631) that allow for sample purification by removing unwanted
contaminants from the analyte (454, 472). Once the digestion procedure is complete,
trypsin’s proteolytic activity needs to be stopped (by either cooling or acidification) to
avoid unwanted cleavages (677). Reversed-phase solid phase extraction (SPE)
material can thereafter be employed to allow for further sample clean-up prior to LC-
MS (71). The multi-dimensional process in terms of sample preparation therefore

necessitates the implementation of an internal standard to ensure quality control (70).

4.1.4 Ensuring quality control in the proteomics workflow

The contemporary MS experiment consists of multiple intricate processes that assist
in acquiring data for important research (70, 638). However, multiple steps in the
proteomics pipeline impart a degree of variability that affects the outcomes of
numerous workflows (70). The accuracy and reliability of results generated is thus at
risk and hence there is a robust need for harmonization of such processes (70, 220).
By implementing specific control checks to assess sample preparation and the
instrumentation we will be able to judge the suitability of the entire process (75).
Although strides have been made to produce a generic standard to determine the
uniformity of proteomics experiments (4, 220, 367, 638), there is at present not a
general consensus regarding which quality control methodology to incorporate (423).
Likewise, the multiple steps in our proteomics workflow require quality control
implementation as variation can result from multiple sources (500). Since the focal
point of enrichment is glycosylated and phosphorylated proteins, a suitable control
protein must be glycosylated and/or phosphorylated (341). Hen egg OVA is therefore

a good candidate as its modifications have been well characterized (294, 335).
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4.2 AIMS AND OBJECTIVES

The aims and objectives of this section relate to those mentioned in Chapter 1. Briefly,
we aim to assess both enrichment methods by employing a conventional bottom-up
approach in comparison to our initially described top-down method. Here, rat serum
samples will first undergo tryptic digestion, followed by glycopeptide and
phosphopeptide enrichment, respectively. Glycopeptides will undergo chemical
deglycosylation followed by digestion again. Unenriched rat serum will be employed
as controls for both techniques with OVA used as a positive control. Data acquisition
will occur by LC-MS/MS and downstream bioinformatics processing for data
interpretation. Furthermore, 50 pg of OVA will undergo glycopeptide and
phosphopeptide enrichment, respectively, as an additional quality control measure.
The number of spectra obtained from RAW files, phosphopeptide and glycopeptide
PSMs and comparison between the enriched and control (unenriched) sample
populations should assist in terms of determining the repeatability and efficacy of such

forms of enrichment.

4.3 METHODS AND MATERIALS

Serum samples for proteomic analyses of the respective enrichment techniques were
isolated from rats (refer Chapter 3). The product numbers, supplier details for
reagents, and reagents not previously referred to are also mentioned in this chapter.
The details for buffers containing multiple components are provided in the relevant

appendices.

4.3.1 Sample size

To assess serum phosphopeptide enrichment, 8 rat serum samples were chosen for
enrichment, whereas five rat serum samples were utilized as the control (unenriched)
sample population. Two additional positive controls were added, i.e. OVA. The same
approach was adopted for glycopeptide enrichment analysis, where a total of 8
samples were designated for enrichment, and 7 samples (five rat serum, two OVA)
were included as controls. For both sets of analyses an OVA sample was employed
for enrichment and served as a quality control check for each respective technique. A
total of 32 samples was therefore employed with 16 (9 enriched, 7 unenriched)

samples designated for the evaluation of each respective enrichment technique. All
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rat serum samples were chosen randomly by noting the remaining unprocessed serum
samples and allowing a random number generator to determine their group
allocations. Approximately 50 pg of protein was extracted from each individual sample

(including OVA) before the commencement of sample preparation.

4.3.2 On-bead digestion procedure

For digestion, the HILIC on-bead digest protocol from ReSyn Biosciences was
followed (MagReSyn®, ReSyn Biosciences, Gauteng, SA) - refer Appendix E for full
description of method. The protocol itself is designed for 50 pug of protein and this
amount was extracted from the serum samples by first quantifying the initial protein
concentration with an A280 assay using a Nanodrop One (ND-ONEC, Thermo Fisher
Scientific, Waltham, MA, USA). OVA was weighed and diluted to 50 pg. All samples
were suspended in 20 pL of 50 mM Tris-HCI, 2% SDS, pH 8. The only adaptations
that were made to the digestion protocol included: replacement of diothiothreitol by tris
(2-carboxyethyl) phosphine-HCI (C4706, Sigma-Aldrich, St. Louis, MO, USA) as the
reducing agent at a final concentration of 5 mM for 1 hour at 37°C; employing S-methyl
methane thiosulfonate (208795, Sigma-Aldrich, St. Louis, MO, USA) for alkylation at
a final concentration of 10 mM for 30 minutes: 25 mM Tris pH 8 as the trypsin digestion
buffer. Moreover, sequencing grade trypsin (VF11A, Promega, Madison, WI, USA)
was utilized in a 1:50 ratio and all samples were left to digest for 18 hours at 37°C.
Peptides were recovered with 1% trifluoroacetic acid (T6508, Sigma-Aldrich, St. Louis,
MO, USA) and all samples were lyophilized in a bench top freeze dryer (refer Chapter
2). Samples were then centrifuged at 10 000 x g for 5 minutes at 4°C (E-C15-24.P2R,
Eins-Sci, Gauteng, SA) followed by enrichment. The controls were stored at -80°C
before any further preparation was needed.

4.3.3 Phosphopeptide enrichment

Phosphopeptide enrichment of the 9 designated samples was done according to
ReSyn Biosciences’ Zr-IMAC HP protocol (Appendix B). Briefly, dried samples were
resuspended in loading buffer (0.1 M glycolic acid in 80% acetonitrile, 5% TFA) and
centrifuged at 10 000 x g for 5 minutes at 4°C to remove any insoluble material. The
supernatant was then incubated with 20 uL of equilibrated microparticles and left to
mix for 20 minutes at room temperature with gentle agitation. Washing took place with
the respective wash buffers, followed by elution with 1% ammonium hydroxide
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(221228, Sigma-Aldrich, St. Louis, MO, USA). The elutes of each respective sample
were collected into 1.5 mL microfuge tubes containing 50 pL of 10% formic acid
(695076, Sigma-Aldrich, St. Louis, MO, USA). These were once again lyophilized and
stored at -80°C with the digested control fractions for LC-MS/MS analysis.

4.3.4 Glycopeptide sample processing

The samples designated for glycopeptide enrichment were resuspended in 50 pL of
PBS, pH 7.4, and enriched according to the unique ConA affinity material protocol
discussed in Chapter 3. The pooled elutes of each respective sample was then
lyophilized as discussed previously. Once this was complete, the control (unenriched)
and enriched samples were resuspended in PBS and transferred to glass vials for
deglycosylation (see Chapter 3). Briefly, all samples were incubated with 2 uL of TFMS
and 1 pL anisole for 3 hours at 4°C under constant agitation, whereafter neutralization
occurred with 60% pyridine. The neutralized samples were transferred to their
respective 2 mL microfuge tubes and centrifuged at 10 000 x g for 5 minutes at 4°C,
followed by vacuum drying at 45°C (Eppendorf Concentrator 5301, Eppendorf,
Hamburg, Germany). The dried samples were resuspended in 50 mM Tris-HCI, 2%
SDS, pH 8, digested as previously mentioned and vacuum dried again. Once dry, all
samples were stored at -80°C for LC-MS/MS at the Centre for Proteomic and Genomic
Research (CPGR).

4.3.5 Data acquisition by LC-MS/MS

All 32 samples sent for LC-MS/MS were analyzed. The CPGR also created separate
pools of the glycopeptide and phosphopeptide samples which acted as a quality
control, as well incorporated their own quality control assessment of their
instrumentation. Peptide samples were acidified and de-salted by ZipTip (ZTC18S096,
Merck Millipore, Darmstadt, Germany) according to the manufacturer’s instructions.
Samples were then dried down before being resuspended in LC loading buffer 0.1%
formic acid (56302, Sigma-Aldrich, St. Louis, MO, USA), 2% acetonitrile (BJLC015CS,
Burdick & Jackson, Muskegon, MI, USA). LC-MS analysis was conducted with a Q-
Exactive quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA) coupled with a Dionex Ultimate 3000 nano-UPLC system. Data was
acquired using Xcalibur v4.1.31.9, Chromeleon v6.8 (SR13), Orbitrap MS v2.9 (build
2926) and Thermo Foundations 3.1 (SP4). Peptides were dissolved in 0.1% formic
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acid, 2% acetonitrile and loaded on a C18 trap column (PepMap100, 9027905000,
300 ym x 5 mm x 5 ym). Approximately 400 ng of peptide was injected per sample.
Samples were trapped onto the column and washed for three minutes before the valve
was switched and peptides eluted onto the analytical column as will be described.
Chromatographic separation was performed on a ReproSil-Pur 120 C-18-AQ column
(Dr Maisch, r119.aq.n150.075, 75 ym x 15 cm x 1.9 ym) as described below. The
solvent system employed was solvent A: LC water (BJLC365, Burdick and Jackson,
Muskegon, MI, USA), 0.1% formic acid and solvent B: acetonitrile 0.1% formic acid.
The multi-step gradient (summarized in Appendix E) for peptide separation was
generated at 300 nL/min (for the majority of the peptide elution gradient) as follows:
time change 1.5 min, gradient change: 2 — 5% Solvent B, time change 50 min, gradient
change 5 — 18% Solvent B, time change 1 min, gradient change 18 — 30% Solvent B,
time change 4 min, gradient change 30 — 80% Solvent B. The gradient was then held
at 80% Solvent B for 5 minutes before returning it to 2% Solvent B for 5 minutes. All
data acquisition was obtained using Proxeon stainless steel emitters (TFES523,
Thermo Fisher Scientific, Waltham, MA, USA). The mass spectrometer was operated
in positive ion mode with a capillary temperature of 320°C. The applied electrospray
voltage was 1.95 kV. Details of data acquisition are shown in Appendix E.

4.3.6 Data interpretation

In total, 34 samples (which includes the pooled samples) were processed using the
bioinformatics workflow. The Fragpipe Graphical User Interface version 20.0 was
utilized for the comprehensive analysis of the acquired data. Here, MSFragger version
3.8 (345, 644) was employed for the database search and the input included RAW MS
data, a sequence database and search configuration. The sequence database
included the Rattus Norvegicus reference proteome (UP000002494) which was
obtained from the UniProt database (47 942 entries, October 2023) (130). Decoys and
contaminant sequences were added by employing the formatting function of
Philosopher version 5.0 (143). It is important to note that upon closer inspection of the
formatted sequence database, OVA was added as a contaminant, and this was used
to interpret the OVA sample data acquired from LC-MS/MS. For configuration, the
closed default search option was utilized, and a precursor ion mass tolerance and
fragment ion mass tolerance of £ 20 ppm was selected. Mass calibration was turned

off and we allowed for an isotope error of 1. The search was limited to strict trypsin
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peptides of length 7 — 40 amino acids, the cut sites being Arg and Lys but not if they
were followed by Pro. The peptide mass range was left as is (500 Da — 5000 Da) and

we allowed for a total of two missed cleavages.

Thiomethylation of cysteine was set as a fixed modification, whereas the
oxidation of methionine and N-terminal acetylation were set as variable modifications.
In addition, phosphorylation of Ser, Thr and Tyr was specified as a variable
modification for all the phospho-samples, whereas deamidation of Asn was specified
for glyco-samples. All other specifications were left as set by the default closed
configuration. The validation of the output data for peptide, protein and PTM
identification was done using the Philosopher toolkit. Here, PeptideProphet (326) was
employed for peptide assignment validation, PTMProphet (594) for PTM site
localization (minimum probability set to 50%), and ProteinProphet (461) for protein
inference (FDR set to 5%). Additional filtering settings were employed within the
previously mentioned software over which we had no control, and the FDR for PSM
and peptide identification converged to < 1%. The visualization and further analysis of
the data took place using the generated MSstats files, as well as PDV (381). Graphpad
prism version 8.4.3 (GraphPad Software Inc., La Jolla, CA, USA) was employed to
assess the covariance between sample populations by utilizing the RAW spectra
generated for serum samples. Additional criteria which we set during data processing
included the identification of PSMs, peptides and PTMs based on high confidence (=
95%). From this data, we removed contaminants and assessed whether enrichment
was successful by comparing the number of modified peptides present in the enriched
samples in comparison to the respective controls. Deamidated peptides were further
assessed based on whether the consensus sequence for N-linked glycosylation
existed, thus demonstrating the potential of glycosylation at that site. The percentage
of PSMs that displayed a phosphorylation or glycosylation modification was also

determined, along with the identification of such modifications in our positive controls.

4.3.7 Supplementary SDS-PAGE experiments

A tricine-SDS-PAGE experiment was employed to assess phosphopeptide
enrichment, as initial results from the total ion current chromatograms displayed little
intensity in the phospho-enrichment population. Here, the protocol designed by Haider

et al. (2012) was chosen for peptide visualization using the tricine gel running system
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(255). The fractions for this analysis were generated using on-bead digestion and
phosphopeptide enrichment as specified earlier. We employed 50 pg and 100 pg,
respectively, of the serum protein digest to assess phosphopeptide enrichment. The
respective fractions were lyophilized and resuspended in PBS, pH 7.4. The fractions
were then added in a 1:1 ratio with a new sample buffer (Appendix D). A 16% gel was
made according to the author’s instructions (Appendix D) and samples were loaded
as described for previous SDS-PAGE experiments (refer Chapter 2). Peptides were
separated using the Bio-Rad PowerPac300 (Bio-Rad Inc., Hercules, CA, USA) set at
140 V until the dye front reached the end of the gel. Fixation took place for 25 minutes
using a 5% glutaraldehyde solution which was diluted from a 50% stock (02612-AB,
West Chester, PA, USA) followed by Coomassie staining and visualization as
described previously (refer Chapter 2). A general description of the proteomics

workflow is depicted in Figure 4.1.
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Figure 4.1. An overview of the proteomics workflow from sample preparation to data processing. HILIC, hydrophilic
interaction liquid chromatography; Zr-IMAC, zirconium-immobilized metal affinity chromatography; LC-MS, liquid
chromatography mass spectrometry; UPLC, ultra (high) pressure liquid chromatography; S, supplementary experiment;
SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis. Image created using Biorender.com.
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4.4 RESULTS

All the LC-MS/MS results provided are based on the criteria we employed to
confidently identify PSMs and peptides. A detailed table summarizing the number of
PSMs, peptides and proteins for each sample is included in Appendix F. The raw data
(RAW spectra, mzml files generated by Fragpipe, MSstatsfiles) is accessible on
massIVE using the following link: ftp://massive.ucsd.edu/v02/MSV000093117, ID:
MSV000093117.

4.4.1 The variation of the acquired data

The variance between samples within each sample population (using the RAW MS/MS
spectra) was assessed with Graphpad Prism. This is shown in Table 4.1. Here, higher
variance was found between samples for phosphopeptide enrichment versus controls,
while the opposite was observed between the glycopeptide groups. Moreover, the
glycopeptide samples displayed higher variance when compared to the
phosphopeptide samples.

Table 4.1 The variance observed between each sample within their respective sample
populations.

Sample population Percentage variance
Phosphopeptide controls 2.3

Phosphopeptide enrichment | 8.3

Glycopeptide controls 28.5

Glycopeptide enrichment 24.2

4.4.2 PSMs identified from RAW spectra

The fraction of PSMs produced from raw spectra was calculated and presented as a
percentage of successful identifications in Table 4.2. The averages of the sample
populations demonstrate that very few PSMs were identified and reported, especially
for the glycopeptide sample population. The OVA samples were not considered in this
instance, except when they were included with the pooled samples.

Table 4.2 The percentage fraction of PSMs identified and reported from raw spectral data. PSM,
peptide spectral match.

Sample(s) PSMs from raw spectra (%)
Phosphopeptide controls 24.7

Phosphopeptide enriched samples 1.6

Pool of phosphopeptide samples 3.9

Glycopeptide controls <1

Glycopeptide control population <1
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| Pool of glycopeptide samples | <1 |

4.4.3 The number of phospho- and glyco-PSMs identified

The number of phospho- and glyco-PSMs were analyzed within their respective
sample groups only. The number of phospho-PSM identifications in the control group
was 19, whereas none were observed in the enriched sample population (refer
Appendix F). Conversely, numerous deamidated peptides were identified in the
glycopeptide enrichment samples. For the controls 44 deamidated PSMs were
identified and reported, while 26 was found in the enriched samples. Here, a single
deamidated peptide present in replicate 8 of the enriched sample group possessed
the consensus sequence for N-linked glycosylation (TSKAQEPDNKSVK). Overall
<0.01% of PSMs were identified as modified. Table 4.3 gives an account of each
observed phosphopeptide.

Table 4.3 Phosphopeptide sequences identified in their respective samples. A lower case ‘p’

represents the residue with the highest probability of phosphorylation, some of which possessed equally
high probabilities. The (*) indicates that the specific phosphopeptide was observed multiple times.

Sample | Phosphopeptide

PC1 pSHPSLPpSQHTAISSK
IDIPPpYEpSpYEKLYEK
AFpSQpSpSDLTK

PC4 AELAKpYMCENQATISSK
NGFpYLAFQDYGGCMSLIAVRVFYR
LEEDpYPQFSSPK
IAPASQIDSAWIVpYNKPK
GQLpTPRANELKATIDQNLEDLR
TLEASGAVGLGpSQMMPGPK
HAFSPVApSVEpSApSGEVLHSPK*
HKPKApTEDQLKTVMGDFAQFVDK

4.4.4 The identification of phosphopeptides and glycopeptides in the

positive controls

OVA was incorporated as a positive control for both phosphopeptide and glycopeptide
enrichment technique analysis. Neither the phosphorylated residue nor the
deamidated residue were observed in the OVA samples. Moreover, the peptide
samples which were pooled for glyco- and phospho-enrichment acted as positive
controls and were also used as a quality control. For the phosphopool, no
phosphorylated residue was observed. Moreover, the glycopool displayed 42

identified deamidated sites, although none had the potential to be glycosylated as the
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N-linked consensus sequence was absent. Table 4.4 displays the number of PSMs
and peptides identified for each positive control. The number of PSMs between OVA
controls in both phospho- and glyco-groups differ by more than 10-fold and 2-fold,
respectively.

Table 4.4 The number of PSMs and distinct peptides present in the positive control samples.

POVA, OVA employed as a control for phospho-enrichment; GOVA, OVA employed as a control for
glyco-enrichment.

Sample PSMs Distinct peptides
POVA control 1 307 14

POVA control 2 18 9

Phosphopool 629 296

GOVA control 1 58 10

GOVA control 2 117 11

Glycopool 267 124

4.45 Enrichment of OVA

The enrichment of 50 ug of OVA was also employed as a quality control for each
respective technique. For glycopeptide enrichment 12 PSMs and 5 distinct peptides
were observed, none of which were deamidated. Further inspection showed that the
start and end points of these peptides did not include Asn298. OVA that underwent
phosphopeptide enrichment produced 369 PSMs and 16 distinct peptides. Here, three
phosphorylated peptides were observed, of which one showed a high probability of
phosphorylation in the vicinity of the noted phospho-Ser348 of OVA. The sequence
here was: ISQAVHAAHAEINEAGREVVGpSAEAGVDAASVSEEFR.

4.4.6 Tricine-SDS-PAGE results

A tricine SDS-PAGE experiment was utilized to further assess phosphopeptide
enrichment as low intensity was observed in the total ion current chromatograms at
the beginning of data acquisition. Figure 4.2 displays the total protein images of 50 ug
(lanes 2-5) and 100 pg (lanes 6-9) phosphopeptide enrichment fractions. Peptide is
visible in lanes 1 and 6 which represent the respective unretained fractions. No peptide
was visible in any other lanes. Due to the relatively low peptide weight these were near
to the dye front which is unfortunately also visible, as gel running was stopped to

prevent any sample loss.
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4.2 1 2 3 4 5 6 7 8 9
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Figure 4.2 A 16% tricine gel was employed to assess phosphopeptide enrichment. Lane 1: Protein ladder;
Lane 2: Unretained fraction; Lane 3: Glycolic wash fraction; Lane 4. Combined wash fractions; Lane 5: Pooled
eluted fractions; Lane 6:Unretained fraction; Lane 7: Glycolic wash fraction; Lane 8: Combined wash fractions;
Lane 9: Pooled eluted fractions.

4.5 DISCUSSION

High precision instrumentation was employed for more robust evaluation of our newly
proposed enrichment techniques. This consisted of reversed-phase HPLC coupled to
ESI-MS/MS. Of note, sample preparation was tackled in a multi-dimensional manner
to ensure compatibility with such equipment (412, 602). The potential variability
induced by such additional experimental steps, as well as the nature of the sample
through which enrichment took place, resulted in the inclusion of quality control
assessment. Overall, the datasets reveal that both enrichment techniques were unable

to enrich modified peptides under the current experimental conditions.

4.5.1 The variance between samples

Table 4.1 depicts the variance between the serum sample enrichment and control
groups for both phosphopeptide and glycopeptide retrieval technigues. Increased
variance was observed in the enriched phosphopeptide sample group versus the
control group. This occurred due to more processing steps being required for LC-MS
preparation and hence introducing greater variation (70). Moreover, samples that were
designated to assess the glycopeptide enrichment technique exhibited much higher
variation between results versus the phosphopeptide group. This was expected as
there were multiple processing steps such as digestion and deglycosylation, followed
by more digestion. Interestingly, the control group demonstrated higher variability
between samples compared to the enriched group, and this is likely due it experiencing
more freeze-thaw cycles. This may have resulted in the degradation of our peptide
samples (441). Moreover, a striking difference between the number of successfully

identified PSMs was observed between positive control samples (Table 4.4) and
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indicates that potential differences may have existed in terms of handling the different
samples.

4.5.2 Fewer identifications in the enriched samples compared to controls

It is evident that the number of PSMs and peptide identifications in the respective
enriched sample populations is lower compared to controls, and both groups displayed
very low modified PSM identifications (Appendix F). The overall yield is also very low
when compared to existing literature where similar methods were used (619, 734).
Moreover, the specific retrieval of glycopeptides and phosphopeptides were
unsuccessful as the enriched samples exhibited little to no identifications when
compared to the respective control groups. Potential reasons for this result include the
loss of the modification site due to sample preparation errors, the instrumentation used
and the nature of the biological samples here employed.

4.5.2.1 The loss of the peptide/modification

When the addition of a phosphate moiety occurs, a higher degree of hydrophilicity is
acquired (435). Thus if a short, multi-phosphorylated peptide existed in the sample its
degree of hydrophilicity would not be compatible with reversed-phase SPE. In addition,
its high hydrophilicity could result in lower retention on the trap column and may have
been lost (107). The presence of a phosphate molecule in close proximity to the trypsin
cutting site may also be a contributor to such an outcome (19). Such issues together
with other PTMs can sterically hinder the cleavage site and produce increased missed

cleavages (19).

Positive ionization was the mode of choice as it is well characterized and
generally preferred (390, 703). Traditionally, an ion relates to a charged species that
has either lost or gained electrons. Here, the ions refer to the molecules which
accepted a proton and thus become protonated. However, phosphate moieties
become neutral due to their negative charge (417, 612) and this results in ionization
suppression and a relatively poor identification of phosphorylation (334, 417).
Furthermore, operation of the mass spectrometer in DDA mode could have resulted
in low abundance precursor ions not being selected for fragmentation (308), hence
causing the loss of important information. However, this may not be the case as low

intensity was observed in the total ion current chromatograms of the enriched samples.
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Moreover, the CPGR employed in-house quality control tests of their instrumentation
to ensure optimal function and therefore the instrumentation cannot account for our

observations.

For both phosphopeptide and glycopeptide groups, autolysis and loss of
stability during digestion could have impacted the identification of modifications (70).
A reason for this could be high incubation temperatures with slightly alkaline pH (401).
Moreover, excessive enzyme-to-substrate ratios could have caused non-specific
cleavage and produced small peptides that are not favorable for MS analysis (274,
401). Although the pH of our digestion solvent was slightly alkaline, we employed a
temperature of 37°C which could have lowered the pH (401). No universally employed
standard for protein digestion exists, and proteolysis was not performed under extreme
conditions. Moreover, we did not allow for non-specific cleavages or semi-tryptic
fragments and specified that only peptides longer than 7 amino acids were to be
analyzed. This could have resulted in the loss of important information by excluding
semi-tryptic peptides for database search and hence decreased identifications (70,
413). In contrast, a 1:50 enzyme to substrate ratio might have been too low and also
resulted in decreased cleavage efficiency, therefore a higher concentration of 1:20 or
1:30 might have sufficed (463, 612). If tryptic digestion was inefficient, a combination
of proteases which include trypsin and Lys-C might have provided deeper proteomic

coverage and better phospho-/glycopeptide identifications (231, 478).

The validation step involving PeptideProphet and PTMProphet did not allow us
to alter the FDR threshold for final reporting as only ProteinProphet enabled this. This
might be because the validation step was designed to suit protein-centric experiments.
This could also be a reason for low PSM identification from RAW spectra as any
identifications with an FDR > 1% would not have been reported. This could be rectified
by employing other easy-to-use open-source software validation tools which could

allow us to alter the FDR for peptide identifications, such as ID Picker (413).

Intact N-linked glycans could not be analyzed as we lacked software available
for this, and therefore deglycosylation had to be employed (46). The caveats of
identifying such glycans based on deamidation is that such induced chemical

modification may occur spontaneously (258). The amino acid sequences must
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therefore be interrogated to assess the potential of glycosylation. Although multiple
PSMs for deamidation were observed, only one exhibited the potential to be
glycosylated. The drawback here is that a single PSM existed for this identification and
for this protein, and hence the confidence of the assignment of an N-linked glycan to
this residue on the specific protein is low. Moreover, deglycosylation could have been
ineffective for releasing the glycans. Although such reasons may be possible
explanations for low PSM and peptide identifications, more plausible reasons are likely

the nature of the biological samples and the enrichment techniques employed.

4.5.3 The challenges associated with serum enrichment

The blood proteome is one of the most popular biofluids for candidate biomarker
discovery due to its accessibility and biological information it possesses (492, 727).
Serum consists of proteins such as albumin and immunoglobulins, lipids, and various
small molecules (e.g. salts and sugars) (5). It also exhibits the largest dynamic range
of all biological samples, which decreases the detection of lower abundance proteins
of interest (22, 727). This is compounded by the relatively low abundance of modified
proteins which results in sub-stoichiometric levels of detection (612, 736). Depletion
of high abundance proteins and enrichment of proteins of interest (to increase their
concentration) can be employed to overcome such complexity (492). However, we
propose that interfering non-modified proteins decreased the enrichment capacity of
the affinity material for both techniques here employed. Low starting material (50 ug
of protein) could also be a reason for the results, as higher amounts of starting protein
material has been recommended (612). Others have employed lower amounts of
starting material and encountered higher identifications (198, 399), however these
took place with samples that had lower dynamic ranges. In addition, commercially
available glycoprotein enrichment kits recommend higher amounts of starting material
(217, 253, 654). This may also be dependent on the binding ability of the material, for
example, how much lectin is immobilized to the support surface. Furthermore, the
presence of serum lipoproteins (5) which possess phospholipid components (147) can
inhibit phosphoprotein retrieval as the Zr** ion possesses an attraction towards the
negatively charged phosphate moiety. Chloroform-methanol lipid extractions have
shown to be beneficial for glycoprotein analysis (584), however, depletion and lipid
removal were not tested in this thesis as increased sample processing steps increase

the chances of sample loss (70, 300, 598). Despite this, previous studies employing
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depletion strategies in conjunction with enrichment revealed sound outcomes (302,
377,414, 519).

An additional reason for the unsuccessful enrichment of glycopeptides is that
ConA exhibits a selective affinity for specific N-linked glycan moieties (619) and hence
this could further decrease the detection of serum glycopeptides. The structure of the
affinity materials may also have contributed to the nature of our results. Both the Zr-
IMAC and carboxyl beads are porous (535, 713) and may therefore act as a ‘sponge’
for non-specifically enriching peptides. Moreover, the positive controls for each
respective technique did not show retrieval of the phospho-/glycopeptide. This doesn’t
necessarily mean that the modification was absent, but rather that the peptide was in
relatively low abundance and was therefore not chosen for fragmentation by the
instrument (148). However, enrichment of the peptide which carries the Ser348
phospho-residue was observed in the phospho-OVA enriched sample and potentially

demonstrates that lower sample complexity may benefit this enrichment technique.

Due to low intensity present in the total ion current chromatograms, 16% tricine
gels were employed to visualize the respective phosphopeptide enrichment fractions
(Figure 4.2). Peptide was only present in the unretained fractions of both the 50 ug
and 100 pg experiments and demonstrates that very little to no enrichment of the
serum samples took place. It's possible that only 1% of the total peptide fraction
incubated with the beads was enriched. However, it did not appear in the
corresponding fractions. The analysis of glycopeptide enrichment was not necessary
as lower sample was present in these fractions, therefore a similar result would have
been obtained in this case. Even with the high resolution and sensitivity of LC-MS/MS,
modified peptide PSMs were low in abundance compared to others.

4.6 CONCLUSION

The use of both sets of affinity material for glycopeptide and phosphopeptide
enrichment alone is not suitable for complex samples such as serum. This is mainly
due to the high dynamic range of the serum proteome, as well as interfering non-
modified proteins and potentially lipids. Moreover, the structure of the affinity material
may increase non-specific retrieval of these highly abundant species. Thus such

technigues should be employed for the enrichment of phospho- and glycopeptides
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within biological matrices which do not possess such a high dynamic range as for
serum. Moreover, additional fractionation steps such as depletion should be
incorporated into workflows which employ such retrieval techniques. This should first
be evaluated for serum peptides retrieval and then followed by a top-down approach

for enrichment.

4.7 LIMITATIONS AND FUTURE RECOMMENDATIONS

Limitations include the enrichment techniques that were employed for retrieval of
modified peptides in unfractionated serum. Here, serum membrane bound particles
could be targeted by employing novel techniques as described by Wu et al. (2023).
These authors employed a single-step-enrichment of microvesicles, exosomes and
apoptotic bodies from the plasma proteome using SAX chromatography (701). This
should decrease the dynamic range of blood samples and increase the identification
of modified proteins. Furthermore, extracellular vesicles can also be separated from
serum by means of ultracentrifugation (105). These can then be lysed and enriched
for phosphoprotein/glycoproteins which would assist with candidate biomarker
discovery. Additional methods for enrichment can be employed, such as a combination
of IMAC materials (31) or multiple lectin affinity chromatography (194). A larger starting
amount of serum material should also be employed as the relatively low abundance
of modified proteins only constitutes ~1% of the total protein fraction. Automated
workflows can also be employed in future experiments to limit sample handling errors
(70). Unfortunately, limited reagent availability and financial constraints prevented us

from considerably improving the current methodology.
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5 A UNIFIED CONCLUSION

SDS-PAGE coupled with total protein visualization displayed non-specific enrichment,
and LC-MS/MS evaluation demonstrated that the current affinity material was
insufficient for serum glycopeptide and phosphopeptide enrichment. This is due to the
porosity of the beads for both techniques as intact protein enrichment results in non-
specific capture within the micropores. Contaminants such as lipids may also hinder
enrichment in serum samples. Moreover, the high dynamic range of serum and
enrichment without depletion decreases the efficiency of peptide enrichment when
employing microparticles such as these. Increased starting material and fractionation
steps could improve this, such as the coupling of multiple enrichment techniques. We
therefore propose that more sample processing might be necessary to extract
modified peptides. Moreover, extracellular vesicles present in the blood proteome may
be better suited for isolation, followed by lysis and enrichment through the discussed
retrieval techniques. Overall, more optimization of these techniques is needed to

extract modified proteins from samples such as serum.
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