N MONASH University

INVESTIGATION OF NEUROPROTECTIVE AND

NEUROTROPHIC EFFECTS OF EDIBLE BIRD’S

NEST IN PARKINSON’S DISEASE MODELS

YEW MEI YENG

Bachelor of Science (Honours) Biomedical Science

A thesis submitted for the degree of Doctor of Philosophy at
Monash University in 2018

Jeffrey Cheah School of Medicine and Health Sciences



SUPERVISORS

Main supervisor:  Dr. Ng Khuen Yen
Brain Research Institute Monash Sunway,
Jeffrey Cheah School of Medicine and Health Sciences,
Monash University Malaysia,
Jalan Lagoon Selatan,
47500 Bandar Sunway,

Selangor Darul Ehsan, Malaysia.

Co-supervisors: Professor Dr. Iekhsan Othman
Jeffrey Cheah School of Medicine and Health Sciences,
Monash University Malaysia,
Jalan Lagoon Selatan,
47500 Bandar Sunway,

Selangor Darul Ehsan, Malaysia.

Dr. Koh Rhun Yian

Division of Applied Biomedical Science and Biotechnology,
School of Health Sciences,

International Medical University,

No.126, Jalan Jalil Perkasa 19,

Bukit Jalil, 57000 Kuala Lumpur,

Wilayah Persekutuan Kuala Lumpur, Malaysia.



COPYRIGHT NOTICE

© The author (2018).

I certify that I have made all reasonable efforts to secure copyright permissions for third-party
content included in this thesis and have not knowingly added copyright content to my work

without the owner's permission.



THESIS INCLUDING PUBLISHED WORKS DECLARATION

I hereby declare that this thesis contains no material which has been accepted for the award of
any other degree or diploma at any university or equivalent institution and that, to the best of
my knowledge and belief, this thesis contains no material previously published or written by

another person, except where due reference is made in the text of the thesis.

This thesis includes one original papers published in peer reviewed journals and three
manuscripts (under review). The core theme of the thesis is the investigation of
neuroprotective and neurotrophic effects of edible bird’s nest in the interest of treatment of
Parkinson’s disease. The ideas, development and writing up of all the papers in the thesis
were the principal responsibility of myself, the student, working within the Jeffrey Cheah

School of Medicine and Health Sciences under the supervision of Dr. Ng Khuen Yen.

The inclusion of co-authors reflects the fact that the work came from active collaboration

between researchers and acknowledges input into team-based research.



In the case of Chapter 3-6, my contribution to the work involved the following:

Thesis Publication Status Nature and % | Co-author name(s) | Co-

Chapter | Title of student Nature and % of author(s)
contribution Co-author’s , Monash

contribution student

3 Edible bird's Published | 55%. 1) RhunYian Koh, 1) No

nest Conception of Conception of 2) No

ameliorates study, study, data 3) No

oxidative experimentation analysis, input 4) No

stress-induced

apoptosis in
SH-SYSY
human
neuroblastom

a cells

, data collection,
preparation of

manuscript.

2)

3)

4)

into manuscript
20%

Iekhsan Othman,
Conception of
study, input into
manuscript 5%
SoiMoi Chye,
Conception of
study 5%
KhuenYen Ng,
Conception of
study, data
analysis, input
into manuscript

15%




Edible bird’s | Submitted | 55%. 1) RhunYian Koh, | 1) No
nest extracts Conception of Conception of 2) No
confer study, study, data 3) No
neurotrophic experimentation analysis, input 4) No
effects by , data collection, into manuscript
enhancing preparation of 20%
proliferation, manuscript. 2) Iekhsan Othman,
migration and Conception of
neurogenesis study, input into
of neural stem manuscript 5%
cell in vitro 3) SoiMoi Chye,

Conception of

study 5%

4) KhuenYen Ng,

Conception of

study, data

analysis, input

into manuscript

15%
Edible bird’s | Submitted | 55%. 1) RhunYian Koh, 1) No
nest improves Conception of Conception of 2) No
motor study, study, data 3) No
behavior and experimentation analysis, input 4) No
protects , data collection, into manuscript 5) No
dopaminergic preparation of 10% 6) No




neuron in manuscript. 2) Iekhsan Othman,
Parkinson’s Input into
disease mouse manuscript 5%
model against 3) SoiMoi Chye,
oxidative and Conception of
nitrosative study 5%
stress 4) Tomoko Soga,

Experimentation,

input into

manuscript 15%

5) Ishwar Parhar,
Input into
manuscript 5%
6) KhuenYen Ng,

Conception of

study, data

analysis, input

into manuscript

5%
De novo Submitted | 55%. 1) RhunYian Koh, 1) No
sequencing- Conception of Conception of 2) No
assisted study, study, data 3) No
peptide experimentation analysis, input 4) No
profiling and , data collection, into manuscript
antioxidant preparation of 10%

Vi




study of
edible bird’s

nest extracts

manuscript.

2)

3)

4)

5)

Iekhsan Othman,
Conception of
study, input into
manuscript 15%
Syafiq Asnawi
Zainal Abidin,
Experimentation,
input into
manuscript 5%
SoiMoi Chye,
Conception of
study 5%
KhuenYen Ng,
Conception of
study, data
analysis, input
into manuscript

10%

I have not renumbered sections of submitted or published papers in order to generate a consistent

presentation within the thesis.

Student signature: -

Date: 15" May 2018

vii




The undersigned hereby certify that the above declaration correctly reflects the nature and extent of
the student’s and co-authors’ contributions to this work. In instances where I am not the responsible
author I have consulted with the responsible author to agree on the respective contributions of the

authors.

Main Supervisor signature: Date: 15 May 2018

viii



ACKNOWLEDGEMENT

I would like to thank my supervisory panel, including main supervisor Dr. Ng Khuen
Yen, and co-supervisors Professor Iekhsan Othman and Dr. Koh Rhun Yian, for their
relentless efforts in guiding, advising and encouraging me throughout the candidature period.
Their insightful feedbacks on my work have improved my research output significantly,
hence the production of this important piece of thesis. Their professionalism at work has
shaped me into an independent and focussed person with critical-thinking skill. These
attributes will be my biggest takeaway values after the candidature. I would also like to
express my gratitude to the reviewer panels, Dr. Tang Kim San, Associate Professor Md
Ezharul Hoque Chowdhury, Associate Professor Tomoko Soga and Associate Professor
Rakesh Naidu who have selflessly contributed their feedback during the annual progress

review session.

I also appreciate the scholarship granted from Monash University Malaysia, which
definitely has given me the financial flexibility to pursue postgraduate study by research.
Many thanks to the technical and administrative support given by the staffs and officers from
the Jeffrey Cheah School of Medicine and Health Sciences, and School of Pharmacy, who
have helped me numerous times in ensuring swift experiment and timely completion of

administrative work.

I am truly grateful for having friendly, supportive and helpful lab mates;

Saatheeyavaane, Sonia Phang, Felix Kevin, Vanessa Lee, Alexis, Nur Izyani, Adzzie, Pei



Ling, Pei Ying, Owen Teo, Yi Yang and many others, thank you for being with me all these

while and I wish you all the best in your candidature.

Lastly, I would like to dedicate my deepest appreciation to my dearest family. Thank
you for your timeless patience and encouragement as I stumbled across many challenges
during my candidature. I would not have completed this thesis without your unconditional

love and support.



TABLE OF CONTENTS

Supervisors i
Copyright ii
Thesis including published works declaration iii
Acknowledgement ix
List of figures XV
List of tables xviii
Abbreviations Xix
Abstract xxii
Chapter 1: Introduction and general objectives 1
1.1 Introduction 2
1.2 General objectives of the study 5
1.3 References 6
Chapter 2: Literature review 8
2.1 Parkinson’s disease 9
2.1.1 Introduction 9
2.1.2 Progression and staging of PD 10
2.1.3 Aetiology and pathogenesis of PD 11
2.1.3.1 Oxidative stress 15

2.1.3.2 Neuroinflammation 17

2.1.3.3 Mitochondrial dysfunction 18

2.1.3.4 Apoptosis 20

2.1.3.5 Proteinopathy 21

2.1.3.6 Ferroptosis 22

Xi



2.1.4 Changes in motor circuitry in PD
2.1.5 Current treatment options for PD: Pitfalls and future
2.1.6 The need for multifaceted treatment in PD
2.2 Edible bird’s nest
2.2.1 Production and origin
2.2.2  Traditional value of EBN
2.2.3 Compositional make-up of EBN
2.2.4 Bioactivity studies of EBN
2.2.5 EBN as a natural source of bioactive compounds
2.2.5.1 Bioactive compounds identified in EBN
2.2.5.1.1 Sialic acid
2.2.5.2 Potential neuroprotective and neurotrophic compounds in EBN
2.2.5.2.1 Epidermal growth factor
2.2.5.2.2 Melatonin
2.2.5.2.3 Vascular endothelial growth factor
2.3 Tandem mass spectrometry for proteomic study
2.3.1 Database search versus de novo sequencing
2.3.2 Proteomic studies of EBN
2.4 References
Chapter 3: Edible bird's nest ameliorates oxidative stress-induced apoptosis in SH-
SYSY human neuroblastoma cells
3.1 Summary of Chapter 3
3.2 Published paper
Chapter 4: Edible bird’s nest extracts confer neurotrophic effects by enhancing

proliferation, migration and neurogenesis of neural stem cell in vitro

23

26

30

32

32

33

34

34

37

38

38

39

39

40

43

45

45

48

51

74

75

77

89

xii



4.1Summary of Chapter 4 90
4.2 Manuscript 91
4.3 References 114
Chapter 5: Edible bird’s nest improves motor behavior and protects dopaminergic

neuron in Parkinson’s disease mouse model against oxidative and nitrosative stress 120

5.1 Summary of Chapter 5 121
5.2 Manuscript 123
5.3 References 157

Chapter 6: De novo sequencing-assisted peptide profiling and antioxidant study of

edible bird’s nest extracts 163
6.1 Summary of Chapter 6 164
6.2 Manuscript 165
6.3 References 221
Chapter 7: Discussions, general conclusion, future works and recommendations 268
7.1 Discussion 269
7.1.1 Possible links between EBN protein and effects seen in NSC and animal 269
studies
7.1.2 Rationale of using EBN as a nutraceutical option for PD 270
7.1.3 Protein across blood-brain-barrier? 271
7.2 General conclusion of the study 272
7.3 Future works and recommendations 273

7.3.1 Purification of bioactive compound and characterization of novel compound 273
7.3.2 Study on alternative PD model 275
7.4 References 277

Publication 282

xiii



Appendix 283

Xiv



LIST OF FIGURES

Chapter Figure Number and Title Page
Number
2 Figure 2.1. Schematic diagram of molecular mechanisms 15
underlying the pathogenesis of PD
Figure 2.2. Partial reduction of oxygen leads to formation of 20
ROS
Figure 2.3. The direct and indirect pathway of the basal ganglia | 25
motor circuit
Figure 2.4. Basal ganglia-thalamo-cortical circuit under normal 26
condition and PD
3 Figure 1 Cytotoxic effect of EBN extracts on SH-SYSY cells 81
Figure 2 Effect of EBN extracts on morphological and nuclear 82
changes of 6-OHDA-challenged SH-SYS5Y cells
Figure 3 Effect of EBN extracts on 6-OHDA-challenged SH- 83
SYSY cell viability
Figure 4 Effect of EBN extracts on intracellular reactive oxygen | 83
species (ROS) production in 6-OHDA-challenged SH-SY5Y
cells
Figure 5 Effect of EBN extracts on 6-OHDA-induced apoptosis | 84
Figure 6 Effect of EBN extracts on mitochondrial membrane 85
potential (MMP) in 6-OHDA-challenged SH-SYS5Y cells
Figure 7 Effect of EBN extracts on cleavage of caspase-3 in SH- | 86

SYSY cells challenged with 6-OHDA

XV




Fig.1 Cytotoxic effect of EBN extracts on NE-4C 100
Fig.2 Cell cycle profiling of EBN-treated NE-4C 102
Fig.3 BrdU incorporation in EBN-treated NE-4C 104
Fig.4 Cell migration studies in EBN-treated NE-4C 105
Fig.5 Cell differentiation studies in NE-4C 107
Fig.6 Neuronal differentiation in retinoic acid-primed NE-4C 108
Fig.7 Neuronal differentiation after EBN extract treatments in 109
retinoic acid-primed NE-4C

Fig. 1. Body weight of animal subjects across 4 weeks of oral 135
treatment with EBN

Fig. 2. H&E staining of lung, heart, liver, kidney and spleen 139
sections from control mice, mice fed with S1 at 20 mg/kg, S1 at

100 mg/kg, S2 at 20 mg/kg and S2 at 100 mg/kg

Fig. 3. Behavioral tests were applied to examine the locomotor 141
activity of treated mice

Fig. 4. Immunohistological studies of dopaminergic neurons in 145
substantia nigra

Fig. 5. Immunohistological studies of GPX1-positive and 146
CD11b-positive neurons in substantia nigra of PD mice

Fig. 6. NO production and lipid peroxidation assessment in PD 147
cell model

Fig.1. Venn diagram of proteins identified from raw EBN 205
powder and water extract of EBN

Fig.2. Antioxidant capacity of EBN and standard as evaluated by | 217

XVi




(A) DPPH radical scavenging assay, (B) FRAP assay and (C)

metal chelating assay

XVii




LIST OF TABLES

Chapter | Table Number and Title Page
Number
5 Table 1. Blood biochemistry of animal subjects after 28 days of 136
treatment with EBN crude and water extracts
Table 2. Organ weight of animal subjects 139
Table 3. Number of grid crossing and number of rear bouts of mice | 143
in open field test
6 Table 1. List of proteins detected in the in-solution digests of raw 175
EBN
Table 2. List of proteins detected in the in-solution digests of water | 191
extract of EBN
Table 3. Proteins identified in EBN, their biological function and 211
(possible) implication in other EBN studies
Table 4. Matched information from Swiss-Prot for uncharacterized | 215
EBN proteins predicted by de novo sequencing
Supplementary File 1 - complete list of peptide sequences and m/z | 228
values of raw EBN powder
Supplementary File 1 - complete list of peptide sequences and m/z | 251

values of EBN water extract

XViii




ABBREVIATIONS

6-OHDA: 6-hydroxydopamine

ATP: Adenosine triphosphate

BBB: Blood-brain-barrier

BDNF: Brain-derived neurotrophic factor

BrdU: 5-bromo-2'-deoxyuridine

DBS: Deep brain stimulation

DIJ-1: Parkinson disease protein 7.

DNA: Deoxyribonucleic acid

EBN: Edible bird’s nest

EGF: Epidermal growth factor

EGFR: Epidermal growth factor receptor

FDA: Federal Drug Administration

FDR: False discovery rate

GDNF: Glial cell-derived growth factor

GNPS: Global Natural Products Social Molecular Networking

GPe: External globus pallidus

GPi: Internal globus pallidus

XiX



GWAS: Genome wide association studies

H,0,. Hydrogen peroxide

IFN: Interferon

IL: Interleukin

MAO: Monoamine oxidase

MAPK: Mitogen-activated protein kinases

MPTP: 1-methyl-4-phenyl-1,2,5,6-tetrahydropyrine PD

MS/MS: Tandem mass spectrometry

NCAM: Neural cell adhesion molecules

Neu5SAc: N-acetyl-D-neuraminic acid

NMR: Nuclear magnetic resonance

NSC: Neural stem cell

PINK1: PTEN-induced putative kinase 1

PTM: Post-translational modifications

RNS: Reactive nitrogen species

ROS: Reactive oxygen species

SNCA: Alpha-synuclein

TNF: Tumor necrosis factor

UCH-L1: Ubiquitin carboxy-terminal hydrolase L1

XX



UPS: Ubiquitin-proteasome system

VEGF: Vascular endothelial growth factor

XXi



Abstract



Parkinson’s disease (PD) is the world’s second most common progressive neurodegenerative
disorder characterized by the loss of nigrostriatal dopaminergic neurons and intra-neuronal
presence of protein inclusions known as Lewy bodies. PD impacts the quality of life in
elderly due to deterioration of motor and cognitive skills. Public interest in complementary
medicine has prompted the exploration of natural product for therapeutic application. Edible
bird’s nest (EBN), product made of swiftlet’s saliva, is investigated herein due to potential
presence of neuroprotective and neurotrophic bioactive compounds. Using neuronal cell
model of PD, we demonstrated that EBN ameliorated degeneration of dopaminergic neurons
by counteracting with the apoptosis caused by oxidative stress and nitrosative stress. EBN
also possessed neurotrophic effect by promoting proliferation, migration and neurogenesis of
neural stem cell. Our experiment with PD mouse model further illustrated the benefits of
EBN in improving motor functions through antioxidative and anti-inflammatory mechanisms.
Comprehensive protein profile of EBN acquired with bioinformatics tools have identified
potential bioactive compounds implicated in immunity, extracellular matrix formation,
neurodevelopment, cell survival and apoptosis, cell proliferation and migration, antioxidation,
and common cellular processes. The study suggests that EBN may be further investigated for

its nutraceutical application on neurodegenerative diseases.
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Chapter 1

Introduction and general objectives



1.1 Introduction
Parkinson's disease (PD) is a progressive neurodegenerative disease affecting more than 1%
of the population over 60 years of age (Farrer, 2006). Pathologically, there is loss of
dopaminergic neurons in the substantia nigra which subsequently causes dopamine
depletion in the striatum of the midbrain (Dauer and Przedborski, 2003). Dopamine
depletion ultimately leads to deterioration of motor function, as seen in most PD patients
(Snyder and Adler, 2007). For instance, patients of this disorder are manifested with
clinical signs such as tremor, rigidity and bradykinesia. In addition, aggregation of
abnormal a-synuclein protein known as Lewy bodies is also detected in surviving neurons
(Przedborski, 2005). In Malaysia, around 15,000 individuals are affected by PD
(Malaysian Parkinson’s Disease Association, 2010). The disease itself is not fatal, yet the
country’s economic burden due to medical care and morbidity associated with the disease

has raised much concern from the public.

Several etiologies have been proposed for the pathogenesis of PD including oxidative
stress, neuroinflammation, mitochondrial dysfunction, failure of ubiquitin-proteasome
system (UPS), apoptosis and proteinopathy. To date few conventional treatments have
been made available to PD patients, namely the use of drug Levodopa and surgical
manipulation through deep brain stimulation. However, these treatment options are prone
to drug-induced side effects, and have limited application due to inconsistent clinical
outcome. Despite a variety of therapies are available, the progressive nature of PD is yet
to be tackled. As such, current strategy for treatment development focuses on slowing
down disease progression through the promotion of neuroprotective mechanism and

neuron regeneration.



Edible bird’s nest (EBN) is natural food product made from saliva of the swiftlets,
specifically by the genus Aerodramus. Chinese being the largest consumer usually
prepared EBN in soup and regard it as delicacy with substantial medicinal value.
Traditionally, EBN has been used for its tonic effect towards complications in the
respiratory airways and gastrointestinal system. In addition to that, EBN is also well-
sought after for claims such as ability to enhance skin complexion, immunity, growth,

metabolism and blood circulation (Lim and Cranbrook, 2002).

Increasing public interest on the benefits of EBN has prompted evidence-based research
on its bioactivity. Notably, numerous in vitro and in vivo studies have shown that EBN
was able to boost immunity, promote cell division and proliferation, neutralize influenza
activity, as well as prevent osteoporosis (Ng et al., 1986, Kong et al., 1987, Guo et al.,
2006, Matsukawa et al., 2011). The bioactive compounds responsible for some of the
effects mentioned were suggested and identified. This indicates that EBN may be a rich

source of animal-derived natural compound that may offer health advantage.

EBN consists mainly of proteins, carbohydrates, ash, lipid and impurities (Marcone,
2005). Studies have reported that protein is the major content of EBN, which represents
around 60% of the net weight (Kathan and Weeks, 1969, Marcone, 2005). Protein in EBN
exists in two forms: simple protein and glycoprotein. A total of eighteen types of amino
acids with aspartic acid and serine as the major amino acids were found in EBN (Kathan
and Weeks, 1969). Studies have also discovered potent compound such as epidermal
growth factor (EGF)-like compound and sialic acid in EBN (Kong et al., 1987, Yagi et al.,
2008). Both EGF and sialic acid are neurotrophic factors known to promote neuron and

brain development. Nonetheless, neuroprotective compound may also present because



animal saliva was previously found to contain vascular endothelial growth factor (VEGF)
and melatonin (Voultsios et al., 1997, Pammer et al., 1998a). These are compounds

powered with anti-apoptotic and antioxidant properties.

Overall, literature suggests that EBN might confer neuroprotective and neurotrophic
effects due to possible presence of a number of bioactive compounds. Hence this study
aimed to investigate the neuroprotective effect of EBN in in vitro neuronal cell model of
PD, and its potential to affect proliferation and migration as well as to stimulate
neurogenesis in cultured neural stem cell. The study also evaluated the effect of EBN oral
supplementation on motor function and neurochemistry in PD mouse model. Lastly,
proteomic study of the EBN was carried out to identify bioactive proteins that may be
relevant to the effect of EBN in current study. The findings of this study will support the

potential nutraceutical application of EBN in favour of the treatment of PD.



1.2 General objectives of the study

The study was carried out with the following objectives:

1. To evaluate the neuroprotective effects of EBN on 6-hydroxydopamine (6-OHDA)-

challenged neuronal cell line.

2. To investigate the neurotrophic effects of EBN on the proliferation, migration and

differentiation of neural stem cells.

3. To investigate the effects of EBN on the motor behaviour and neurochemistry in PD

mouse model.

4. To identify bioactive compound from EBN relevant to its neuroprotective and

neurotrophic effects.
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Chapter 2

Literature review



2.1 Parkinson’s disease

2.1.1

Introduction

Neurodegenerative diseases are the disorders of the nervous system
characterized by progressive loss of structure or function of the neurons.
Degeneration or death of the neurons gradually causes down-sizing of the
neuronal network. Alzheimer’s disease, PD and Huntington’s disease are some
of the most well-known neurodegenerative diseases that share some common
pathologies, such as the presence of abnormal protein aggregates and the
atrophy of the affected brain region due to structural loss of neurons (Ross and

Poirier, 2004).

As an age-related disease, PD affects primarily people of 60 years old and
above. Global prevalence of PD is only second to the top-listed
neurodegenerative disorder, the Alzheimer’s disease. According to the
estimation by Malaysian Parkinson’s Diseases Association, around 15,000
Malaysian is affected by PD. PD affects neurons project from substantia nigra
in the midbrain to the striatal caudate-putamen in the forebrain, particularly
dopaminergic neurons (Dauer and Przedborski, 2003). Another pathological
hallmark of PD is the presence of Lewy bodies, an intraneuronal inclusion or
aggregate of mutated protein. Specific to the disease’s progression, Lewy
bodies reside in the cytoplasm. They result from aggregation of several
different proteins namely Parkin, ubiquitin and neurofilaments, but they
mainly consist of mutant a-synuclein (Przedborski, 2005).

Patient of PD suffers from resting tremor, rigidity, slow movement and

response, as well as postural instability (Snyder and Adler, 2007). The main



2.1.2

cause for impairment in motor skills is claimed by a significant drop in the
dopamine pool, the neurotransmitter that relays electrochemical signals
between nerve cells and promotes movement, in the striatum of the midbrain.
When 60-80% dopamine-secreting neuron in the substantia nigra pars
compacta is degenerated, respective nerve terminals in the striatum is
subsequently affected. Involvement of the dopaminergic nigrostriatal pathway
is not alone in the pathogenesis of PD, as non-dopaminergic systems such as
noradrenergic, serotonergic and cholinergic systems may be affected as well,
which contributes to non-motor symptoms experienced by PD patients
(Ziemssen and Reichmann, 2007). Olfactory dysfunction, cognitive
impairment, depression, dysautonomia and sleep disturbances are some of the
examples. These complications have significant impact on health and life
quality on not just the patients itself, but also on their family due to the

enormous financial medical burden.

Progression and staging of PD

Progressive degeneration of neuromelanin-containing neurons in the
dopaminergic-concentrated region of the brain is age-related and the
manifestation of motor syndromes in PD patient follows marked loss of
neurons (Reeve et al., 2014). According to Braak staging, distribution of Lewy
bodies can be used as a parameter to determine severity of PD (Braak et al.,
2003, Braak et al., 2004). Stage 1 and 2 are considered preclinical stages
whereby the disease only affects olfactory bulb and PD is less likely to be
diagnosed as early as at this stage. As neurodegeneration develops in lower

brain stem, patients will experience autonomic disturbances and sleeplessness.

10



2.1.3

Then, as PD enters stage 3 and 4 patients will develop neuronal loss in
substantia nigra follows by further loss in deep nuclei of the midbrain and the
forebrain, which significantly affect their motor skill. At stage 5 and 6, or
generically known as advanced PD, as limbic system and neocortex are
involved, cognitive and psychiatric symptoms often appear alongside severe

motor disability.

Aetiology & pathogenesis of PD

About 95% of PD cases are idiopathic while familial PD is only recognized
recently after it was noticed that first degree relatives of PD patients had two-
fold risk to develop the same disorder (Tan and Skipper, 2007). It is evident,
although in rare cases, that genetic linkage plays a part in PD pathogenesis.
Specifically, five genes have been extensively studied and mutations at these
gene loci are directly associated with protein abnormalities, which include a-

synuclein, Parkin, LRRK2, DJ-1 and PINK1 (Ross and Poirier, 2004).

Missense mutations in the a-synuclein gene (SNCA), including A30P, E46K
and A53T, have been linked to autosomal dominant form of PD, a rare early-
onset PD. Triplication of the SNCA gene was found to be associated with
rapid progression and more extended neurodegeneration in PD (Venda et al.,
2010). Lately, genome wide association studies (GWAS) has revealed strong
correlation of common single nucleotide polymorphism within

the SNCA locus and PD incidence (Saiki et al., 2012). At the molecular level,
aggregates of mutant a-synuclein have been detected in neuronal cells both in

in vitro and in vivo settings whilst transgenic mice has demonstrated signs of

11



neurodegeneration, which includes neuronal inclusions and mitochondrial
abnormalities (Giasson et al., 2000, Kruger et al., 2002, Saiki et al., 2012). It is
suggested that mutant a-synuclein-induced macroautophagy may have caused
both non-cell autonomous cell death and cell autonomous cell death in

dopaminergic neurons of the substantia nigra(Saiki et al., 2012)

On the other hand, mutation in the Parkin (PARK2) gene is linked to a form of
autosomal recessive juvenile PD (Kitada et al., 1998). The patient of this form
of PD develops dystonia as part of the clinical symptoms and Lewy bodies are
not commonly found pathologically (Eriksen et al., 2003). Parkin is essentially
an E3 ubiquitin ligase which helps to bind substrates for the UPS during the
process of protein degradation. Interestingly, Parkin was found to associate
with the maintenance of mitochondrial function. Specifically, Parkin and
PINK1 work synergistically to label functionally impaired mitochondria for

degration by autophagy (Saiki et al., 2012).

LRRK?2 or the leucine rich repeat kinase 2 (PARKS) gene is implicated in the
most common hereditary form of PD. At least 20 missense or nonsense
mutations have been identified for this autosomal dominant disease, in which
G2019S mutation represented a major pool of both hereditary and sporadic
late-onset PD (Cookson, 2010, Saiki et al., 2012). The mutation was
hypothesized to cause neurite retraction via actin cytoskeleton remodeling
(Chan et al., 2011). Furthermore, G2019S mutation inhibited activity of human

peroxiredoxin 3, a mitochondrial member of antioxidant family of thioredoxin
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peroxidases, consequently leading to ROS production and mitochondrial-

mediated cell death mechanism (Angeles et al., 2011).

Three missense mutations in the DJ-1 (PARK?7) gene, including L166P, M261
and E64D, have been implicated in an early onset autosomal recessive juvenile
form of parkinsonism presented with scoliosis, blephalospasm and psychiatric
symptoms. DJ-1 is a protein that attenuates mitochondrial oxidative stress by
up-regulating the expression of the antioxidant enzyme superoxide dismutase
(Bonifati et al., 2003). It has been demonstrated in knockdown experiments
that, loss of function of DJ-1 exposed neuronal cells to oxidative stress-

induced mitochondrial damage (Y okota et al., 2003, Bonifati et al., 2003).

An early-onset, autosomal recessive form of PD may also be associated with
loss of function in PINK1 (PTEN-induced putative kinase 1 or PARK6) gene
(Valente et al., 2004). PINK1 is a serine—threonine kinase involved in
regulating mitochondrial dynamics (Eriksen et al., 2005). Pathological
mutations in PINK1 have been reported to render cell susceptible to oxidative
stress and subsequently resulting in mitochondrial elimination via

macroautophagy (Pridgeon et al., 2007, Saiki et al., 2012).

Several mechanisms at the cellular and molecular level have been explored in
depth to better understand PD, as illustrated in Figure 2.1. Among all,
oxidative imbalance, neuroinflammation, mitochondrial dysfunction, apoptotic

events and proteinopathy are the proposed cardinal causes of PD.
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Figure 2.1. Schematic diagram of molecular mechanisms underlying the
pathogenesis of PD. DJ-1: Parkinson disease protein 7. SNCA: alpha-
synuclein gene. UCH-L1: Ubiquitin carboxy-terminal hydrolase L1. PINKI:
PTEN-induced putative kinase 1. UPS: ubiquitin—proteasome system. iNOS:
Inducible nitric oxide synthase. NOS: Nitric oxide synthase. Adapted from

published image (Blesa et al., 2015).

Oxidative stress is commonly known to be involved in many pathological
conditions including neurodegenerative diseases. Post-mortem analysis of
brains in PD patients showed significantly higher degree of oxidative damage
as confirmed by the presence of lipid peroxidation products such as

malondialdehyde and 4-hydroxy-2-nonenal (Farooqui and Farooqui, 2011).

14



2.1.3.1

Moreover, local inflammation in the brain mediated by reactive microglia can
cause widespread degeneration of dopaminergic neurons. Upon release of pro-
inflammatory cytokines such as tumor necrosis factor (TNF)-a, interleukin
(IL)-1B, interferon (IFN)-y and prostaglandin E,, large amount of reactive
oxygen species (ROS) and reactive nitrogen species (RNS) are generated.
These then become cytotoxic to neighboring cells (Zaitone et al., 2012). On
the other hand, mitochondrial complex I deficit prompts apoptotic event in
dopaminergic neurons (Banerjee et al., 2009) whereas genes encoding
important member in UPS was found mutated in PD. The finding of abnormal
accumulation of mutated protein in brain sample of PD patient may be

attributed to the defective UPS protein degradation mechanism (Davie, 2008).

Oxidative stress

Oxygen is essential for biological functions in living organisms, such as to
ensure survival as well as for metabolism. In the brain, there is high oxygen
demand from neurons and astrocytes, which accounts for 20% of total oxygen
consumption of the body (Eggers, 2009). ROS are collection of free radicals
and non-radicals which generated as a result of partial reduction of oxygen.
These include superoxide (O,™), hydrogen peroxide (H,O,), and the hydroxyl
radical (OH") (Nohl et al., 2005). They are unstable and highly reactive due to
unpaired electron in their electrochemical structure and thus interact
chemically with biological molecules particularly through oxidation-reduction.
In normal cell, there is a network of systems to maintain the balance of pro-

oxidant and antioxidant. These are enzymes and antioxidant mechanisms
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including the glutathione, catalase, superoxide dismutase and heme oxygenase
(Masella et al., 2005b). However, under some circumstances these members
from the antioxidant system may fail to balance upon the accelerated
generation of pro-oxidants. An excess of pro-oxidants accumulation results in
a state called oxidative stress, whereby ROS attacks macromolecules such as
proteins, lipids and DNA (Farooqui and Farooqui, 2011). Altered structure of
the macromolecules, or known as oxidative adducts, are associated to

development of various human diseases (Moon and Shibamoto, 2009).

Indeed, brain tissue is highly susceptible to oxidative stress because of its high
polyunsaturated fatty acids content. Furthermore, it was reported that the brain
has 7-10 fold lower concentrations of antioxidant enzymes compared to the
liver, which may leave brain more susceptible to oxidative damage under
oxidative stress (Reddy and Clark, 2004, Crichton et al., 2002). In addition,
mutations in several genes implicated in neurodegenerative diseases, such as
the Parkin gene in PD, huntingtin gene in Huntington disease and Battenin
gene in Batten’s disease, are involved in mechanisms that regulate intracellular

oxidative status (Melo et al., 2011).

There are evidences to suggest the involvement of oxidative stress in PD.
Firstly, catecholamines such as dopamine in the brain is itself unstable
(Asanuma et al., 2003). It is easily metabolized by endogenous enzymes such
as monoamine oxidases or through auto-oxidation. Metabolism of dopamine
evokes the production of toxic quinones, peroxides and other ROS, which

initiate oxidative cell injury. Secondly, markers for lipid peroxidation and
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protein carbonyls are found to be significantly higher in PD brain compared to
the healthy subject (Dalf6 et al., 2005, Beal, 2002, Bender et al., 2006) . Seet
et al. found that a series of lipid and DNA oxidation products including plasma
F»-isoprostanes, hydroxyeicosatetraenoic acid products, 7p-and 27-
hydroxycholesterol, 7-ketocholesterol, neuroprostanes and urinary 8-hydroxy-
2'-deoxyguanosine were elevated in PD patients, thus further established the

relationship between oxidative damage and PD (Seet et al., 2010).

Moreover, there are reduced levels of antioxidant enzymes catalase and
glutathione in PD brains, indicating that higher oxidative status may render
brain more vulnerable to neurodegeneration (Masella et al., 2005a).
Furthermore, various PD models, be it in vitro or in vivo, are established by
introducing ROS releasing-neurotoxin into the cells or animals (Bové et al.,
2005). These neurotoxin-based models are able to recapitulate some
pathological features exhibited by PD, either via direct induction of ROS or
inhibition of mitochondrial function. Free radicals were also shown to induce
lipid peroxidation on cellular membrane. It is thus believed that redox balance

is critically involved in maintaining neuron survival in the brain.

Neuroinflammation

Microglia, the resident innate immune cell of the central nervous system,
coordinates immunological function of the brain and confers protection against
foreign material infiltration (Li, 2016). Upon stimulation, activated microglia
initiates acute inflammatory response which release cytokines and chemokines

to sequester neurotoxin, hence prevents possible adverse chronic inflammation.
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However, persistent and exaggerated inflammatory response will cause
irreversible damage and mutation to biomolecules, leading to pathogenesis of

many chronic diseases such as cancer and neurodegenerative disease.

In PD, studies showed that activated microglia concentrate around degenerated
neurons at substantia nigra of the brain (Tansey and Goldberg, 2010). It was
found that inflammatory mediators released from microglia contribute to the
accumulation of free radicals and pro-inflammatory neurotoxic compounds
which causes death of dopaminergic neurons (Ferrari and Tarelli, 2011).
Beraud and Maguire-Zeiss added that a-synuclein, the protein of the Lewy
bodies, directly binds to Toll-like receptors on cell surface to activate
microglia, which then incite the production of pro-inflammatory molecules
(Beraud and Maguire-Zeiss, 2012). The role of inflammation in PD has also
been cited extensively in clinical studies. Post-mortem studies of the substantia
nigra of PD patient have previously revealed evidence of activated microglia
and pro-inflammatory cytokines including IL-1f3, TNF-a, and IL-6 (Mogi et al.,
1994). Clinically, the serum levels of TNF-a and TNF-a receptor 1 were
significantly higher in PD patient compared to control, while IL-1f, and IL-2
were found elevated in both serum and cerebrospinal fluid of PD patients,
signifying a distinctive change in inflammatory response during the course of

PD (Dobbs et al., 1999, Blum-Degena et al., 1995, Scalzo et al., 2009).

Mitochondrial dysfunction
Under normal physiological condition, endogenous ROS is generated from the

process of energy production by mitochondrial respiratory chain reaction
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(Schapira, 2010). During oxidative phosphorylation, the energy molecule
adenosine triphosphate (ATP) is produced and hydrogen ions are transferred
across the inner mitochondrial membrane. This is facilitated by rigorous redox
reactions occurring at the protein level to create pH and electrical potential
gradient across the inner and outer mitochondrial membrane, which involves
five major protein complexes I, II, III, IV and ATP synthase. In the end,
electrons are transferred to an electron acceptor, such as the oxygen respired
into the cell. The oxygen is then reduced to produce water that is harmless to
the cell. However, a small percentage of electrons leaks from the electron
transport chain, causing oxygen molecule to be incompletely reduced, thus
generating superoxide radical (*O2-) and hydrogen peroxide as illustrated in

Figure 2.2.
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Figure 2.2. Partial reduction of oxygen leads to formation of ROS.

Adapted from published image (Gill and Tuteja, 2010).

Maintenance of mitochondrial integrity is crucial for cell survival. However,
mitochondrial dysfunction can contribute to ROS outburst and is implicated in
PD. Study by Bender et al. described a common deletion in mitochondrial

DNA of neurons in the substantia nigra of PD patients, which is associated
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with respiratory chain deficiency (Bender et al., 2006). In addition, it was
shown that in PD, mitochondrial complex I activity of the substantia nigra was
diminished (Keeney et al., 2006). Also, in vitro and in vivo models generated
by inhibition of the mitochondrial complex I with the neurotoxins such as
rotenone and 1-methyl-4-phenyl-1,2,5,6-tetrahydropyrine (MPTP)
demonstrated biochemical and histopathological findings resembling that of
PD (Bové¢ et al., 2005). Many aspects of mitochondrial function other than the
respiratory chain have been suggested for mitochondria-associated PD
pathology. To name a few, calcium homeostasis, mitochondrial permeability
and ATP production are affected in PD (Gandhi and Abramov, 2012).
Moreover, several PD-related genes directly affecting the mitochondria such
as PINK1, DJ-1, Parkin have also been identified for their role in contributing

to oxidative stress.

Apoptosis

Apoptosis by definition is the programmed cell death, a tightly-regulated and
energy-utilizing biological process essential for regulating cell growth,
survival and homeostasis (Alenzi, 2004). There are two pathways down the
apoptosis process, namely the intrinsic pathway and extrinsic pathway, which
are mitochondria and death receptor-mediated, respectively. Yet, the
downstream molecular events of the two pathways have been found to be
inter-related and affecting one another, such as caspase activation which leads
to final execution of cell death through DNA fragmentation and cytoskeletal

breakdown. Other than that, other apoptotic mechanisms have been studied as
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well, for example the perforin/ granzyme pathway mediated by T lymphocytes

(cytotoxic T cell) and caspase-independent pathway (Elmore, 2007).

Substantial amount of studies have identified apoptosis as the major cell death
mechanism accounted for pathology seen in PD. Apoptosis-related proteins
including c-Jun, p53, GAPDH, bax, and caspases were up-regulated in post-
mortem analysis of PD (Offen et al., 2000). The proteins mentioned above are
also activated in experimental models of PD, particularly in MPTP-intoxicated

mice (Tatton et al., 2003, Mattson, 2006).

Proteinopathy

Lewy bodies found in the degenerating neurons of the brain predominantly
consist of oligomerized a-synuclein proteins. It is believed that the
proteinopathy arises from diminished action of the UPS, which controls over
the degradation of damaged and misfolded proteins. In addition, mutation in
genes coding for the UPS enzymes such as Parkin and UCH-L1 are known to
be associated with the familial form of PD (Klein and Westenberger, 2012).
Meanwhile, due to the altered structure of the 26/20S proteasomes of the
dopaminergic neuron, impaired enzymatic activities of the 20S are noted in the
substantia nigra in sporadic PD (McNaught et al., 2003). These studies suggest
that dysfunction of the protein degradation machinery UPS may lead to
intracellular or extracellular protein deposition which could be noxious and
toxic to the cell. Studies have shown that proteinopathy is linked to oxidative
stress and mitochondrial dysfunction (Ganguly et al., 2017). Particularly, ROS

exacerbates the formation of protein aggregates, and as these proteins

21



2.1.3.6

accumulate even more ROS is generated, hence leading up to oxidative
imbalance. These protein aggregates are also known to cause disruption of
mitochondrial bioenergetics, fusion/fission and mitophagy, all of which end up

in ROS build up and the activation of apoptosis.

Ferroptosis

Despite being essential for many fundamental biological processes, such as in
the metabolism of neurotransmitters and the myelination of oligodendrocytes
iron is known to play a role in the pathogenesis of PD (Zucca et al., 2017).
Therefore, the homeostasis of intracellular iron level is critical to the
maintenance of cellular integrity (Medeiros et al., 2016, Zucca et al., 2017). In
fact, post-mortem analysis of brain sample revealed that iron level in the
substantia nigra and lateral globus pallidus regions was significantly higher in
PD patients compared to age-matched controls (Griffiths et al., 1999). The
study employed cryo-electron transmission microscopy to confirm that the iron
may be stored as ferritin, which was found to be elevated in substantia nigra
tissue of PD patient. Furthermore, the ferritin molecules in PD tissue were
more heavily loaded with iron than in controls. Based on his study and
previous literature, Griffiths et al. believed that excessive iron deposition may
prompt free radical production, which will eventually lead to neuronal damage
through the process of lipid peroxidation. Indeed, magnetic resonance imaging
(MRI) scans showed that PD patients displayed excessive iron accumulation in

the substantia nigra (Sian-Hulsmann et al., 2011).
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On the other hand, significantly elevated level of hydroxyl radical has been
found in post mortem substantia nigra samples of PD (Dexter et al., 1989). It is
not surprising, as increased free iron concentration can exacerbate ROS
production, especially the generation of toxic hydroxyl radical (OH*) via
Fenton and Haber—Weiss reactions (Sian-Hulsmann et al., 2011). These
radicals attack unsaturated fatty acids in cell membranes, causing oxidation of
the lipid membrane through a process called lipid peroxidation. The term
‘ferroptosis’ explains an iron-dependent cell death mechanism, which is
characterized morphologically by disappearing mitochondria membranes and
smaller mitochondrial volume. Biochemically, ferroptosis is marked by
accumulation of lipid peroxide released from peroxidation of polyunsaturated
fatty acids on cell membrane (Doll et al., 2017, Yang et al., 2016). It is also
accompanied by deficiency of the glutathione antioxidant system. Particularly
the GPX4 is an enzyme responsible for the detoxification of lipid peroxides
whereas GSH is important for iron-binding within the neurons. Hence,
depletion of GSH and diminishing GPX4 activity may trigger ferroptosis (Wu
et al., 2018). Apparently, dopaminergic neurodegeneration at the substantia
nigra region in PD is where the iron is abundant (Ayton and Lei, 2014).
Additionally, iron may cause aggregation of a-synuclein protein, which further
aggravates generation of hydroxyl radical and promotes Lewy body deposition
(Abeyawardhane et al., 2018). Interestingly, Do Van et al. suggested that
ferroptosis in PD progression may be mediated via the activation of protein

kinase Ca pathway (Do Van et al., 2016).

Changes in motor circuitry in PD
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The motor system in the basal ganglia comprises the direct pathway and
indirect pathways for precise control of movement (Obeso et al., 2008). The
pathways are groups of neuronal projections which connect between the entry
and the exit points of neuronal information, and relay electrical impulses
between synapses and neurons in the motor-controlling center of basal ganglia.
Corpus striatum is the entry point of the basal ganglia and receives stimulation
from the cerebral cortex through the corticostriatal afferent neurons. These
neurons are mainly responsible in inhibiting medium spiny neurons via the
indirect pathway while providing support to the neurons via the direct pathway
(Alexander et al., 1986, Alexander et al., 1990). At rest, input from
nigrostriatal pathway binds to dopamine D, receptor in striatum to activate the
indirect motor circuitry so as to keep muscle movement on hold and prevent
mobility. The indirect pathway has neurons passing through the external
globus pallidus (GPe) and subthalamic nucleus, and projects towards the
internal globus pallidus or GP1 (Wang and Han, 2015). From GP1i, the
thalamus receives GABAergic inhibition and leads to inhibition of movement
(Merello and Cammarota, 2000). In contrast, when movement is desired the
direct pathway, which consists of neurons project directly towards the GPi, is
activated via the stimulation of the dopamine D, receptor in the striatum.
When inhibitory action of the direct pathway acts on GPi, the neuronal

information exits to the cortex through the thalamus in favor of movement.

Balance of activities from both pathways is the key to the state of movement,
which otherwise will lead to abrupt output level from the basal ganglia and

therefore abnormal movement (Figure 2.3). In case of PD, as dopamine level
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drops significantly due to the degeneration of dopaminergic neuron, striatum
receives less input hence there are increased activity of the indirect pathway
and reduced activity in the direct pathway (Figure 2.4). As a result, excessive
output from the GPi eventually leads to bradykinesia or akinesia, which refers

to slowness or lack of movement, respectively.
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Figure 2.3. The direct and indirect pathway of the basal ganglia motor circuit. SNc:

Substantia nigra pars compacta. GPe: External globus pallidus. GPi: Internal globus
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pallidus. STN: Subthalamic nucleus. D;: Dopamine D, receptor. D,: Dopamine D,

receptor. Adapted from published image (Le, 2015).
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Figure 2.4. Basal ganglia-thalamo-cortical circuit under normal condition and PD.
Thickness of the arrows represents relative strength of the excitation or inhibition. D;:
Dopamine D; receptor. D,: Dopamine D, receptor; GPe: External globus pallidus; GPi:
Internal globus pallidus; SNc: Substantia nigra pars compacta; SNr: Substantia nigra pars
reticulata; STN: Subthalamic nucleus; Thal: Thalamus. Adapted from published image

(Miocinovic et al., 2013).

2.1.5 Current treatment options for PD: Pitfalls and future
At present, the rule of thumb treatment for PD is dopamine-based as this

approach is effective in improving symptoms arise from the loss of dopamine-
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excitation of the basal ganglia, which mainly manifest as motor complications.
Dopamine precursor such as levodopa is commonly prescribed to patient
during early stage of diagnosis to replenish dopamine in the denervated
striatum (Sullivan and Toulouse, 2011). Initially the treatment may be helpful
despite adverse effect to the gastrointestinal system. However, nearly half of
the patients developed refractory effect and complications known as
dyskinesia within 5 years after initiated the treatment. Aberrant motor signs
were also noticed in levodopa-induced dyskinesias including choreic, ballistic,
or dystonic movements (Fahn, 2000). Li et al. and Pandey and
Srivanitchapoom reviewed that such phenomenon may arise from altered
firing pattern of neurons in the cortico-basal ganglia-thalamic loop which has
important role in fine tuning motor skills, as a result of medication (Li et al.,
2015, Pandey and Srivanitchapoom, 2017). On top of that, patients in late
stage PD are often refractory to levodopa treatment due to emergence of non-

motor symptoms which are dopamine-independent.

On the other hand, dopamine agonist is a more favorable choice of drug
prescribed to younger PD patients by clinician compared to levodopa because
of the intention to avoid adverse effects seen in chronic use of levodopa
therapy including motor fluctuations and dyskinesias (Almeida and Hyson,
2008). Although treatment with dopamine agonist comes with side effects, it is
still the mainstay of therapeutic option for younger patient who can tolerate
symptoms including nausea, postural hypotension, hallucinations and
drowsiness. Yet, it has been reported that drug efficacy of dopamine agonist

was not on par with levodopa. To top it all off, it has been reported that
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pharmacokinetic profile of levodopa and dopamine agonist can vary
significantly between and within individuals, which make it difficult to

determine the suitable dose for an effective treatment (Nomoto et al., 2006).

Drugs which inhibit enzymatic breakdown of dopamine have also
demonstrated success in the management of PD. These drugs include
selegiline, tolcapone, entacapone and rasagiline, and act as the inhibitor of
monoamine oxidase (MAO), the enzyme that catalyzes oxidation of
monoamine neurotransmitters. For example, selegiline has been shown to
protect neuron against MPTP-induced neurotoxicity (Ebadi et al., 2002).
Clinical trials showed that patients who took selegiline had delayed need for
levodopa treatment, yet researchers are still doubtful regarding the true
efficacy of selegiline as it is tricky to justify if patient’s condition was
improved due to symptomatic effect or neuroprotective effect of levodopa
(Olanow et al., 1995). Neurotoxicity of metabolites from selegiline such as L-
metamphetamine and L-amphetamine has also raised concerns regarding its
safety use (Kupsch et al., 2001). On the contrary, rasagiline was found to be
highly selective towards MAO-B instead of MAO-A, which is mainly found in
the intestines (Guay, 2006). Rasagiline also does not produce toxic metabolite
like selegiline does. It is thus expected to work better than selegiline due to
higher drug selectivity, safer by-product and longer-lasting effect (Almeida
and Hyson, 2008) . It was protective against glutamate and MPTP toxicity, but

similar to selegiline, its mechanism of action is yet to be elucidated.
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Deep brain stimulation (DBS) has received substantial attention as a viable
option for patient with advanced PD since the approval from US Federal Drug
Administration (FDA) in 2002. It is a surgical alternative to levodopa
medication and in patient with severe tremor symptoms. By implanting brain
stimulators at specific region of the brain, electrophysiological activity of
various neuronal circuits can be manipulated to improve disease outcome.
Health-related quality of life in PD patients generally has improved after DBS
of subthalamic nucleus, thalamus or the GPi. This was mainly associated with
enhanced motor skills, reduced systemic symptoms, and reduced depression

and anxiety (Diamond and Jankovic, 2005).

However, the success of DBS depends on many factors such as screening of
patient, placement of DBS electrodes, surgical techniques and stimulation
technology (Picillo et al., 2016). Particularly, programming of the stimulation
technology is a laborious process and may often result in poor clinical
outcome due to the lack of established and validated programming protocols.
Currently, the common practice after DBS surgery which includes
optimization of stimulation parameters, medication adjustment and symptoms
management is laborious and time consuming, which lasts for an average of 6
months (Wagle Shukla and Okun, 2014). PD patients who had no
improvement and developed side effects from DBS surgery are known as
‘DBS failures’ and are required to visit advanced DBS centers for reevaluation.
In one study, it was shown that DBS failures often linked to inadequate pre-
operative screening, as well as surgical and device-related complications

(Okun et al., 2005). On top of that, among PD patients who were ‘DBS
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failures’, 51% of them benefited from reprogramming, indicating that
carefully-planned optimization of a reliable and systematic algorithm-based
DBS programming is pivotal to the success of the intervention. In fact, there
has been growing interest in the customization of DBS treatment to make it
more patient-focused and symptom-specific. For instance, the stimulation
target can be tailored to patient’s major concern; GPi DBS is recommended for
patient with severe dyskinesias, cognitive disability and psychological
disturbances whereas subthalamic nucleus DBS is preferred for control over
resting tremors and rigidity. Hence the future of DBS is evolving with the
discovery of more stimulation targets to tackle various motor and non-motor

symptoms associated with PD.

The current guidelines available for DBS set-up only involves determination
of the lead type, electrode configuration, impedance check and battery check,
but more importantly, DBS technology needs to be refined in terms of the
control over the shape of electrical field and intensity of stimulation. This is
essential to fine tune the level of electrical control, as well as to confine
stimulation to the neuronal pathway of interest only while keeping the
stimulation away from other unintended areas. Recent advances in DBS
technology such as the development of fractionated current technology and
directional lead have resolved some of the existing technical limitations in
DBS therapy, therefore this approach will continue to see future for better

treatment efficiency (Wagle Shukla et al., 2017).

2.1.6 The need for multifaceted treatment in PD
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Majority of the current treatment options for PD is symptomatic treatment
from which undesirable complications may arise, and has yet to achieve long
term efficacy. In fact, certain features such as tremor, postural instability and
cognitive impairment fail to respond to medications currently used for PD
(Radhakrishnan, 2018). Although motor skills are primarily affected in PD,
non-motor symptoms are also apparent in advanced PD and mostly are
associated to impairment of other neurotransmission system on top of
dopaminergic system (Braak et al., 2003). For example, serotonergic deficit is
partially involved in depression, whereas cholinergic and noradrenergic
deficits are implicated in cognitive impairment (Bonnet, 2000). Autonomic
dysfunction, on the other hand, is caused by deficits in adrenergic and
noradrenergic neurotransmission. Many of these symptoms are not properly
addressed and treated by drugs for PD mainly because they are not responsive
to dopamine-based treatment (Hou and Lai, 2007). There is a compelling need
to strategize treatment towards an individual-based therapy on the basis of the
symptoms manifested by the patient (Hung and Schwarzschild, 2014). Also,
dopaminergic treatment has not been successful in combating the progressive
nature of nigrostriatal degeneration in PD. New treatment is needed to slow
down disease progression, to restore loss of dopaminergic neuron and to

prevent from acquiring the disease (Tuite and Riss, 2003).

Intriguingly, there is immense public interest in considering natural product of
the past and present time for the management of PD. Development of
patentable novel product has ensued from herbal sources such as Curcuma

longa, Huperzia selago and Centella asiatica, and from compounds including
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echinacoside, oleuropein, ginsenosides, caffeine and resveratrol (Cacabelos,
2017). It was suggested that these natural products may be neuroprotective due
to their neurotrophic, antioxidant and anti-inflammatory attributes, and
selective protection of the dopaminergic neuron against cell death.
Neuroprotection implies an approach which targets underlying pathogenic
mechanism of a disease in order to halt progressive degeneration of the
neurons (Sarkar et al., 2016). Growing effort has been invested in drug
discovery platform using natural product as the great span of biodiversity
provides a wealth of rare and novel active compounds that may be medically
useful. For instance, E-PodoFavalin-15999, a biopharmaceutical compound
derived from Vicia faba L. has been found to enhance efficacy of anti-
parkinsonian drugs, exert neurotrophic effect, regulate plasma catecholamine
level and neuroendocrine functions, therefore is suggested to alleviate both
motor and non-motor symptoms of PD (Cacabelos, 2017). It is apparent that
continuous search for a treatment option with multifaceted effect is needed to

improve treatment efficacy for PD.

2.2 Edible bird’s nest

2.2.1

Production and origin

EBN is a natural food product made from saliva of the swiftlets, specifically
by the genus Aerodramus found predominantly around Southeast Asia. The
type of EBN produced is dependent on the bird species, two of the most
commonly known swiftlets are Aerodramus fuciphogus and Aerodramus
maximus, which produce white and black EBN, respectively. EBN is

harvested in the form of hardened piece of bird’s nest-like structure consisting
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of glutinous strands and has been studied as early as in 1920s to confirm its

mucinous nature (Wang, 1921).

Although a swiftlet weighs less than 20g, it is capable of building nest up to 2
times of its body weight during breeding season owing to its active salivary
secretion from a pair of sublingual salivary glands (Marcone, 2005). The raw
bird nest, built high on the wall and roof of caves in the shape of a bowl, is
often mixed with feathers and twigs. Extensive processing and cleaning are

required before it is marketed to consumers.

Traditional value of EBN

Chinese has the longest history of consuming EBN, which could date back to
the Tang dysnasty (618-907 AD) and it is still popular until nowadays (Lim
and Cranbrook, 2002). EBN is usually prepared in soup and is highly regarded
as delicacy with substantial medicinal value. EBN soup used to be a food
privileged to the ancient emperors and the wealthy, but its market later
extended to among convalescence, elderly people and now, to the common
people. At present, Hong Kong and mainland China are the largest importers
of EBN, and most of these products come from major EBN-producing

countries like Malaysia, Indonesia, Thailand and Vietnam (Goh et al., 2001).

In Traditional Chinese Medicine, EBN is regarded as effective towards various
complications in the respiratory airways and gastrointestinal system. It is
known to cure dry cough and tuberculosis, supress coughs and phlegm-

dyspnea, alleviate asthma and hemoptysis, and improve voice, stomach ulcers
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and gastric problems. In addition to that, EBN gains popularity for being able
to improve skin complexion, increase immunity, raise libido, promote growth,
enhance metabolism and blood circulation as well as to nourish vital organs
including kidney, lung and heart (Lim and Cranbrook, 2002). Due to these
anecdotal benefits, EBN has received growing interest from western countries,
though its medicinal value is not yet proven by scientific investigation (Goh et

al., 2001).

Compositional make-up of EBN

Marcone et al. summarized that EBN contains predominantly proteins and
carbohydrates (Marcone, 2005). Ash, lipid and water were found at minimal
percentage while elemental analysis showed the presence of minerals.
Although the protein content of EBN has been reported to be at various
percentages, they are still the most abundant among all the other nutrients,
reported at 60% in one study (Halimi et al., 2014, Wong et al., 2017, Ma and
Liu, 2012). Amino acid analysis have detailed out the abundance of both
essential and non-essential amino acids like serine, valine, tyrosine,
phenylalanine, aspartic acid and glutamic acid in EBN. On the other hand,
carbohydrate content is slightly over 27%, which includes 9% sialic acid, 7.2%

galactosamine, 5.3% glucosamine, 16.9% galactose, and 0.7% fructose.

Bioactivity studies of EBN
Several significant studies have been carried out to suggest that EBN confers a
wide range of bioactivities. Early studies showed that EBN exerted immune-

enhancing property by stimulating the proliferation of human peripheral blood
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monocytes following stimulation with Concanavalin A and
Phytohemagglutinin A (Ng et al., 1986). EGF-like glycoprotein was purified
in EBN and it contributed to DNA synthesis in quiescent 3T3 fibroblast
culture (Kong et al., 1987). The latter therefore proposed EBN to be beneficial

to cellular regeneration and anti-aging.

In 2006, Guo et al. demonstrated influenza-inhibiting effect of EBN extract
prepared through pancreatin digestion in Madin-Darby Canine Kidney cell
line (Guo et al., 2006). The viral neutralization effect stayed strong when
tested against a total of 19 strains of influenza A from the human, avian and
swine species. Hemaglutination to human O erythrocytes was reduced as well.
However, the extract did not act through the viral neuraminidase but
hemaglutinin. It was also reported that 5-N-acetyl-neuraminic acid residues of

sialyl glycoconjugates was responsible for the anti-viral response.

Lately, it was shown that EBN extracted at low and high pH exhibited potent
radical scavenging activity and reducing power (Lee et al., 2009). In support
of that, another recent study found EBN attenuated oxidative stress and matrix
metalloproteinase activity in human keratinocytes, an effect mediated by the

mitogen-activated protein kinases (MAPK) pathway (Kim et al., 2012).

Both findings have pushed forward the value of EBN as a potent source of
natural antioxidant. Interestingly, Matsukawa and co-workers’ research on
ovariectomized murine models showed that supplementation of pancreatin F-

digested EBN to the animal’s diet improved their bone strength and dermal
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thickness without affecting serum estradiol level, and this effect was dose-
dependent (Matsukawa et al., 2011). In addition, EBN improves stem cell
potency by inducing 34% proliferation on mesenchymal stem cell derived
from human adipocytes comparing to control (Roh et al., 2012). All the above
discoveries suggest the potential of EBN to be explored as health food option

in the interest of anti-aging, anti-osteoporosis and stem cell therapy.

EBN also demonstrated neuroprotective and cardiometabolic effect in
ovariectomized rats. Zhiping et al. reported that EBN attenuated estrogen
deficiency-induced cortical and hippocampal neurodegeneration by reducing
advanced glycation end-products in the serum and down-regulating apoptosis-
associated genes in the hippocampus and frontal cortex (Zhiping et al., 2015).
Meanwhile, EBN was also shown to improve lipid profile and metabolic
indices in ovariectomized rats by regulating genes in insulin signalling (Hou et
al., 2015), as well as coagulation-related genes in rats fed with high fat diet

(Yida et al., 2015).

To date, various biotechnology techniques have enabled the isolation and
structural characterization of glycoprotein, one of the major constituents of
EBN with the characteristics of both protein and carbohydrate. Anti-influenza
activity of EBN has been previously attributed to sialylglycoconjugates, which
is made up of the sialic residues and the glycosylprotein. The sialic side chain
is recognized as the N-acetyl-D-neuraminic acid (Neu5Ac), while a more
sophisticated mass spectroscopic analysis by Pozsgay et al. had characterized

a 4, 8-anhydro derivative of Neu5Ac in EBN acid hydrolysate (Pozsgay et al.,

36



2.2.5

1987). On the other hand, both O-glycan and N-glycan structures have been
described in the glycosylation profile of EBN (Wieruszeski et al., 1987, Yagi
et al., 2008) . As influenza A, B and C viruses, parainfluenza virus, Newcastle
disease virus, rotavirus, coronavirus and cholera bacteria recognize sialic acid
as their receptors, sialylglycoconjugates in EBN may neutralize viral
infections in the host cell by blocking viral binding to sialic acid receptors on

human erythrocytes and cells in the upper respiratory tract (Goh et al., 2001).

Nakagawa et al. first reported the presence of proteoglycan in EBN
(Nakagawa et al., 2007). By combining techniques including gel filtration,
mass spectrometric and NMR analysis, non-sulfated chondroitin
glycosaminoglycans has been identified. This compound is thought to
contribute to increased bone strength and dermal collagen fibrils formation in
murine model fed with enzyme-treated EBN in Matsukawa’s study, though the
abundance of glycosaminoglycans varied between studies and limited

recovery was attained (Nakagawa et al., 2007, Matsukawa et al., 2011).

EBN as a natural source of bioactive compounds

Animal saliva contains a wide panel of biologically active compounds that
exhibit anti-inflammatory, wound healing, neuroprotective, anti-microbial and
immune-regulatory properties (Mathison et al., 2010, Marukawa et al., 1996,
Tenovuo, 2002, Kemp et al., 1985). Other than EGF-like compound and sialic
acid which have already been identified in EBN (Kong et al., 1987, Yagi et al.,
2008), melatonin and VEGF may also be present in swiftlets’ saliva as high

concentration of these bioactive compounds have been detected in animal
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saliva (Voultsios et al., 1997, Pammer et al., 1998b). As these compounds are
known to exert neurogenic activity, it is proposed that EBN might possess
neurotrophic and neuroprotective advantages, which might be of medicinal

relevance to PD.

2.2.5.1 Bioactive compounds identified in EBN

2.2.5.1.1 Sialic acid
The N- or O-substituted derivatives of neuraminic acid, a monosaccharide of
nine-carbon backbone, are generally termed as sialic acid. However, sialic
acid often refers to N-acetylneuraminic acid (NeuSAc or NANA), which has a
wide range of biological activity. The high abundance of sialic acid in the
brain (about 15-fold of other organs) may implicate its essential role in brain
functions. Meanwhile, sialic acid is also an essential precursor of polysialic
acid glycan, which post-translationally modifies neural cell adhesion
molecules (NCAM) on cell membrane (Brunngraber et al., 1972). Both
gangliosides and NCAM are important in mediating cell-to-cell interactions
important for neuronal outgrowth, synaptic connectivity, and memory

formation, as well as axonal formation and elongation (Wang, 2012).

Gangliosides is a complex sialic acid-containing glycosphingolipids that
represents an important element in plasma membrane and synaptic membrane
of nerve cells (McJarrow et al., 2009). Experiment with knockout mice
showed that gangliosides synthesis defect had serious impact on brain function
which may be fatal (Proia, 2004). Another cross-species study also proved that

maturation of the brain is positively associated with total sialic acid

38



concentration in brain homogenates (Wang et al., 1998). Therefore, sialic acid
is a very important nutrient to support brain growth, especially in infants
where brain development and sialic acid recruitment for gangliosides

formation are at their peaks (Wang and Brand-Miller, 2003).

Segler-Stahl et al. previously reported that concentration of ganglioside-bound
sialic acid decreased following an age-dependent trend (Segler-Stahl et al.,
1983). However, dietary supplementation of sialic acid can easily compensate
body’s demands for this brain-building moiety as it is rapidly absorbed by
small intestines, transported through blood-brain barrier and assimilated into
the brain especially at frontal cortex which is the active site of cognition.
Wang et al. reported an up-regulated gene expression of a-2,8-sialyltransferase
IV and UDP-N-acetlylglucosamine-2-epimerase, which are enzymes involved
in sialic acid metabolism, as well as enhanced learning behaviour in
developing piglets after being fed with sialic acid-supplemented milk (Wang
et al., 2007). An exogenous supply of sialic acid might be beneficial to brain

regeneration and cognition improvement in PD patient.

2.2.5.2 Potential neuroprotective and neurotrophic compounds in EBN

2.2.5.2.1 Epidermal growth factor
EGF is a single chain acid-stable polypeptide of 53 amino acids first detected
in submandibular secretion of mouse and has high affinity towards the EGF
receptor (Cohen, 1962). Major physiological roles of EGF include inhibition
of gastric acid secretion, promotion of blood circulation, mucus production

and also epithelial cell migration (Calabro et al., 1998).
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In the context of neuroregeneration, EGF is known to stimulate proliferation
of neural stem cell (NSC) under both in vitro and in vivo settings (Reynolds et
al., 1992, Gonzalez-Perez and Quifiones-Hinojosa, 2010). It is a neurotrophic
factor found to be responsible for active neurogenesis in mammalian
subventricular zone and survival of striatal dopaminergic neuron in PD model
(O'Keeffe et al., 2009, Iwakura et al., 2005). Nonetheless, depending on the
status of cell fate, EGFR signaling may have differential effector actions on

the NSC and neural progenitor cell pools (Aguirre et al., 2010).

Not only that, EGF seems to promote generation of both neurons and
astrocytes by acting on a multipotent progenitor cell in the striatum (Reynolds
et al., 1992). EGF directs a migratory pattern of neural progenitor cells from
the proliferating zone to the target site before the newly-differentiated neurons
are integrated into neuronal circuits (Teramoto et al., 2003). EGF infusion has
also shown to stimulate cell proliferation, the generation and migration of

striatal-specific neurons (Ninomiya et al., 2006).

2.2.5.2.2 Melatonin

Best recognized as the regulatory hormone for circardian cycle, melatonin is
a methoxyindole synthesized within the pineal gland. Maximum level of
hormone secretion is achieved during the night and many of its biological
actions are mediated through the activation of receptors that are localized in
retina, brain, ovaries, cerebral and peripheral arteries, kidney, pancreas,

adipocytes and immune cells (Dubocovich and Markowska, 2005).
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Melatonin in blood can be secreted into the saliva and may be involved in the
wound healing of the oropharyngeal epithelia by regulating cell proliferation
and inflammatory processes (Groschl, 2009, Permuy et al., 2017). Besides
from being naturally secreted in animal, it is also found in plants and

microbes.

Numerous clinical applications of melatonin include anaesthetic uses, sleep
promotion in insomniac and patient with depression, management of jet lag
and mood regulator. However, there are a lot more other potentials of
melatonin in immuno-regulation, free radical scavenging, cancer prevention
and protection against neurodegenerative diseases (Srinivasan et al., 2011,

Kostoglou-Athanassiou, 2013).

Specifically, neuroprotective action of melatonin is largely due to its role as a
potent antioxidant. As oxidative stress is implicated in neurodegenerative
diseases including Alzheimer’s disease and PD, melatonin may help to
protect neuronal cells against programmed cell death and various toxic
challenges. Melatonin is a terminal antioxidant, which is distinctive from
other antioxidant in a way that once it is being oxidized after reaction with
free radicals like toxic hydroxyl and hydroperoxides, the melatonin itself will
be consumed up and converted into stable end-product. Also, due to the high
antioxidant capacity of melatonin and its metabolites, they are capable of
initiating a prolonged free radical scavenging cascade. In the case of N(1)-

acetyl-N(2)-formyl-5-methoxykynuramine, it is the metabolite of melatonin
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which is able to neutralize 10 times the amount of ROS and RNS per

molecule (Tan et al., 2007).

In a review, Pandi-Perumal et al. summarized mechanisms through which
melatonin confers protection to neuronal cells, which include up-regulation
of antioxidant enzyme activity and attenuation of mitochondrial dysfunction
(Pandi-Perumal et al., 2013). On the other hand, melatonin signaling is
implicated in PD because reduced expression of melatonin MT(1) and MT(2)
receptors was found in the substantia nigra of patients as compared to normal
subjects (Adi et al., 2010). Studies involving neurotoxin-induced animal
model of parkinsonism displayed efficacy of melatonin in reversing PD
pathology. The neuroprotective effect of melatonin has been substantiated by
studies which reported reduced lipid peroxidation in neurons, less nigral cell
damage and death, as well as increased gluthathione, superoxide dismutase
and catalase level upon administration of melatonin (Acuna-Castroviejo et al.,

1997, Antolin et al., 2002, Saravanan et al., 2007).

Furthermore, melatonin may promote neurogenesis. Findings have shown
proliferative and differentiative effect of melatonin on NSC from the fetal
mouse brain as well as in rat midbrain. Hippocampal neurogenesis, an
important process of brain development, was promoted in animal models
with melatonin use (Gerardo et al., 2009, Ramirez-Rodriguez et al., 2012).
Melatonin was also able to restore neurogenesis which was impaired as a
result of cranial irradiation in cancer therapy (Manda et al., 2009). Study by

Kong et al. has demonstrated that melatonin promoted survival and
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dopaminergic neuronal differentiation of NSC derived from rat ventral
midbrain, in addition to increasing secretion of neurotrophic factors such as
glial cell-derived growth factor (GDNF) and brain-derived neurotrophic
factor (BDNF) (Kong et al., 2008). Melatonin is therefore a potential

bioactive compound for neuroregeneration in PD.

Vascular endothelial growth factor
VEGEF is an angiogenic protein comes from a big family comprises VEGF-A,
VEGF-B, VEGF-C, VEGF-D, and placenta growth factor. VEGF is highly
expressed in acinar cells of the salivary glands and its protein is secreted into
the saliva. It was suggested that VEGF participates in the homeostasis of
mucous membrane as well as in the regulation of salivary secretion, which
facilitates wound healing in the oral cavity through neoangiogenesis
(Pammer et al., 1998a). The proteins bind with varied affinity to different
types of VEGF receptor (Matsumoto and Claesson-Welsh, 2001). NSC

expresses VEGF receptor hence it is a target cell of VEGF (Ara et al., 2010).

VEGF acts at various levels in maintaining a neuron’s integrity (Gora-
Kupilas and Josko, 2005). Notably, VEGF inhibited apoptosis in stress-
challenged neuronal cells through a number of mechanisms including the
activation of anti-apoptotic proteins and inhibition of pro-apoptotic signalling.
In addition, a positive VEGF-heme oxygenase feedback loop protects

neurons by attenuating oxidative stress. It also protects brain from glucose

deprivation by increasing permeability of the blood brain barrier and glucose
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uptake as a result of up-regulated expression of glucose transporter at the

blood vessel.

Several PD studies have also been carried out to evaluate therapeutic
capacity of VEGF. Yasuhara et al. discovered that 6-OHDA-induced cell
death in primary mesencephalic neuron cultures was much reduced after
VEGF treatment (Yasuhara et al., 2004). Also, the use of engineered cell
encapsulated in hollow fibres capable of providing sustainable release of
VEGEF in rat’s striatum was shown to decrease drug-induced rotational
behaviour after in vivo implantation. The study also pointed out possible
neuro-rescue effect on nigrostriatal dopaminergic neurons by VEGF
administration as seen by greater preservation of tyrosine hydroxylase-
positive cell on brain sections. Further studies by the same group of
researchers revealed a better VEGF performance at low dose administration
and early treatment on neurotoxin-challenged models of PD (Yasuhara et al.,
2005a, Yasuhara et al., 2005b). Interestingly, it was recently reported that
grafting of human umbilical cord mesenchymal stem cell modified by
adenovirus-mediated VEGF gene transfer promoted dopaminergic neuronal
differentiation and eventually improved the PD outcome in rotenone-lesioned

rat model (Xiong et al., 2011).

VEGF is also postulated to confer neurotrophic effects. Earlier study by Jin
et al. showed that VEGF administration increased the population of neuronal
precursor cells in cortical cultures isolated from rats, identified by expression

of several significant surface markers such as embryonic nerve cell adhesion
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molecule and nestin (Jin et al., 2002). This in vitro cell-proliferative effect
was further confirmed by in vivo intracerebroventricular injection of VEGF
which also enhanced 5-bromo-2'-deoxyuridine (BrdU) incorporation into the
subventricular zone and subgranular zone in animal’s brain. In another study,
Palmer et al. reported that neurogenesis is a process that strongly coupled to
blood vascularization (Palmer et al., 2000). The fact that VEGF promotes
sprouting of new blood vessel by acting on endothelial cell, as well as the
expression of VEGF receptors on endothelial and neuronal cells, suggest that
VEGF plays a fundamental role in neurogenesis. It also enhances neurite
formation (Khaibullina et al., 2004). Studies of intraventricular VEGF gene
transfer and knockout mice have emphasized the role of VEGF in guiding

migration of neural progenitor cell (Li et al., 2009, Wittko et al., 2009).

2.3 Tandem mass spectrometry for proteomic study
2.3.1 Database search versus de novo sequencing

Protein is the functional entity of gene expressed in cells and is made up by amino
acids lined in specific sequential order. In order to characterize an unknown protein,
tandem mass spectrometry (MS/MS) of tryptic digests of the protein sample
coupled with database searching of protein sequences may be an useful approach.
Generally, protein is first digested with endoproteases such as trypsin to yield
protein fragments or the peptides. Then, the peptides are subjected to ionization
through mass analyser to obtain mass-to-charge ratio (m/z) of every single amino
acid that construct the individual peptide. The output of this process is a mass
spectrum, which can be compared and matched to the theoretical spectra derived

from predicted peptides in the protein library for accurate identification of amino
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acid, and hence peptide in the sample. Some commonly used database search
engine include X!Tandem, Mascot, SEQUEST, MS-GFDB, MS-Fit, MaxQuant
and OMSSA (Dallas et al., 2015). However, the application of database search-
based proteomic is greatly limited when the protein library is not available, in cases
where the protein is derived from an organism with unsequenced or incomplete
genomic profile. Therefore the major drawback of this approach is that it hinders
the discovery of novel protein or post-translational modifications (PTM) of a
known protein. On top of that, protein identification using this method has been

challenged with issues of low sensitivity and accuracy (Zhang et al., 2012).

Alternatively, de novo sequencing can be used in the absence of sequence library
for peptide mass fingerprinting (Dallas et al., 2015). It is a shotgun method which
utilizes computational approaches to deduce the sequence or partial sequence of
peptides directly from the experimental MS/MS spectra. In other word,

the ‘database’ of a candidate peptide consists of the entire universe of possible
amino acid sequences. Peptide sequences are identified by calculating mass
differences between fragments hence a reference protein library is not necessary.
Nevertheless, most spectra do not contain sufficient information to uniquely
identify the correct peptide. Consequently, de novo identification methods may fail
to provide as many correct hits as database search methods (Noble and MacCoss,
2012). Yet, Hughes et al.argued that de novo peptide sequencing may still be
superior to database search method even when the genomes are known since it is
not affected by errors in the search database (Hughes et al., 2010). Also, de novo
sequencing will come in handy for exploratory studies of novel protein isoforms or

polymorphism, PTM and mutant variant of a known protein, which could be
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applied to improve food processing technology and discovery of novel disease
marker (Noble and MacCoss, 2012, Dallas et al., 2015, Hughes et al., 2010). De
novo sequencing programs that are available include PEAKS, Lutefisk, UStags,

PepNovo, Sherenga, DirecTag and MS-Tag (Zhang et al., 2012, Dallas et al., 2015).

PEAKS, particularly, is a software package that features its own database search
engine with de novo sequencing function. It also provides additional function such
as PTM identification, homology search and quantification. The benefit of PEAKS
software is that its built-in automated decoy fusion algorithm enables quick
validation of the vast amount of search results. By introducing decoy and target
sequence of the same protein together as a single entry of the database, the chance
of detecting a true protein by the algorithm can be normalized against the odds of
detecting a false positive protein, hence maximizing the accuracy of protein
identification (Zhang et al., 2012). On top of that, the software computes a
confidence score for each amino acid in the whole stretch of de novo sequence that
it generates, as well as an additional novel positional scoring scheme for portions
of the sequence (Ma et al., 2003). Zhang et al. convinced that the unique scoring
function in PEAKS software significantly improved sensitivity and accuracy of
protein identification in comparison to existing database search software (Zhang et

al., 2012).

In database search method, peptides are scored by the algorithm and generally
filtered according to the scoring threshold that the user presets. Otherwise, it has
been recommended that >2 unique peptides identified within a single protein may

be used to validate positive results (Omenn et al., 2005). However, such result filter
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has raised disputes, concerning that many proteins may be only identified based on
single peptide match due to low peptide concentration or few tryptic cleavage site
in the protein (Higdon and Kolker, 2007). Higdon et al. also suggested that it is
inappropriate to exclude the possibility that a protein is present in the sample
simply because of single peptide match result, which may be caused by low protein
abundance. Furthermore, since most scoring system is dataset and search
parameter-dependent, the cut-off score value for accurate identification of a protein,
which is represented by -101lgP score in PEAKS DB, may not be applicable equally
in all experiment ( Required Manuscript Content and Publication Guidelines for
Molecular & Cellular Proteomics [Online] [Accessed September 2018]). Instead, it
should be defined by 1% of false discovery rate (FDR) when the dataset is large, or
a minimum -10IgP score of 20 (which is equivalent to P value of 1%) when the
dataset is small (False Discovery Rate Tutorial [Online] [Accessed September
2018]). Any protein or peptide with -101gP score of greater than 20 indicates high
confidence that it is a true positive because many targets but very few decoy

matches above that threshold.

2.3.2 Proteomic studies of EBN
In recent years, there was an increasing effort in the investigation of EBN protein
profile. Due to the limited protein information of Aerodramus fuciphagus swiftlet in
UniProt, one of the major depositories for protein sequence and annotation data, many
EBN studies have been using other closely-related species or genus for protein
matching. This concern has been raised by Wong et al. in two of his recent studies
(Wong et al., 2017, Wong et al., 2018). Intriguingly, there were highly variable

methodologies used in the proteomic profiling of EBN between researchers in terms
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of protein extraction, MS technology, database search engine and protein library.
However, there is a common concensus among researchers that EBN may contain
water-soluble and water-insoluble proteins. Hence, Zukefli et al. attempted both
ultrasonification and detergent lysis while Wong et al. tried over-stewing to maximize
protein hydrolysis of EBN (Zukefli et al., 2017, Wong et al., 2018). Kong et al., on
the other hand, focused on elucidating the protein content of hot water insoluble

fraction of EBN (Kong et al., 2016).

While Zukefli et al. and Kong et al. both ran their sample through time-of-flight mass
analyzer, the ionization sources used were different; the former used turbo spray
ionization while the latter used matrix-assisted laser desorption/ionization (MALDI).
Concurrently, Kong et al. also ran the sample through Ion Trap mass analyzer, which
Wong et al. did too, but the former used collision-induced-dissociation while the
latter used electron-transfer dissociation to fragmentate protein molecules for tandem
MS. Various database search approach was adopted by these researchers; Using
Mascot Daemon (version 2.3.0) to search against the protein library of Chaetura
pelagica, a bird species within the same family as Aerodramus fuciphagus, Wong et
al. found acidic mammalian chitinase-like, lysyl oxidase homolog 3, mucin-5AC-like,
ovoinhibitor-like, nucleobindin-2 and 45kDa calcium-binding protein in the water
extract of EBN. Kong et al. performed de novo sequencing of the sample with Data
Analysis v2.3 and Biotool v3.1, and searched for sequence homology with Aves using
basic local alignment search tool (BLAST 2.2.9+). As a result, they discovered
possible presence of NADH dehydrogenase, immunoglobulin, proline-rich protein,
von Willebrand factor and epidermal growth factor domain-containing protein from

the hot water insoluble fractions of EBN.
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On the other hand, Zukefli et al. conducted proteomic analysis using both in-solution
digest and in-gel digest with ProteinPilot™ Software 4.0 and Gallus gallus as the
protein library, and unveiled a total of 29 proteins. Among the in-solution digests,
some water-soluble proteins that were identified included acidic mammalian chitinase
precursor and signal transducer and activator of transcription 6-like isoform X5,
which play regulatory roles in the immune system against allergic inflammation and
asthma, respectively. On top of that, a number of proteins with known health benefits
have been discovered including coenzyme Q-binding protein homolog A, lysyl
oxidase homolog 3, collagen alpha-1 type VII chain-like and collagen alpha-2 type I
were detected. Coenzyme Q-binding protein homolog A is a mitochondrial protein
which is required for the function of powerful antioxidant coenzyme Q; lysyl oxidase
homolog 3 is a collagen-processing enzyme essential for the cross-linking of
collagens and elastins; Meanwhile, type I collagen is a fibrillar collagen ubiquitous in
most connective tissues whilst type VII collagen is synthesized by keratinocytes and
dermal fibroblasts of the skin. Apart from the highly water-soluble protein, transferrin
receptor protein 1 and 78-kDa glucose-regulated protein precursor, which are known
for their roles in regulating cellular iron homeostasis and protein assembly in the
endoplasmic reticulum, respectively. Moreover, Zukefli et al. detected a totally
different array of proteins through the in-gel digestion technique. These proteins
include trypsinogen, transmembrane protease serine 13-like isoform X2 and
phospholipase A2-like protein. Trypsinogen is the inactive form of trypsin, while
transmembrane protease serine 13-like isoform X2 functions in the development,
homeostasis, infection, and tumorigenesis. Phospholipase A2-like protein plays roles

in lipid signalling, inhibiting apoptosis and promoting cell proliferation. There is also
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inter-alpha-trypsin inhibitor heavy chain H2 precursor which regulates the
localization, synthesis, and degradation of hyaluronan, and tumor necrosis factor
receptor superfamily member 5 precursor, which is the activator of immunoglobulin
production. SH3 domain-containing RING finger protein 3 and zinc finger protein
830 are zinc-binding proteins which are important for cell division, cell growth and

wound healing.
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Chapter 3

Edible bird’s nest ameliorates
oxidative stress-induced apoptosis in

SH-SY5Y human neuroblastoma

cells
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3.1 Summary of Chapter 3

PD is characterized by the degeneration of dopaminergic neurons in the substantia
nigra of the midbrain region, as well as marked reduction of dopamine concentration in
the striatum. The dopamine is a chemical messenger in the central nervous system which
controls movement via signalling to the motor cortex in basal ganglia. Loss of dopamine
results in lack of movement control, hence PD patient performs poorly in terms of motor

function.

Neurodegeneration is largely attributed to the oxidative stress in the brain
microenvironment. Evidence has demonstrated that oxidative adducts of biological matter
such as DNA, protein and lipids are apparent in post-mortem brain sample of PD patients.
Hence, an in vitro PD model is created by inducing oxidative stress in neuronal cell. In
our study, we aimed to induce apoptosis, or programmed cell death, of neuroblastoma cell
line SH-SYS5Y to reproduce PD pathology with the use of neurotoxin 6-OHDA. The

model has long been well-established for drug discovery purposes.

The objectives for the study in Chapter 3 were as follow:

1. To evaluate the effect of EBN on 6-OHDA-induced oxidative status, or ROS level, in
neuronal cell.

2. To examine the effect of EBN on 6-OHDA-induced apoptosis of neuronal cell.

3. To understand the mechanism underlying the 6-OHDA-induced apoptosis of neuronal

cell.
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Results showed that EBN extracts protected SH-SYSY cell against 6-OHDA-induced
cell injury through attenuation of ROS level and salvation from caspase-3-mediated
apoptosis. The mechanism of neuroprotection was found to be independent of the

mitochondrial pathway.
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stress-induced apoptosis in SH-SY5Y human
neuroblastoma cells
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Abstract

Background: Parkinson's disease (PD) is the second most common neurodegenerative disorder affecting the senile
population with manifestation of motor disability and cognitive impairment. Reactive oxygen species (ROS) is implicated
in the progression of oxidative stress-related apoptosis and cell death of the midbrain dopaminergic neurons. Its
interplay with mitochondrial functionality constitutes an important aspect of neuronal survival in the perspective of PD.
Edible bird's nest (EBN) is an animal-derived natural food product made of saliva secreted by swiftlets from the
Aerodamus genus, It contains bioactive compounds which might confer neurcprotective effects to the neurons. Hence
this study aims to investigate the neuroprotective effect of EBN extracts in the neurotoxin-nduced in vitro PD model.

Methods: EBN was first prepared into pancreatin-digested crude extract and water extract. /n vitro PD model was
generated by exposing SH-SY5Y cells to neurotoxin 6-hydroxydopamine (6-OHDA). Cytotoxicity of the extracts on
SH-SYS5Y cells was tested using MTT assay. Then, microscopic morphological and nuclear examination, cell viability
test and ROS assay were performed to assess the protective effect of EBN extracts against 6-OHDA-induced cellular
injury. Apoptotic event was later analysed with Annexin V-propidium icdide flow cytometry. To understand whether the
mechanism underlying the neuroprotective effect of EBN was mediated via mitochondrial or caspase-dependent
pathway, mitochondrial membrane potential (MMP) measurement and caspase-3 quantification were carried out.

Results: Cytotoxicity results showed that crude EBN extract did not cause SH-SY5Y cell death at concentrations
up to 75 pg/ml while the maximum non-toxic dose (MNTD) of water extract was double of that of crude extract.
Morphological observation and nuclear staining suggested that EBN treatment reduced the level of 6-OHDA-induced
apoptotic changes in SH-SYSY cells. MTT study further confirmed that cell viability was better improved with crude EBN
extract. However, water extract exhibited higher efficacy in ameliorating ROS build up, early apoptotic membrane
phosphatidylserine externalization as well as inhibition of caspase-3 cleavage. None of the EBN treatment had any
effect on MMP.

Conclusions: Current findings suggest that EBN extracts might confer neuroprotective effect against 6-OHDA-nduced
degeneration of dopaminergic neurons, particularly through inhibition of apoptosis. Thus EBN may be a viable
nutraceutical option to protect against oxidative stress-related neurodegenerative disorders such as PD.

Keywords: Edible bird's nest, Apoptosis, SH-5Y5Y, 6-OHDA, Neurodegenerative disorder, Parkinson's disease,
Neuroprotection
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Background
Parkinson’s disease (PD) is an age-related progressive
neurodegenerative disease with estimated worldwide
prevalence approaching 9 million of people over the age of
50 by 2030 [1]. Pathologically, there is loss of dopaminergic
neurons in the substantia nigra which subsequently causes
dopamine depletion in the striatum [2]. Abnormal ag-
gregation of a-synuclein known as Lewy bodies is also
detected in surviving neurons [3]. Dopamine depletion
ultimately leads to deterioration of motor functions
whereby the patients are often manifested with clinical
signs such as tremor, rigidity and slow responsiveness [4].
Several hypotheses including neuroinflammation, mito-
chondrial dysfunction, failure of ubiquitin-proteasome sys-
tem and proteinopathy have been proposed to explain the
neurodegeneration events in PD [5,6]. Amongst those,
oxidative stress-related apoptosis has been implicated
in the pathogenesis of neurodegenerative diseases. Oxida-
tive stress is caused by the production and accumulation of
excessive partially reduced reactive oxygen species (ROS)
within the cell, which attacks electron-rich biological mole-
cules such as DNA, protein and lipid to affect cellular
functions [7]. ROS is generated as a part of normal cellular
metabolism. In the cells with high oxygen-utilizing capacity
such as the neurons, however, greater amount of highly re-
active oxygen radical is being produced which renders
these cells more vulnerable to oxidative damages [8]. In
PD, substantial post-mortem studies noted that impaired
mitochondrial function and ROS build up are two events
linked to apoptotic episode in dopaminergic neurons [6,9].
Experimental models of PD which are generated through
the use of mitochondrial complex I activity-inhibiting and
ROS-inducing neurotoxins are able to recapitulate the
pathological features in PD, further reinforces that ROS
introduction is critically involved in the disease [10].
Therefore the brain requires an effective antioxidant sys-
tem to counteract the impact of ROS, as well as an anti-
apoptotic mechanism to maintain the neuronal integrity.
Edible bird nest (EBN) is natural food product made
from saliva of the swiftlets of the genus Aerodramus (or
Collocalia). Numerous in vitro and in vivo researches
have shown that administration of EBN was able to
boost immunity, promote cell division and proliferation,
neutralize influenza activity as well as improve osteopor-
osis [11-14]. Studies have shown that EBN contains the
bioactive compound sialic acid [15-17]. Furthermore,
EBN may also contain epidermal growth factor (EGF)
because EGE-like activity was detected in protein frac-
tions partially purified from EBN extract In fact, sialic
acid and EGF are neurotrophic factors known to pro-
mote neuron and brain development [18-21]. On the
other hand, animal saliva was previously found to con-
tain vascular endothelial growth factor and melatonin
[22,23]. These compounds are powered with anti-

Page 2 of 12

apoptotic and antioxidant properties [24,25]. As apop-
tosis and oxidative stress have been suggested as cru-
cial events in neurodegeneration, EBN, the salivary
secretion of swiftlets, may have neuroprotective rele-
vance in the therapeutic context of PD. Nevertheless
no scientific investigation has been conducted thus far
to confirm this. Hence this study aimed to investigate
the neuroprotective effect of EBN.

Methods

Preparation of EBN extracts

Raw EBN from the swiftlet of Aerodamus genus collected
from birds nest farm in Perak, Malaysia was kindly pro-
vided by a local EBN distributor Yew Kee Pte Ltd. Clean-
ing was carried out by first soaking the unprocessed EBN
in ultrapure water until softened and protein strands be-
came slightly loosened. Dirt and feathers were removed
manually by forceps. Cleaned EBN was subsequently oven-
dried at 50°C before being grounded into fine powder. A
portion of cleaned EBN was kept for water extraction
whereby the EBN was first soaked in cold distilled water
for 48 hours followed by boiling at 100°C for 30 minutes.
The solution mixture was filtered and the filtrate was
freeze-dried with freeze dryer (EYELA Freeze Dryer FOU
2100) to obtain EBN water extract powder.

Traditionally, a bird’s nest soup was prepared by double-
boiling the cleaned EBN strands with water until softened,
whereby sugar is often added to enrich the taste. In the
current study, however, both raw EBN and its water ex-
tracts were prepared by enzymatic digestion using method
adopted from Guo ef al. [13]. Pancreatin digestion was
performed as numerous studies have suggested that pro-
teolytic breakdown of EBN produced greater bioactivities
when compared to the undigested EBN [13,14]. This add-
itional step of enzymatic hydrolysis is suggested to enhance
solubilisation of bioactive compounds, which subsequently
leading to cellular assimilation. Briefly, raw EBN and water
extract powder dissolved in ultrapure water at 2.5% (w/v)
were digested with pancreatin (final concentration 0.5 mg/
ml) (Sigma Aldrich, USA) in a 45°C water bath for 4 hours
at pH 8.5- 90. Pancreatin enzyme was then deactivated at
90°C for 5 minutes. The mixtures were then filtered and
freeze-dried to obtain the final crude and water EBN ex-
tracts, which were denoted as 51 and 52 respectively. Fi-
nally, products were dissolved in dimethyl sulphoxide
(DMSO) (Sigma Aldrich, USA) as a stock of 50 mg/ml and
sonicated until the powder was fully solubilized. Then the
EBN solutions were centrifuged at 3000 rpm for 10 minutes
to precipitate the undissolved EBN particles. The super-
natant was collected and stored at -20°C for future use.

Neuronal cell culture

Human neuroblastoma cells SH-SY5Y was purchased
from the American Type Culture Collection (ATCC no.
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CRL-2266) and cultured in complete medium prepared
from Dulbecco’s Modified Eagles Medium (Gibco, UK)
supplemented with 10% fetal bovine serum (Gibco, UK).
The cells were maintained at 37°C humidified incubator
with 5% CO, for 2-3 days until 70% confluent. Cell collec-
tion was carried out by rinsing the cells with phosphate-
buffered saline (PBS) (Biobasic, Canada) followed by
addition of trypsin-EDTA (Gibco, UK) to detach the cells.
The action of trypsin was later neutralized with complete
medium and cells were harvested by centrifugation at
1500 rpm for 5 minutes. The cells were then sub-cultured
into new tissue culture flask or plated for assays.

Determination of maximum non-toxic dose (MNTD) and ef-
fect of the EBN extracts on 6-OHDA-induced cytotoxicity
Cytotoxic test was performed with tetrazolium reduc-
tion assay using 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT) reagent (Sigma
Aldrich, USA). Cells were first seeded onto 96-well plate at
a density of 4x10" cells/well with complete medium,
which then was replaced by serum-free medium for treat-
ment in the next day. Cytotoxic effect of both crude and
water EBN extracts on SH-SY5Y cells was tested across a
wide range of concentrations from 0 to 500 pg/ml DMSO,
which was used to dissolve the extracts, was included as
vehicle control. After 48 hours incubation, MTT solution
was added into the culture to a final concentration of
0.5 mg/ml. After 4 hours incubation at 37°C, the medium
was removed and replaced with equal volume of DMSO to
dissolve the purple formazan crystal. Absorbance of the so-
lution was measured spectrophotometrically with micro-
plate reader (DynexOpsys MR 24100) at 570 nm and was
compared to control to be presented in percentage of cell
viability or toxicity. MN'TD and % MNTD of EBN extracts
were determined from graph plotted.

To determine the effect of EBN extracts on SH-SY5Y
intoxicated with neurotoxin, cells were pre-treated with
EEN extracts at MNTD and % MNTD for 24 hours
followed by co-incubation with 100 pM 6-OHDA for an-
other 24 hours. Upon completion of treatment, MTT
assay was performed to determine the cell viability. All
test assays followed the same treatment whereby DMSO
alone (0.5% v/v) was used as vehicle control.

Morphological examination

Apoptotic cells experiencing damage in the nuclei are
featured by cell shrinkage, membrane blebbing and pres-
ence of apoptotic bodies [26]. In order to perform mor-
phological study, cells were first grown in 60 mm culture
dish and treated accordingly whereby groups such as ve-
hicle control, 6-OHDA, S1 MNTD +6-OHDA and 52
MNTD + 6-OHDA were included. Then, cell morphology
was examined under bright field inverted microscope
(Nikon Eclipse Ti, Japan). In addition to that, nuclear
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staining was performed with Hoechst staining. Treated
cells were fixed with 4% paraformaldehyde for 15 minutes
before stained with Hoechst 33258 (1 pg/ml) (Sigma
Aldrich, USA) for 15-20 minutes. Nuclear changes were
examined under fluorescence excitation using the same
microscope for features such as chromatin condensa-
tion, DNA fragmentation and cell shrinkage. Photomi-
crographs were taken using attaching camera.

Intracellular reactive oxygen species (ROS) level
measurement

Intracellular ROS production was assessed with 2', 7'-
dichlorofluorescein diacetate (DCFH-DA) fluorescent
probe. Cells were seeded into 12-well plate at a density
of 15 x 10° cells/well. Upon completion of treatment,
cells were collected and washed before added with
40 pM DCFH-DA (Sigma Aldrich, USA) working solu-
tion in 96-well black plate. Fluorescence reading was
taken at 0, 10, 20 and 30 minutes with fluorescence mi-
croplate reader using excitation and emission wave-
lengths of 485 nm and 535 nm (Tecan, Austria). The
fluorescence readings were then normalized to the re-
spective cell number to give relative value of DCF fluor-
escence unit. Fold change in ROS production of the
treated groups was determined by comparing to the un-
treated control.

Apoptosis analysis

The procedure was performed with Annexin V-FITC
Apoptosis Detection Kit (BD Pharmingen, USA) using a
modified protocol by Rieger ef al. [27]. Briefly, upon com-
pletion of treatments, cells were harvested and washed
with binding buffer. Cells were counted to obtain a final
concentration of 1x10° cells/ml Then Annexin V and
propidium iodide (PI) were added and incubated in dark
for 15 minutes. After washing, cell suspension was fixed
with 1% formaldehyde for 10 minutes on ice. Subse-
guently, washing was performed twice with binding buffer
followed by addition of RNase (EMD Biosciences, USA)
which then incubated for 15 minutes at 37°C. Finally, sam-
ples were washed and ready for analysis with FACSCalibur
flow cytometer (BD Biosciences, USA) and the software
Cell Quest Pro.

Mitochondrial membrane potential measurement

Mitochondrial membrane potential (MMP or AWm) is
an important indicator of mitochondrial functionality.
Apoptosis through mitochondrial-mediated pathway can
be assessed by performing MMP assay using MitoScreen
kit (BD Pharmingen, USA) according to the protocols
provided. Briefly, cells were collected by trypsinization
and centrifugation. Washing with PBS was carried out
and cells were counted to obtain a final concentration of
1 x 10° cells/ml. Working staining solution was prepared
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from the JC-1 powdered dye and assay buffer at a ratio of
1:99, which was then added to the cells. Incubation was
carried out at 37°C in 5% CO, incubator for 15 minutes.
Cells were washed twice in assay buffer before analyzed
with flow cytometer. Mitochondrial depolarization is indi-
cated by a decrease in the red JC aggregates/green |JC
monomer fluorescence intensity ratio.

Caspase-3 detection

Caspase-3 is a proteolytic enzyme activated during apop-
tosis. It was detected using FITC active caspase-3 apop-
tosis kit (BD Pharmingen, USA) according to the protocol
provided. Cells were first collected by trypsinization and
centrifugation. Then, cells were washed with PBS twice
and resuspended in BD Cytofix/ Cytoperm™ fixation and
permeabilization solution at 1 x 10° cells/0.5 ml. Subse-
guently cells were incubated on ice for 20 minutes. Fix-
ation solution was discarded after centrifugation and cells
were washed twice with 0.5 ml of BD Perm/Wash™ buffer.
A hundred microliters of BD Perm/Wash™ buffer and
20 pl of FITC anti-active caspase-3 antibody were added to
each sample and incubated for 30 minutes at room
temperature. Then, cells were washed with 1 ml of BD
Perm/Wash™ buffer. Finally cells were resuspended in
0.5 ml of the same buffer and transferred to FACS tube for
flow cytometry analysis.

Statistical analysis

Data was collected as triplicate from at least 3 independent
experiments. The results were expressed as mean + stand-
ard deviation. Statistical significance was assessed with
Student’s t-test. P value <0.05 was considered significant.

Results & Discussion
Cytotoxic profile of EBN extracts (S1 and S2)
Toxicity study was first performed with addition of EBN
extracts to SH-SY5Y cells to determine the concentration-
wide effect as well as MNTDs of the extracts on neuronal
culture. MNTD is the maximal dose just below the thresh-
old for cell toxicity that demonstrates no cytotoxic effect.
Half of the MNTD value was also determined in order to
study the effect of EBN treatment at lower concentration.
In the graph of cytotoxicity percentage in SH-SY5Y
cells against EBN extract concentration (Figure 1), it was
found that there was an increasing trend of cytotoxicity
along with the concentration. However, cell death was
not evident at concentration below 100 pg/ml for S1 and
200 pg/ml for S2. MNTDs are the concentrations at
which cytotoxicity starts to become evident (where line
touches x-axis). As determined from the graph, MNTDs
were 76.25+ 16.52 pg/ml for S1 and 150 +36.06 pg/ml
for S2. Meanwhile the ¥ MNTDs were 38.13 pg/ml and
75 pg/ml for S1 and S2, respectively. Overall the cyto-
toxicity of S1 was double as much as the cytotoxicity of
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52. Such discrepancy could be due to varying methods
employed in preparing the two extracts. In fact, com-
pound solubility and stability are major factors that con-
tribute to varied activities in different extracts [28]. S2
was extracted with water thus one might expect the
resulting sample to contain only water-soluble sub-
stances. Also, high temperature applied during the water
extraction process might have affected the potency of
proteins within the EBN, possibly through denaturation.
Based on the observations, it is likely that the water-
soluble substances possess less cytotoxic effect compar-
ing to 51, the crude EBN extract.

EBN extracts prevent 6-OHDA-induced apoptotic changes
in SH-SY5Y cells
A number of cellular morphological changes including
cytoplasmic condensation resulting in reduced cell size,
plasma membrane undulations or blebbing, condensation
of chromatin at nuclear periphery, dilatation of endoplas-
mic reticulum and formation of apoptotic bodies represent
the typical characteristics of apoptosis [29,30]. In the
present study, changes in cellular morphology of SH-SY5Y
upon different treatments were assessed by microscopic
examination. Untreated SH-SY5Y cells had a distinctive
neuronal shape with typical long neurite outgrowth. In
addition, cell membrane was intact and there were min-
imal dead cells (Figure 2A). Nuclear staining with DNA-
binding fluorescent dye Hoechst 33258 showed homo-
genously stained regular rounded nuclei in control cells
(Figure 2E). However, when incubated with 100 pM
6-OHDA (an optimum concentration determined from
our studies earlier; Data not shown), cell death was made
evident by the presence of shiny, floating and round-
shaped cells under bright field microscopy (Figure 2B).
Shrinking cells which gradually lost their elongated neur-
onal shape and have shrunken in size were also detected
(vellow arrow in Figure 2B). Meanwhile, increased number
of bright fluorescent nuclei indicative of chromatin con-
densation (white arrow in Figure 2F), as well as nuclear
fragmentation (red arrow in Figure 2F) were apparent
after Hoechst staining. Smaller asymmetrical nuclei
were also seen as a result of cell shrinkage (green arrow
in Figure 2F). These features altogether suggest that 6-
OHDA-induced SH-SY5Y cell death was likely to be
mediated through apoptosis. This finding is supported
by previous study which concluded that the selective
catecholaminergic neurotoxin induces oxidative stress-
associated cell death primarily through apoptosis [31].
Nonetheless, pre-treatment with S1 or 52 for 24 hours
prior to the addition of 6-OHDA conferred protection to
SH-S5Y5Y cells by reducing cell death in the culture
(Figure 2C-D). In addition, the nuclear apoptotic changes
induced by 6-OHDA were less noted in the cells after pre-
treatment with S1 and S2 (Figure 2G-H), suggesting that
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Figure 1 Cytotoxic effect of EBN extracts on S5H-5Y5Y cells. Cytotoxicity percentage of SH-SYSY cells upon 48 hours treatment with either 51
or 52 was tested across a wide range of concentration from 0 to 500 pg/ml and MTT assay was carried out. Maximum non-toxic dose was then
determined from the graph. The data shown are means +5.0. of three independent experiments performed in triplicates.

EBN may be effective in reversing the cytotoxic effect of 6-
OHDA.

S1 improves cell viability in 6-OHDA-challenged SH-SY5Y
cells
To quantify the cell viability from those observed in the
morphological study, MTT assay was performed. Upon
challenge with 100 pM 6-OHDA for 24 hours, cell viability
decreased significantly to about 40% of that of control
(Figure 3). Pre-treatment with EBN extracts followed by
co-incubation with 6-OHDA generally did not improve
cell viability except in the cells treated with S1 at re-
spective MNTD. About 20% increase in the cell viabil-
ity was observed under that treatment as compared to
the 6-OHDA group. This could be due to mitogenic
property of S1 that promoted cell growth, as made evident
by a study by Zainal Abidin ef al. which shows that EBN
promoted cell division in rabbit corneal keratocytes [32].
Moreover, acid hydrolysates of EBN have been shown to
promote proliferation of human colonic adenocarcinoma
(Caco-2) cells [33]. The same report also pointed out that
sialic acid treatment alone induced significant Caco-2 pro-
liferation. Taken together the finding by Yagi ef al. which
showed that sialic acid was present in EBN, it is suggested
that sialic acid could be the bioactive compound that we
are interested in [17].

On the contrary, S2 in overall did not prevent cell death,
which may be explained by the lower activity associated
with the water extract discussed earlier. Meanwhile, EBN

treatment alone for 48 hours did not affect cell survival, in-
dicating that EBN treatments at MNTDs were non-
cytotoxic to SH-SY5Y cells.

S2 attenuates ROS build up in 6-OHDA-challenged SH-
SY5Y cells

The overall oxidative status in SH-SY5Y cells was
assessed with the DCFH-DA assay. Figure 4 showed that
ROS was maintained at basal level when SH-SY5Y cells
were treated with EBN extracts alone, indicating that
EBN alone did not induce oxidative stress within the
cell. Furthermore, 52 caused significant drop in ROS
production suggesting the protective role of EBN as a
free radical species scavenger.

Intracellular ROS production was augmented by 4 fold
upon 6-OHDA exposure when compared to control
group. Pre-treatment with S1 at high dose (MNTD) did
not restore ROS to the basal level, but instead promoted
intracellular ROS build up twice as much as the level of
that in cell treated with 6-OHDA alone. This could be
due to the presence of reactive compounds in S1 which
prompted the generation of extra free radical in cells on
top of the existing oxidative load, for example a 66 kDa
major allergen protein in EBN [34]. As allergenic im-
mune reaction is often linked to increased intracellular
ROS production, this putative protein possesses homology
to a domain of an ovoinhibitor precursor in chicken could
possibly be the contributor of intracellular ROS load in S1-
treated SH-SY5Y cells [35,36].
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(white arrow in Figure 2F).

100pm

Figure 2 Effect of EBN extracts on morphological and nuclear changes of 6-OHDA-challenged SH-SY5Y cells. Microscopic images were
taken after 48 hours of treatment. Figures A-D are bright field images while Figures E-H are fluorescent images taken after Hoechst 33258 staining.
Figures A and E: control group; Figures B and F: 6-OHDA group; Figures C and G: ST MNTD + 6-OHDA-treated group; Figures D and H: 52
MNTD + 6-OHDA-treated group. Cell shrinkage is indicated by cell losing its distinctive neuronal shape and has becomes smaller in size
(yellow arrow in Figure 2B), DNA fragmentation is indicated by cluster of nuclei fragments (red arrow in Figure 2F), shrunken cell is indicated
by smaller and distorted nuclei (green arrow in Figure 2F) while nuclear chromatin condensation is indicated by brightly fluorescent nuclei

100pm

Meanwhile, ROS production was significantly attenu-
ated to sub-control level by S2 treatment, in which high
dose seemed to suppress ROS production better than
low dose. These findings suggest that the water-soluble
compounds in S2 could be more effective in scavenging
intracellular ROS if present in high dose, whereas in
crude extract high dose would do the opposite effect.
The difference in activities of S1 and S2 can be inferred
from the different methods used in extract preparation.
Although both extracts derived from the same raw

material, solubility and solvent accessibility of bioactive
compounds in crude and water extracts may affect their
chemical properties and hence, the bioactivities. In par-
ticular, water extraction method involves heat treatment
at 100°C and therefore may modify tertiary con-
formational structure of the native EBN protein. This
manipulation could possibly uncover the nucleophilic
amino acid residues that present in the protein core,
such as cysteine’s sulfhydryl groups [37]. These amino
acid residues are free radical scavenger because they are

82



Yew et al. BMC Complementary and Altemative Medicine 2014, 14:391
http://www.biomedcentral.com/1472-6882/14/391

Page 7 of 12

180 -
led

Cell viability (%)

P <005, "P < 001; "P < 0.001 versus 6-OHDA treated cells.

-
140 i
T
120 - -
100 Hitt
80
60
20 kK
20 -
0 .

Figure 3 Effect of EBN extracts on 6<0HDA-challenged SH-SY5Y cell viability. Cell viability was assessed with MTT assay and data shown are
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oxidized preferentially to the membrane phospholipids.
52 may therefore possess higher antioxidant potential
than S1 because of greater solvent exposure of free rad-
ical scavenging amino acid residues as a result of heat-
assisted protein denaturation.

Generally, reduction of ROS level would ameliorate
oxidative stress-related cellular damage and cell death,
but this was not observed in the present study. Results
from ROS measurement when put together with MTT
results raised an intriguing question because 51 had suc-
cessfully improved cell viability although it triggered
ROS generation. One explanation for this is that S1
could have initiated cytoprotective mechanism other
than direct ROS-scavenging, such as the promotion of

antioxidant defense system through nuclear erythroid 2-
related factor 2 - antioxidant responsive element (Nrf2-
ARE) signaling [38]. It has been suggested that exogenous
protein can act through Nrf2-ARE signaling pathway
to induce expression of endogenous antioxidant enzymes
[39]. In fact, ARE activation have been demonstrated to be
protective against in vitro cell death induced by dopamine
and 6-OHDA, likely due to enhanced expression of the
antioxidant proteins such as glutathione S-transferase A2,
heme oxygenase-1 and NAD(P)H quinoneoxidoreductase 1
[40-42]. Interestingly, Nrf2-ARE activation is a redox-
sensitive process thus this process can be triggered in re-
sponse to intracellular oxidative changes, as seen in the ac-
tion of apomorphine whereby ROS produced by the drug
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Figure 4 Effect of EBN extracts on intracellular reactive oxygen species (ROS) production in 6-OHDA-challenged 5H-5Y5Y cells.
Intracellular ROS levels of treated groups were asesed with DCFH-DA assay and data shown are means +50. of three independent experiments
performed in triplicates *P < 0.05; **P < 001; **P < 0001 versus untreated control cells while *P <005, P < 001; ®*P <0001 versus 6-OHDA treated cells.
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itself acts as Nrf2-ARE pathway activator [43,44]. There-
fore, it is possible that 51, in the presence of ROS, generates
signals that initialize molecular changes to result in cyto-
protection and hence improved cell viability. However, fur-
ther works should be done to confirm the role of these
members of the intracellular antioxidant response system
in the neuroprotective mechanism of S1. Investigations on
expression of the antioxidant genes or proteins, and nuclear
translocation of Nrf2 protein could be performed in the
future.

EBN extracts reduce early apoptotic event in 6-OHDA-
challenged SH-5Y5Y cells
Apoptotic event was investigated by Annexin V-PI double
staining method to identify the mode of cell death. Several
previous reports showed that apoptosis of dopaminergic
neurons was found to increase with 6-OHDA-induced oxi-
dative stress [45-48]. In this assay, cells residing at different
stages of apoptosis upon exposure to 6-OHDA were identi-
fied by differential staining of membrane phosphatidylser-
ine and DNA, whereby cells are grouped and represented
in dot plot as healthy (lower left quadrant), early apoptotic
(lower right quadrant), late apoptotic (upper right quad-
rant) and necrotic (upper left quadrant) ones. Early apop-
tosis, represented by cell stained positively with Annexin V
due to phosphatidylserine translocation towards outer
membrane surface followed by loss of membrane integrity,
was found to be the major cell death mechanism in cell
treated with 6-OHDA for 24 hours. It accounted for about
30% of the cell population (Figure 5B, lower right quad-
rant), which is in concordance with other reports [49,50].
Generally EBN treatment alone did not stimulate
apoptotic event (Figure 5D-F), but it effectively reduced
early apoptotic injury in cells challenged with 6-OHDA
(Figure 5H-J). The results suggest that EBN is a potential
neuroprotective agent which acts by inhibiting apoptosis.
However, S1 treatment increased the percentage of
apoptotic population in normal culture (Figure 5C) and
did not reduced the early apoptosis induced by 6-OHDA
(Figure 5G) when given at MNTD. Such findings
imply that high dose of crude extract did not improve
apoptosis and could have itself contributed to apop-
tosis in SH-SY5Y cells, despite the fact that MNTD
used for S1 treatment had been pre-determined as
non-toxic. The apoptosis-inducing nature of 51 at
MNTD may be related to the elevated intracellular
ROS produced as determined from the DCFH-DA
assay previously.

EBN extracts did not improve mitochondrial dysfunction
in 6-0HDA-challenged SH-SY5Y cells

Mitochondrial dysfunction as defined by collapse in
MMP is an early and critical event in cellular apoptosis.
In fact, the opening of mitochondrial transition pore
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Figure 5 Effect of EBN extracts on 6-OHDA-induced apoptosis
in SH-5Y5Y cells. Cells treated with EBN extracts for 48 hours were
analyzed by Annexin V-propidium iodide double staining.
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fluorescence signals are shown (A-J). Results shown are the mean+50.
of three independent experiments. *F < 0.05; **F <001 versus untreated
control cells while *P < 005, P < 001; "™P < 0.001 versus &0HDA
treated cells,
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upon different stimuli precedes the depolarization of
mitochondrial potential, subsequently leading to in-
creased mitochondrial permeability and thus the efflux
of pro-apoptotic factors such as cytochrome c and pro-
caspases [51]. The MMP in SH-SY5Y cells was measured
in order to study the alteration in mitochondrial activity
during apoptosis. In the present study, MMP of SH-
SY5Y cells dropped drastically to 27% of that in control
when the cell was exposed to 100 pM 6-OHDA for
24 hours (Figure 6). Although the action through which
6-OHDA induces cytotoxicity in neuronal cell lines such
as SH-SY5Y and PC12 has been linked to ROS outburst,
literature is available to show that failure of cellular re-
spiratory complex may be the direct cause of apoptosis.
Gomez- Lazaro ef al. found that mitochondrial fragmen-
tation constitutes early event in mitochondrial dysfunc-
tion and eventually cell death of SH-SY5Y. The author
further revealed that 6-OHDA-induced SH-SY5Y cell
death was reversible by blockage of the mitochondrial
fission activity [51]. Taken together, the findings support
the indispensable role of mitochondrial integrity in SH-
SY5Y cells’ survival. In fact, studies have successfully
demonstrated neuroprotection against apoptosis via res-
toration of mitochondrial functionality by natural prod-
ucts, such as the herbal medicine Chunghyuldan, which
ameliorated PD-like behavioral symptoms by preserving
dopaminergic neurons in the nigrostriatal region of PD
mice model [52].

Yet, mitochondrial functionality in the intoxicated cell
was not improved with EBN treatment in the present study.
There was no significant difference in MMPs between the
EBN-co-treated and 6-OHDA groups. Therefore, the cell-
promoting effect of S1 seen in MTT assay may be not
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related to resuscitation of MMP in 6-OHDA-challenged
SH-SY5Y cells. Although 6-OHDA-induced cytotoxicity is
mainly associated with mitochondrial respiratory dysfunc-
tion, an opposite mitochondrial-independent pathway is as
well indicated in a number of studies [53,54]. As such, in-
volvement of non-mitochondrial mechanism may be impli-
cated in the neuroprotection conferred by the EBN crude
extract.

Notably, EBN treatment alone was shown to bring
down the level of MMP significantly, indicating that the
addition of foreign compound to the SH-SY5Y culture
could affect the mitochondrial status. Still, treatment
with EBN extracts alone for 48 hours did not exhibit any
detrimental effect on the SH-SY5Y’s cell viability and
oxidative status.

52 inhibits cleavage of caspase-3 in 6-OHDA-challenged
SH-SY5Y cells

Caspase-3 is the executioner protein of the apoptotic
process and remains as inactive procaspase until it is be-
ing cleaved by activated initiator caspases such as
caspase-8 or caspase-9. lts activation leads to down-
stream mechanisms which involve poly(ADP-ribose)
polymerase-mediated DNA cleavage and breakdown of
proteins essential for maintenance of cytoskeletal struc-
ture. Eventually, activation of caspase-3 results in DNA
fragmentation and apoptosis [55].

Elevated active caspase-3 level was detected in SH-
SY5Y cells treated with 6-OHDA, which was 7.8% as
compared to 3.5% in control (Figure 7). However, S2 at
= MNTD managed to attenuate caspase-3 activation in
the cell This explains the parallel reduction in early
apoptotic population by 52 at 2 MNTD as seen from
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Figure 7 Effect of EBN extracts on cleavage of caspase-3 in SH-5Y5Y cells challenged with 6-OHDA. The release of active caspase-3 into
cytosol was assessed by immunostaining using FITC-conjugated antibody and results were generated from flow cytometry. Results shown are the
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Annexin V-Pl analysis, thus consolidates the role of
caspase-3 activation in the process of 6-OHDA-induced
SH-SY5Y apoptosis [56].

Caspase-3 can be activated through two machineries,
namely the mitochondria-related apoptosis protease-
activating factor-1/caspase-9/caspase-3 cascade, and Fas-
associated adapter protein/caspase-8/caspase-3 cascade
which is the extrinsic apoptotic pathway [57]. Based on
the observation from MMP assay in which S2 failed to
resuscitate mitochondrial depolarization in SH-SY5Y
cells challenged with 6-OHDA, it is likely that S2 inhibited
caspase-3 through modulation of the extrinsic pathway
which has little relation to the mitochondrial activity.
However, future study is warranted to investigate the in-
volvement of extrinsic pathway in 52-mediated neuropro-
tection. For EBN treatment only, both S1 and 52 when
given at MN'TD induced release of active caspase-3, signi-
fying that high dose of the extracts may trigger early apop-
tosis event and hence lower concentrations should be used
for the treatment.

Remarks on discordance between cytotoxicity and
apoptotic parameters

Current finding showed that S1 treatment at MNTD im-
proved SH-SY5Y cell viability despite being unable to
prevent apoptosis and restore ROS and caspase-3 to
basal level. On the contrary, S2 treatment has success-
fully attenuated ROS development and reduced apoptosis
and caspase-3 release, yet it failed to reverse cytotoxic ef-
fect of 6-OHDA. This is intriguing as cytotoxicity is posi-
tively associated with apoptotic event, oxidative stress and
caspase-3 activation. However, it is worth mentioning that

cytotoxicity can be mediated by several different cell death
mechanisms. Other than apoptosis, cell death can also be
orchestrated by autophagy and necrosis [58]. Under such
circumstances, cells are likely to either slowly sequestrated
and then degraded by autolysomes through autophagy, or
undergo necrosis upon activation of death domain re-
ceptors on cell surface. Cytotoxicity is thus attributed,
but not exclusively, to apoptosis parameters such as exter-
nalization of phosphatidylserine on plasma membrane
and activation of caspase signaling cascade. Meanwhile
caspase-dependent cell death mechanism has often been
described as cardinal to 6-OHDA-induced apoptosis in
SH-SY5Y cells, it is proposed that another caspase-
independent mechanism may also exist in a cell death sce-
nario [59]. Such claim is supported by literatures, stating
that in dying cells, caspase inhibition alone does not neces-
sary grant full resuscitation from apoptosis but may switch
cell death to alternative autophagic or necrotic modes in-
stead [60,61]. In fact, dysregulation of autophagic response
in the neurons has been linked to PD incidence [62] and
autophagic changes in SH-SY5Y cells are inducible with 6-
OHDA treatment [63]. On the other hand, oxidative burst
from 6-OHDA could contribute to membrane rupture and
therefore necrosis in neurons too [64]. Considering that
autophagy or other cell death mechanisms could be acti-
vated and participated in regulating cell death in our PD
cell model, hence it is indefinite that inhibition of apop-
tosis or caspase activation by S2 treatment would see cor-
responding decrease in cell death or cytotoxicity. This may
partly explain the failure of 52 extract to counteract cyto-
toxicity due to 6-OHDA exposure regardless of its ability
to attenuate apoptosis and caspase-3 cleavage.
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Conclusions

It has been successfully demonstrated that EBN extracts
confer neuroprotection in 6-OHDA-challenged SH-
S5Y5Y cell model. Particularly, S1 demonstrated neuro-
protective potential by improving cell viability while 52
inhibited oxidative stress and caspase-3 activation. Both
the EBN extracts shown to inhibit apoptosis. Further in-
vestigation is needed to identify and elaborate the prop-
erties of the bioactive compounds in EBN that are
responsible for the neuroprotective benefits. In sum-
mary, the present study suggests that EBN may be ef-
fective in the treatment of neurodegenerative diseases
where oxidative stress plays a causal role.
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Chapter 4

Edible bird’s nest extracts confer
neurotrophic effects by enhancing
proliferation, migration and
neurogenesis of neural stem cell In
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4.1 Summary of Chapter 4

Trophic factors were previously demonstrated to enhance growth of pluripotent stem cells
and support the maturation of these cells into lineage-specific, terminally differentiated and
functional cells. Stem cells in the brain resides at specific region are responsive to
neurotrophic factors, some of which were well-known to directly affect neurogenesis, such as
brain-derived neurotrophic factor, nerve growth factor and transforming growth factor. Stem
cells in the neurogenic region of the brain can be guided to proliferate, mobilize and
differentiate, therefore they have the potential to be manipulated with various cocktails of
neurotrophic factors for desired purposes, which makes stem cell therapy possible for the

treatment of CNS-related injury or neurodegenerative diseases.

The objectives for the study in Chapter 4 were as follow:
1. To determine the effect of EBN on proliferation of neural stem cells.
2. To study the effect of EBN on migration of neural stem cells.

3. To examine the effect of EBN on neuronal differentiation of neural stem cells.

We discovered that EBN increased proliferation of neural stem cells in both BrdU
assay and cell cycle analysis, promoted migration in scratch assay and enhanced retinoic-
acid-induced neuronal differentiation. These findings concluded that EBN exerted
neurotrophic effects on the proliferation, cell motility and neurogenesis of neural stem

cells in vitro.
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Abstract

Edible bird’s nest (EBN) is a food product made of saliva of swiftlets from the Aerodramus
genus and may contain potent neurotrophic compounds. Neural stem cells (NSC) are
multipotent precursor cells residing in neurogenic regions of the brain that are responsive to
trophic factors. Neurotrophic factors released by NSC transplantation have been shown to
contribute to enrichment of brain microenvironment for functional recovery of amyotrophic
lateral sclerosis, Parkinson's disease and Huntington's disease, indicating potential of
compounds with neurotrophic properties as therapeutic agents in neurodegenerative diseases.
This study aimed to assess the neurotrophic effect of EBN extracts on NSC. By using
embryonic mouse neuroectodermal cell, NE-4C, maximum non-toxic dose (MNTD) of crude
and water extracts of EBN was determined for subsequent treatment. Bromodeoxyuridine
(BrdU) incorporation and S-phase population in NE-4C were increased after EBN extract
treatments at /2MNTDs, indicating higher cell proliferation. EBN extracts also enhanced cell
migration rate in scratch assay and selective differentiation of retinoic acid-primed NE-4C
into mature neurons. These results described the regulatory effects of EBN extracts on
proliferation, migration and differentiation of NSC, which allowed better understanding of
stem cell behaviours in respond to neurotrophic compounds, hence leading to potential
application of such finding into development of stem cell therapy for the treatment of
neurodegenerative diseases. Our study supports the idea of using EBN as a potential

neuroregenerative strategy against neurodegenerative diseases.

Keywords

Edible bird’s nest; Neural stem cell; Neurotrophic effect; Neuronal differentiation;

Neurodegenerative diseases
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Introduction

Neurogenesis is the formation of functional neuron from precursor stem cell residing in the
neurogenic regions in the brain, which includes subventricular zone of the lateral ventricle
and subgranular zone of the dentate gyrus in hippocampus (Gage, 2000). Stem cell is
pluripotent in itself that it can self-renew continuously and is inducible to form different cell
types of any specific lineages if appropriate signals were given. Due to the indispensable role
of neural stem cells (NSC) in brain development, which is a life-long process that continues
throughout the adulthood (Ming and Song, 2011), NSC represents a valuable tool for the
study of developing brains and neurologic disorders. In fact stem cell research has always
been a key research area for the treatment of neurodegenerative diseases including
Alzheimer’s disease, Parkinson’s disease and Huntington’s disease (Lo Furno et al., 2017).
Pathologically, the hallmarks of neurodegenerative diseases include but not limited to
degeneration of the axon, neuronal body, dendrites and synapses of a neuron, hence the
breach of an intact brain circuitry (Luo and O'Leary, 2005). Studies have shown that
restoration of impaired or degenerated neurons using endogenous resident stem cell are
promising with exogenous neurotrophic support. Notably, several natural neurotrophic
compounds have demonstrated functional recovery such as Huperzine A for the treatment of
cognitive deficiencies in Alzheimer’s disease (Ha et al., 2011) and Puerarin for the treatment

of motor dysfunction in Parkinson’s disease (Li et al., 2013). These findings conclude that
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endogenous NSC is responsive to a variety of exogenous factors and can be induced into

desired cell phenotype if appropriate signals were given (Xu et al., 2014).

Edible bird nest (EBN) is a natural food product made from saliva of the swiftlets,
particularly by the genus Aerodramus. Chinese being the largest consumer community of
EBN usually prepared it in soup and regard it as delicacy with substantial medicinal value.
Traditionally, EBN has been used for its tonic effect towards complications in the respiratory
airways and gastrointestinal system. In addition to that, EBN is also well-sought after for
claims such as ability to enhance skin complexion, immunity, growth, metabolism and blood
circulation (Lim and Cranbrook, 2002, Chye et al., 2017). Increasing public interest on the
benefits of EBN has prompted the study of its bioactivities. Notably, in vitro and in vivo
studies have proved that EBN extract was able to promote cell division and proliferation (Ng
et al., 1986), inhibit influenza activity (Guo et al., 2006), protect neurons against oxidative
stress (Yew et al., 2014) and prevent osteoporosis (Matsukawa et al., 2011). These literatures
suggest that EBN may be a rich source of animal-derived natural compound that may offer a

range of health advantage.

More than a decade ago, epidermal growth factor (EGF)-like compound was identified in
EBN extract (Kong et al., 1987). It is known that EGF modulates the proliferative, migration
and neurogenesis pattern of NSC in vivo (Reynolds et al., 1992, Gonzalez-Perez and
Quinones-Hinojosa, 2010). Therefore it is presumed that EBN extracts might also possess
EGF-like activity that would confer similar effects on NSC. Later, high-antennary sialic acid
was also been discovered and studied in EBN extract (Yagi et al., 2008). Sialic acid-bound
glyocoproteins such as gangliosides and neural cell adhesion molecule were known to play a

big role in the development of brain network and connectivity (Wang, 2012). In spite of the
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fact that EBN extract contains high amount of sialic acids and possess EGF-like activity, the
exact neurotrophic effects of EBN extract has never been evaluated. The current investigation
explored the neurotrophic properties of EBN extracts and its potential application as a
therapeutic agent for the treatment of neurodegenerative diseases. For that purpose, we used
embryonic neuroectodermal stem cells, NE-4C, in this study to study the effect of EBN

treatment on the proliferation, migration and neuronal differentiation of NSC.

Materials and methods

Materials

Embryonic mouse neuroectodermal cell NE-4C was purchased from American Type Culture
Collection (Manassas, VA, USA). Pancreatin powder, dimethyl sulphoxide (DMSO), poly-
L-lysine (PLL), formaldehyde, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) powder, bovine serum albumin, Hoechst 33258, propidium iodide and retinoic acid
were obtained from Sigma-Aldrich (Sigma, St. Louis, MO, USA). All cell culture reagents
including Modified Eagle's medium, L-glutamine and fetal bovine serum were purchased
from Gibco (Grand Island, NY, USA). Alexa Fluor 488-conjugated rabbit anti-p-I1I tubulin
and Cy3-conjugated mouse anti-glial fibrilary acidic protein (GFAP), RNase A,
bromodeoxyuridine (BrdU) cell proliferation assay kit as well as the remaining chemicals and

solvents of analytical grade were purchased from Merck (Darmstadt, Germany).

Preparation of EBN extracts

EBN were prepared into pancreatin-digested extracts denoted as S1 (crude extract) and S2
(water extract) according to our previously established protocol (Yew et al., 2014). Briefly,
raw EBN collected from a local bird’s nest farm in Perak, Malaysia was cleaned in ultrapure

water and oven-dried at 50°C before being grounded into fine powder. Some of the cleaned
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EBN was extracted in water, whereby EBN was first soaked in cold distilled water for
48 hours followed by boiling at 100°C for 30 minutes. The solution mixture was filtered and
the filtrate was freeze-dried with freeze dryer (EYELA Freeze Dryer FOU 2100) to obtain

water extract powder.

Subsequently, raw EBN powder and its water extract powder were digested using enzymatic
method adopted from Guo et al. (Guo et al., 2006). The powders were digested with
pancreatin (final concentration 0.5 mg/ml) in ultrapure water at 2.5% (w/v) over a 45°C water
bath for 4 hours at pH 8.5- 9.0. The solutions were heated at 90°C for 5 minutes to halt the
action of the enzyme. After filtration, the solutions were freeze-dried to obtain the final

sample S1 and S2. The powders were solubilized in DMSO for subsequent in vitro treatment.

Neural stem cells culture

Neural stem cell, NE-4C was cultured in Modified Eagle's medium with non-essential amino
acids and 4 mM L-glutamine supplemented with 10% fetal bovine serum, and maintained in
incubator at 37°C with 5% CO,. PLL was used to coat all culture consumables to ensure

monolayer cell growth.

Cell viability test

For dose optimization, NE-4C was incubated with 0 to 500 pg/ml EBN extracts for 48 hours
under serum free condition in 96-well plate. Cell viability of NE-4C was then tested using
MTT assay to determine the maximum non-toxic dose (MNTD) and 2 MNTD. Briefly, MTT
solution was added to cells and incubated for 4 hours. After that, the solution was removed
and DMSO was added to lyse the formed formazan. Finally, the absorbance of the solution

which is indicative of cell viability was read at 570 nm using a microplate reader
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(DynexOpsys MR 24100, VA, USA) and the result was expressed as percentage of
cytotoxicity in comparison to untreated control. MNTD and 2 MNTD of EBN extracts were

determined from the cytotoxicity graph.

Treatment with EBN extracts
The cell was treated under serum free condition according to the following grouping in
subsequent experiments: (1) Untreated control; (2) S1 treatment at MNTD; (3) S1 treatment

at /2 MNTD; (4) S2 treatment at MNTD; (5) S2 treatment at /2 MNTD.

Cell cycle profiling

NE-4C was cultured and treated on PLL-coated 60mm dish until 80% confluent. Cell cycle
progression was studied in NE-4C using the flow cytometry method. Cell was washed and
fixed overnight at 4°C in ice cold 70% ethanol. Fixed cell was washed and stained with 20
pg/ml propidium iodide dye and 15 pug/ml RNase A, after which analyzed with FACSCalibur
flow cytometer (BD Biosciences, USA). The distribution of cell population in all stages of

cell cycle was noted.

BrdU cell proliferation assay

NE-4C was cultured and treated on PLL-coated 96-well plate. Using BrdU cell proliferation
assay kit, BrdU reagent was added to the cell 2 hours before the treatment period ended. Then,
the cell was fixed, washed and added with detector anti-BrdU antibody. Secondary goat anti-
mouse IgG peroxidase-conjugated antibody (1:2000) was added and incubated for 30 minutes
at room temperature. After washing, 3,3',5,5'-Tetramethylbenzidine (TMB) Peroxidase
Substrate was added and incubated for 30 minutes at room temperature in dark before added

with Stop Solution. The fluorescence absorbance was read spectrophotometrically at 450/
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550nm using a SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale,

California).

Scratch assay for cell migration analysis

NE-4C was cultured in PLL-coated 12-well plate and a single cell scratch was introduced in
each well using a yellow micropipette tip on monolayer cell. Cell debris was removed with
washing, and then fresh medium containing treatment was added. Cell culture image was
taken at 0, 6, 12 and 18 hours with a camera on bright field inverted microscope (Nikon
Eclipse Ti-U, Japan) at 200X magnification. Gap width of the scratched line was then
measured using ImageJ Software. The migration rate of cell was calculated as a result of

distance moved over time.

Immunocytochemistry for quantification of neuronal differentiation

Differentiation of NE-4C was determined by immunostaining with neuronal class -III
tubulin and GFAP, which are the markers for neurons and astrocytes, respectively. After
treatment, the cell in PLL-coated 24-well plate was first fixed with 4% paraformaldehyde.
Blocking was performed by adding bovine serum albumin for 1 hour, followed by incubation
with fluorophore-conjugated antibodies including rabbit anti-B-III tubulin (AlexaFluor 488-
tagged, 1:500) and mouse anti-GFAP (Cy3-tagged, 1:500), for 1 hour at room temperature.
Lastly, cells were counterstained with nuclear stain Hoechst 33258 (1pg/ ml) for 5 minutes
before visualized at 200X magnification under fluorescence microscope (Nikon Eclipse Ti-U,
Japan). Cell treated with EBN extracts was observed for duration of 14 days to study the

time-course of spontaneous neuronal and astrocytic differentiation.
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Neuronal differentiation using retinoic acid

Dose of differentiation agent retinoic acid was tested across 10® M to 10° M over 5 to 7 days
to optimize the existing protocol for the induction of neuronal differentiation in NE-4C
(Schlett and Madarasz, 1997). It was determined that the cell to be induced with 10° M
retinoic acid for 48 hours and maintained in fresh medium containing treatment afterwards
for up to 7 days to allow for neuronal differentiation. Immunocytochemical studies were then
performed by staining the cells with neuronal and astrocytes markers. Image was taken with
fluorescence microscope (Nikon Eclipse Ti-U, Japan) at 200X magnification using respective
fluorescence filter. Cell stained positively for B-III tubulin and total cell number (stained with
Hoechst 33258) were counted manually. The percentage of differentiated neuron was

determined using the following equation:

Cell stained positively for § — III tubulin
x 100

Total cell number

Statistical analysis
Data was presented as mean + standard deviation from at least two to three independent
experiments. Statistical analysis is performed with Student’s t-test and a value of P< 0.05 is

considered significant.

Results and discussion

Dose optimization for EBN treatment

Toxicity study was performed on neural stem cell NE-4C treated with EBN extracts to
determine the concentration-wide effect as well as MNTD. No cytotoxicity was demonstrated
at the lowest dose tested (100 pg/ml), but cell death was seen at 200 pg/ml for S1 and 300
pg/ml for S2 (Fig.1). As determined from the graph of cytotoxicity against concentration of
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EBN (Fig.1), the MNTDs on NE-4C were 130 pg/ml for S1 and 290 pg/ml for EBN water
extract S2. Meanwhile, /2 MNTDs were 65 pg/ml and 145 pg/ml for S1 and S2, respectively.
These concentrations were then used for treatment in further studies with NE-4C as they were

close to the highest possible amount of extract with expectedly minimal toxic side effect.

60

40 ——S1
—-S2

20

Cytotoxicity (% control)

-60

Concentration of EBN extract (ug/ml)

Fig.1 Cytotoxic effect of EBN extracts on NE-4C. Cytotoxicity percentage of NE-4C upon 48 hours treatment
with S1 and S2 was tested across a wide range of concentration from 0 to 500 pg/ml using MTT assay.
Maximum non-toxic dose was then determined from the graph. The data shown are means + standard deviation

of three independent experiments.

The cytotoxicity of S1 was nearly double as much as the cytotoxicity of S2, possibly due to
the different extraction methods that affected their bioactivities. This finding is consistent
with our previous work on human neuroblastoma cell line in which we noticed varied
bioactivities between the extracts (Yew et al., 2014). Although traditionally EBN is boiled in
water for consumption, Wong et al. suggested that only about 5% of EBN protein can be

extracted after 1-2 hours of stewing in water (Wong et al., 2017). Hence, in order to look into
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the complete profile of EBN protein, the present study prepared both S1 and S2 extract. S1
was prepared via direct enzymatic digestion of the raw EBN powder. Direct enzymatic
digestion of the raw EBN powder will be expected to breakdown the water-holding or
hydrophilic glycoprotein matrix in EBN and improve solubility of hydrophilic compounds
(Segu et al., 2010). S2 was extracted with cold water for 48 hours followed by 30 minutes of
boiling thus it is anticipated that highly water-soluble compounds were extracted in this
sample. S1 is therefore believed to be a better representation of the original content in the raw

EBN than S2.

On top of that, boiling of the sample up to 100°C during water extraction process may have
affected the potency of compounds in the S2 or EBN water extract. It has been previously
described that thermal processing tends to alter the characteristics of proteins in peanuts, milk,
eggs and soy, resulting in deviations in, for instance, their allergenic potentials (Verhoeckx et
al., 2015). Whether the application of heat will promote or demote the bioactivities of food
nutrients, however, was not clearly defined because while sterilization reduced allergenicity
of whey protein in milk, allergenicity of roasted peanut proteins can be exaggerated due to
glycation process (Taheri-Kafrani et al., 2009, Chung and Champagne, 2001). Based on the
observed effect of EBN extract treatment on NE-4C cell viability, it is likely that S2 sample,
the water extract, is less potent comparing to S1, the crude EBN extract. The exact
neurotrophic potential of EBN extracts was tested in subsequent studies on proliferation,

migration and neuronal differentiation.

Cell cycle analysis
Cell cycle profiling by flow cytometry enables detailed analysis of a cell’s progression

through different stages of cell growth. The proportion of cell residing at the sub G1, G0/G1,
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S or G2/M phase in cell cycle describes the process of which a cell is active in, for instance,
protein synthesis, DNA synthesis, or cell division. In the current study (Fig.2), EBN
treatment was shown to induce NE-4C cell proliferation, but the effect is time-dependent.
The distribution of EBN-treated NE-4C throughout the cell cycle did not change much from
the control group as early as 6 hours post-treatment (Fig.2a), but there was a significant
increase in S-phase population in cell treated for 12 hours with /2 MNTDs of S1 and S2 under
serum-free condition (Fig.2b), indicating that it is the time point at which genetic duplication
is at peak. However, cell proliferation subsequently decreased with longer incubation
duration. Cell arrest at GO/G1 was seen in S1-treated cell at 18" hour (Fig.2c¢) followed by
cell arrest at G2/M at 24™ hour in S2-treated cell (Fig. 2d), which is likely an effect caused by

serum starvation (Brooks, 1976, Chen et al., 2012).
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Fig.2 Cell cycle profiling of EBN-treated NE-4C. After EBN extract treatments at various time points, cell cycle
pattern was studied in NE-4C. The percentage of cell distribution at sub G, G0/G1, S or G2/M phase after (a) 6
hours, (b) 12 hours, (c¢) 18 hours and (d) 24 hours of treatment was expressed in stacked charts. The data shown

are means * standard deviation of two to three independent experiments. *P<0.05 versus untreated control cells.

EBN extracts increase BrdU incorporation in NE-4C

BrdU is a synthetic nucleoside analogy of thymidine and can be incorporated into the newly
synthesized DNA of replicating cells. By measuring the level of BrdU incorporated, the
proliferation activity of a cell can be studied. In accordance to the results from cell cycle
profiling, increased BrdU optical density values in Fig. 3 showed that proliferation of NE-4C
was greatly promoted at 12" hour after treated with % MNTDs of S1 and S2 under serum-
free condition when compared to the control. Taken together, results from cell cycle and
BrdU studies agreed that EBN extracts increased cell proliferation in NE-4C as soon as 12
hours after treatment. Although it has been demonstrated previously that EBN extract had
mitogenic effect on human adipose-derived stem cells, the compound responsible for such
effect is not determined (Roh et al., 2012). Nevertheless, Roh et al. found that interleukin-6
and vascular endothelial growth factor (VEGF) genes was up-regulated in human adipose-
derived stem cells. Such information will warrant future studies to investigate the bioactive
compounds in EBN extract that might be responsible for the proliferative effect seen on stem

cells.
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Fig.3 BrdU incorporation in EBN-treated NE-4C. BrdU reagent was added 2 hours prior to the end of treatment
and its uptake into newly-synthesised DNA was reflected in optical density (OD) values after being quantified
by detector antibodies. The data shown are means + standard deviation of three independent experiments.

*P<0.05 versus untreated control cells; **P<0.01 versus untreated control cells.

Cell migration studies with scratch assay

The migratory pattern of NE-4C was investigated with cell imaging. NE-4C needs to be
grown on a confluent monolayer prior to the introduction of a scratched line. This ensures
that the cells are non-proliferating and therefore wound closure will be achieved by cell
migrating from the scratched edge (Oudin et al., 2011). The gap width of the ‘wound’ was
measured immediately (time 0) and constantly monitored over various time points. After 18
hours of treatment, wound closure was improved in all EBN extract-treated cells (Fig. 4a).
Quantitative analysis of the width of scratched area showed that cell migration rate was
higher when compared to control after being treated with /2 MNTDs of S1 and S2 for 18

hours (Fig. 4b).
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Fig.4 Cell migration studies in EBN-treated NE-4C. Monolayer cell was obtained and a scratch wound was
introduced to allow migration of cell from the scratched end to the area devoid of cell. (a) Image was taken with
microscope camera and analyzed with software to measure the gap width before and after 18hours of treatment.
Images were viewed at 40X magnification. (b) Migration rate was averaged from the cell after 18 hours of
incubation. The data shown are means + standard deviation of three independent experiments. *P<0.05 versus

untreated control cells. Scale bar = 100 pm.
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Modulation of cellular structures related to actin and microtubule dynamics was found to be
related to migratory character in the adherent NE-4C (Williams et al., 2013). Hereby we
postulated that EBN extracts might indirectly regulate the remodelling of these structures to
enable cell motility across the scratched area in the cell migration study. Previous studies are
especially helpful in elucidating the basis of this observation. Kong et al. reported in 1987
that partially-purified protein elution from chromatographic separation of EBN exhibited
similar activity and physical properties to that of murine EGF (Kong et al., 1987). In fact,
EGF has been shown to determine migratory pattern of neural precursors in the fetal
telencephalon (Caric et al., 2001, Ciccolini et al., 2005), confers motile phenotype to NSC in
vitro (Boockvar et al., 2003) and induces migration of subventricular zone-derived cells
(Aguirre et al., 2005). Presence of EGF-like compound in EBN may promote cell migration
in EBN-treated NE-4C, perhaps through extracellular-signal-regulated kinase (ERK)
signalling-mediated focal adhesion dissociation during cell spreading (Flinder et al., 2011).
However more investigations are required to identify the presence of EGF-like compound as
well as to confirm the underlying mechanism and its association with ERK signalling

pathway.

EBN extracts do not induce spontaneous neuronal and astrocytic differentiation in NE-
4C

The potential of EBN to induce differentiation of multi-potent NSC into mature cell with
well-defined function such as neuron and astrocyte was investigated with
immunocytochemistry techniques. There was no formation of neuron and astrocytes when
NE-4C was treated with EBN alone, even after prolonged incubation up to 7 (Fig.5a) and 14

days (Fig.5b).
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Fig.5 Cell differentiation studies in NE-4C. Immunocytochemistry studies with neuronal marker B-IIT tubulin
and glial marker GFAP revealed that EBN extract treatments alone, although incubated for up to 14 days, did
not induce neuronal differentiation and astrocyte formation in NE-4C. Images shown are (a) Day 7 and (b) Day
14 of EBN extract treatments alone. Hoechst dye was used to stain cell nuclei and the images were viewed at

200X magnification. BF: Bright-field. Scale bar = 100 pm.
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EBN extracts promote neuronal differentiation in retinoic acid-primed NE-4C model

In an alternative approach, NE-4C was tested with different concentrations of differentiation
agent retinoic acid. It was found that 2-day priming with 10 M of retinoic acid produced
prominent neuronal differentiation on Day 7 (Fig.6). Using this retinoic acid-primed model,
NE-4C was co-incubated with EBN to observe if the presence of EBN would enhance the
neuronal differentiation process. Our results show that, co-incubation with EBN effectively
promoted neuronal differentiation in these cells (Fig.7a). After seven days of incubation, only
40% of the cell was stained positive for the neuronal marker B-III tubulin in control, whereas

S1 treatment enhanced the differentiation rate to 60% and S2 treatment to 55% (Fig.7b).
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Fig.6 Neuronal differentiation in retinoic acid-primed NE-4C. Concentration of differentiation agent retinoic
acid was tested across 10® M — 10”° M. Cell was primed 2 days with retinoic acid and further cultured up to Day
5, 6 and 7 to achieve maximum neuronal differentiation. Percentage of neuronal differentiation was presented as
percentage of cell stained positively for B-III tubulin over total cell number. The data shown are means +
standard deviation of two independent experiments. *P<0.05 versus untreated control cells; #P<0.05 versus

treated cell on Day 5; ##P<0.01 versus treated cell on Day 5.
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(b) Treatment Group Percentage of B-III tubulin-
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Fig.7 Neuronal differentiation after EBN extract treatments in retinoic acid-primed NE-4C. EBN extracts

promoted neuronal differentiation (B-III tubulin-positive cell) in retinoic acid-primed NE-4C significantly after

7 days of co-incubation, as shown in (a) fluorescence imaging and (b) quantitative data from cell counting.

Hoechst dye was used to stain cell nuclei and the images were viewed at 200X magnification. The data shown

are means * standard deviation of two independent experiments. *P<0.05 versus untreated control cells. Scale

bar = 100 um.
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The multipotency nature of a NSC enables cell differentiation into neuron, oligodendrocytes
and astrocytes under desirable culture conditions. Apparently EBN extract treatments did not
prompt differentiation of NE-4C into neuron and astrocyte even after 7 days and 14 days of
culture, which are the indicative periods needed for neurogenesis and gliogenesis of NE-4C
under the effect of differentiation agent retinoic acid, respectively (Hadinger et al., 2009).
Then, an alternative approach was used by adopting the retinoic acid-primed NE-4C.
Neuronal differentiation in this cell model was detectable from Day 5 onwards, with the
fluorescence signal getting stronger over time. This happened as cells were progressing
towards maturation, as Temple et al. has pointed out that neurogenic phase usually takes 5
days (Temple, 2001). It was found that 2 days priming with 10" M retinoic acid resulted in
considerable (38%) neuronal formation at Day 7, which is consistent with the study by
Schlett et al. (Schlett and Madarasz, 1997). About 10-20% increase in the proportion of cell
positively stained with neuronal marker B-I1I tubulin were seen in EBN-treated groups

compared to the retinoic acid -treated only control cell (Fig.7b).

ERK1 and ERK2 belong to an important group of signal transduction mediators for neuron-
targeted differentiation cues in the process of cell maturation (Ina et al., 2007). The ability of
natural compounds such as pheophytin from brown algae and nardosinone from
Nardostachys root to induce neurite outgrowth were associated with increased ERK1/2
activity (Li et al., 2014, Ina et al., 2007). As mentioned earlier, EGF-like compound in EBN
might activate ERK signalling mechanism to facilitate cell migration, therefore it is
hypothesized that the same mechanism might also be functional in promoting neuronal

differentiation in EBN-treated NE-4C.
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N-acetylneuraminic acid, or known as sialic acid, in EBN was discovered by Guo et al. (Guo
et al., 2006). On a side note, it was reported that dietary consumption of sialic acid is

essential to brain development and cognition because it represents building units of
gangliosides which are important components of the brain’s neuronal network (Wang, 2009).
Indeed, at the cellular level sialic acid was found to initiate neurite outgrowth, axon
elongation, synaptic formation, the migration and differentiation of NSC (Angata and Fukuda,
2010). Intake of exogenous source of sialic acid was linked to increased biosynthesis of
gangliosides in infant fed with human milk compared to those fed with cow milk-based infant
formula, which contains less sialic acid content (Wang, 2012). Therefore, the presence of

sialic acid will add value to the neurotrophic potential of EBN as a functional food.

Conventional treatments for neurodegenerative diseases are mostly limited to symptomatic
relief, which means they tend to fail against progressive neurodegeneration in chronic
neurodegenerative diseases caused by hostile pathological events such as oxidative stress,
inflammation and protein aggregation (Carletti et al., 2011). Stem cell therapy in several
neurodegenerative diseases has achieved successful neuroprotective results and it is likely to
be mediated through neurotrophic factors enrichment of the brain microenvironment. For
example, glial cell-derived growth factor (GDNF), brain-derived neurotrophic factor (BDNF),
neurotrophin-3 (NT-3) and transforming growth factor alpha (TGF-a) secreted from
intrathecal or intravenous injection of human induced pluripotent stem cells-derived NSC has
greatly improved neuromuscular function in amyotrophic lateral sclerosis mouse model
(Nizzardo et al., 2014). Increased level of BDNF, NT-3, and GDNF were also correlated to
improvement of motor behaviours in Parkinson’s disease mouse model intrastriatally
transplanted with human NSC (Zuo et al., 2015). The authors agreed that the release of

neurotrophic factors following the transplantation may establish a favourable niche for
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effective neurogenesis, enhance neurite plasticity of stem cell, and ultimately lead to
functional recovery of Parkinson’s disease. BDNF was also involved in neuroprotection of
NSC-transplanted rat model of Huntington disease (Al-Gharaibeh et al., 2017). In short,
neurotrophic factors are able to overturn neurodegeneration by fostering the survival, growth,
differentiation and maintenance of neurons (Tang et al., 2017). In our present study, we found
that EBN extracts greatly enhanced proliferation, migration and percentage of NE-4C
committed to neuronal-lineage following retinoic acid-induced differentiation, suggesting
that the neurotrophic attribute of EBN extracts may be applied in vivo for therapeutic

purposes.

As such, neurotrophic properties of EBN extracts seen in this study were solely concluded
based on in vitro setting. Pharmacologically, effect of a drug in actual biological environment
or in a whole living organism is highly dependent on the concentration time course of drug
exposure and can be very different from effect observed in cell culture system due to
complexity of pharmacokinetics (Yoon et al., 2012). Also, since EBN is commonly
consumed orally, the biological effect, if any, will be subjected to digestion in the
gastrointestinal tract and first pass effect, which may result in reduced bioavailability of the
active compound at the target site (El-Kattan A. and M., 2012). On top of that, blood-brain-
barrier lined by tight junctions remains one of the major hurdles for food nutrient to be
effectively delivered to the brain after ingestion (Serlin et al., 2015). It is not known yet if
oral intake of EBN will harness similar benefit in the human brain. The fact that EBN has a
long history of human consumption reminds us that further study has to be considered to
confirm the health-promoting value of EBN in neuroprotection and neurotrophism. Our
findings confirmed that EBN extracts possessed potent neurotrophic effect in vitro but the in

Vivo application and identification of neurotrophic compounds in EBN extracts that may be
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employed to supplement cell replacement therapy in neurodegenerative diseases may be

studied in the future.

Conclusion

This study has demonstrated that EBN extracts confer neurotrophic effect in NE-4C neural
stem cell model. EBN extracts significantly enhanced proliferation, migration and neuronal
differentiation of NE-4C. This study is the first to report on the neurotrophic effect of EBN
extracts. The findings of this study will provide foundation to the understanding of medicinal
effects of EBN and its potential application as therapeutic agent in the treatment of
neurodegenerative diseases. Despite so, the underlying mechanism of these biological
activities of EBN extracts requires further investigations. There is also a compelling need to

identify the potent neurotrophic component in EBN extracts for future clinical translations.
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Chapter 5

Edible bird’s nest improves motor
behavior and protects dopaminergic
neuron against oxidative and
nitrosative stress in Parkinson’s

disease mouse model
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5.1 Summary of Chapter 5

One of the manifestations of PD is the physical disability to execute motor function. This
is caused by the degeneration of dopaminergic neurons of the substantia nigra in the midbrain,
which subsequently leads to depletion of the neurotransmitter known as dopamine along the
innervated nigrostriatal pathway to the basal ganglia. Reduced dopamine signalling in the
motor circuitry results in movement impairments which include slow movement, tremor and
muscle rigidity in the patient. In both familial and sporadic forms of PD, oxidative stress is
highly implicated in the pathogenesis of this neurodegenerative disease. On the other hand,
nitrosative stress-associated inflammatory response from the activated microglia is also

pivotal to the death of neurons in PD.

Hence, the objectives for the study in Chapter 5 were as follow:

1. To examine the effect of EBN on the motor functions of PD mouse model.

2. To evaluate the effect of EBN on the dopaminergic neuron in PD mouse model.

3. To study the effect of EBN on the antioxidant enzyme in PD mouse model.

4. To study the effect of EBN on the microglial activation in PD mouse model.

5. To examine the effect of EBN on the nitric oxide release and lipid peroxidation in PD

neuronal cell model.

Sub-chronic oral supplementation with EBN was shown to be protective against 6-
OHDA-induced degeneration of the dopaminergic neuron and microglial activation in the PD
mouse model. Motor function of the PD mouse model including locomotion, gait and balance,

as well as expression of antioxidant enzyme, glutathione peroxidase 1 were improved by
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EBN. Lastly, it was further shown that oxidative stress and nitrosative stress can be
counteracted by EBN as nitric oxide production and lipid peroxidation in PD neuronal cell
model was reduced after being treated with EBN. These data showed that EBN possesses
neuroprotective effect by modulating the oxidative and nitrosative status in both in vitro and

in vivo models.
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Abstract

Parkinson’s disease (PD) is a debilitating disease which greatly affects motor function of the
elderly patients due to the death of dopaminergic neurons in the midbrain. Evidences showed
that in PD, antioxidant activity was diminished in the substantia nigra region of the midbrain,
leading to the formation of reactive oxygen species and oxidative adducts of proteins, lipids
and DNA. Microglia activation and formation of reactive nitrogen species are also prevalent
in the case of PD. Oxidative and nitrosative stresses are detrimental to the brain as they
contribute to apoptosis and neurotoxicity in PD. We have reported previously that edible
bird’s nest (EBN) confers protection against toxin-induced neurotoxicity in in vitro PD cell
model. In this study, we examine the neuroprotective effects of EBN (20 mg/kg and 100
mg/kg) in 6-hydroxydopamine (6-OHDA)-treated C57BL/6J mice. We found that 28 days
oral administration of EBN greatly improved locomotor activity of PD mouse model in terms
of travel distance, gait and balancing. In addition to that, EBN also protected dopaminergic
neuron against 6-OHDA in the substantia nigra. Reduction in the expression of antioxidant

enzyme glutathione peroxidase 1 and the increased microglia activation in PD mice were
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reversed by EBN. Our results also showed that EBN effectively reduced nitric oxide
formation and lipid peroxidation in human neuroblastoma cell SH-SY5Y induced by 6-
OHDA. The data altogether indicates that EBN exerted neuroprotection through enhancement
of antioxidant enzyme activity, inhibition of microglia activation, nitric oxide formation and

lipid peroxidation, hence may have therapeutic potential for PD.

1. Introduction
Parkinson's disease is a progressive neurodegenerative disease affecting more than 1% of
the population over 60 years of age [1]. Pathologically, there is loss of dopaminergic
neurons in the substantia nigra which subsequently causes dopamine depletion in the
striatum [2]. Dopamine depletion ultimately leads to deterioration of motor function, as
seen in most PD patients [3]. Patients of this disorder are manifested with clinical signs
such as tremor, rigidity and slow responsiveness. In addition, abnormal a-synuclein
protein aggregation known as Lewy bodies is also detected in surviving neurons [4]. The
disease is not fatal, but it imposes a huge economic burden to the country due to the huge

cost in medical care and morbidity associated with the disease.

Substantial number of evidences has proved that interplay of oxidative stress and
apoptosis is a critical determinant in the pathogenesis of PD. To name a few,
accumulation of protein aggregates and the loss of dopaminergic neurons in the midbrain
region are two hallmarks of PD that are known to be associated to increased level of
reactive oxygen species (ROS) and reactive nitrogen species (RNS) in the midbrain [5].
The neurotransmitter dopamine in nigral neuronal cells can auto-oxidize and release toxic
dopamine-quinone species, superoxide radicals and hydrogen peroxide [6]. Glutathione

peroxidase (GPX) is a member of the intracellular antioxidant defence system that
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catalyzes the reduction of hydrogen peroxide and lipid hydroperoxides, hence eradicates
these highly reactive biomolecules [7]. Under the circumstances of PD, GPX level in
substantia nigra becomes lower than in healthy individual [8]. In addition, microglial
activation in neurodegenerative diseases was linked to up-regulation of the enzyme
inducible nitric oxide synthase (iNOS) [9] and hence the production of nitric oxide (NO),
which reacts with ROS to form the aberrant RNS including peroxynitrite and eventually
give rise to hydroxyl radicals [10]. RNS is as unfavourable as ROS in the brain because it
is believed to participate in the adverse events involved in neurodegeneration. Both high
oxidative stress and nitrosative stress within the biological system would render cells and
tissues more prone to the free radicals attack. Since cells consist mostly of proteins and
lipids, they belong to the labile target of these chemically-reactive electron-rich molecules.
This is supported by evidence of elevated levels of oxidative adducts of lipids, proteins
and DNA in substantia nigra of PD patients [11-13]. Also, higher levels of NOS
expression and peroxynitrite were found in PD patients [14, 15]. In fact, it was recognized
that pathological protein aggregation in PD was mediated by peroxynitrite, hence further

emphasizes the role of RNS in the development of PD as an inflammatory mediator [16].

On a side note, lipid peroxidation is a process whereby lipid-rich components in cell are
oxidized by free radicals to results in a number of highly reactive electrophilic aldehydes
including malondialdehyde, 4-hydroxy-2-nonenal (HNE) and acrolein [17].
Malondialdehyde adducts and HNE have been found in Lewy bodies in PD [18, 19]. HNE
modified alpha-synuclein protein by potentiating its oligomerization and led to toxicity in
neuronal cultures [20]. It was also demonstrated that dopamine uptake by the rat striatal

synaptosomes was disrupted by HNE [21]. Inefficient dopamine transport and protein
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aggregation due to lipid peroxidation may be pivotal to neurodegeneration and

progression of PD.

Edible bird nest (EBN) is the hardened salivary product of the Aerodramus swiftlets and
is commonly prepared in sugary water before consumption. It is a highly regarded natural
food popular among Asians due to traditional use in enhancing skin complexion, appetite
immunity, growth, metabolism and blood circulation [22, 23]. EBN has been
scientifically implicated for influenza-inhibiting [24], osteoporosis-improving [25],
neuroprotection [26, 27] and prevention of cardiometabolic disease [28]. Although the
specific bioactive compounds accounted for the effects observed were yet to be identified
in these studies, complex compositional makeup of EBN may suggest a plethora of
therapeutic potentials [29]. In our previous study, we have found that EBN treatment
ameliorated neurotoxicity of 6-hydroxydopamine (6-OHDA) in PD cell model [27]. The
mechanism behind the neuroprotective effect of EBN was associated with apoptosis-
inhibiting and ROS-reducing effects of the treatment. There was, however, lack of study
to confirm the neuroprotective effects of EBN in in vivo system. Application of EBN to
mitigate PD-related motor dysfunction, degeneration of midbrain dopaminergic neuron
and neuroinflammation in whole living organisms were never investigated, hence such

investigation is a potential venue to explore.

In this study, we first establish the animal toxicology profile in our animal model with the
EBN doses used in previous publication, followed by investigation into the
neuroprotective effects of EBN with respect to motor function and dopaminergic neuron
in substantia nigra of PD mouse model. The expression of antioxidant marker GPX1 was

evaluated to indicate changes in intraneuronal antioxidant state. Microglial marker,
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cluster of differentiation molecule 11B (CD11b), was also studied to assess the
inflammatory process in the midbrain. We complemented these studies by measuring NO
release and lipid hydroperoxides formation in neuronal model SH-SYS5Y to better
understand if EBN suppresses nitrosative and oxidative stresses. This study further
explores the application of EBN in the treatment of neurodegenerative diseases especially

PD.

2. Materials and methods

2.1 Materials
Antibodies used in immunostaining including anti-tyrosine hydroxylase (TH), anti-GPX1,
anti-CD11b were purchased from Novus Biologicals. Alexa Fluor 488-conjugated
secondary antibody and Alexa Fluor 647-conjugated secondary antibody were obtained
from Abcam. Biotinylated horseradish peroxidase-conjugated secondary antibody and
3,3'-diaminobenzidine (DAB) kit were purchased from Vector Laboratories.
Bovine serum albumin (BSA), phosphate buffered saline (PBS), 6-OHDA, Triton-X,
paraformaldehyde, sucrose and Griess reagent were obtained from Sigma-Aldrich.
Human neuroblastoma cells SH-SYS5Y was obtained from the American Type Culture
Collection (ATCC no. CRL-2266). All cell culture reagents including Dulbecco’s

Modified Eagle’s Medium and fetal bovine serum were purchased from Gibco.

2.2 Preparation of EBN
Raw EBN collected from a local bird’s nest farm in Perak, Malaysia. EBN were prepared
into pancreatin-digested extracts denoted as S1 (crude extract) and S2 (water extract)

according to our previously established protocol [27].
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2.3 Animal
Male C57BL/6J mice were housed at 3 to 4 per cage. Standard laboratory chow and
drinking water were available ad libitum. The animals were kept under controlled
conditions of 12-h/12-h light/dark schedule and temperature at 23+2°C. Animal
experimentation has obtained ethics approval from the Monash Animal Research
Platform-1 Animal Ethics Committee of Monash University (AEC number

MARP/2014/081).

2.4 Toxicology screening
Prior to the commencement of the experiment, animals were screened for the toxicology
profile of EBN administration according to the Organisation for Economic Co-operation
and Development guidelines [30]. Sub-chronic oral exposure to EBN (20 mg/kg and 100
mg/kg daily) for 28 days was selected as criteria to test the effect of EBN on the animal’s
overall health and well-being. The dosages selected were adopted from the study by
Matsukawa et al. using rats [25]. Therefore in this study safety profile was reassessed
using C57BL/6J mice. The animals were taken good care throughout the 28 days. Water
and food intake, as well as the signs of toxic effects and/or mortality were monitored
daily. Body weight was recorded weekly. At the end of 4-week feeding period, the mice
were euthanized by cardiac puncture on the 29" day. Maximal volume of blood was
extracted from the heart and collected into plain blood tube. The blood was transported on
ice to Faculty of Veterinary at University Putra Malaysia for biochemistry tests. The test
included assessment of biomarkers for toxicity in the liver (eg. alanine transaminase
(ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), total protein and
albumin levels), heart (eg. creatine kinase level), kidney (eg. urea and creatinine levels)

and pancreas (eg. glucose level), and for lipid metabolism (eg. triglyceride and
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cholesterol levels). Vital organs such as lung, heart, liver, kidney and spleen were excised
from the animals and examined macroscopically. The weights of the organs were
recorded. Afterwards, the organs were fixed in formalin and sent for histopathological
processing in Faculty of Veterinary at University Putra Malaysia. Tissue from the organs
was made into slides, stained with Haematoxylin & Eosin. Images were taken under the
light microscope for further histopathological analysis. All values and findings were

compared between treated and control groups.

2.5 Oral gavage
EBN (S1 and S2) were prepared according to a previously established protocol [27],
dissolved in distilled water and fed to the animals via oral gavage daily for 28 days at 20
mg/kg & 100 mg/kg. The total volume of solution administered each day was 100 pl.
Animals of the sham group were fed with same volume of distilled water as vehicle. The
treatment groups were as follows (8 animals/ group):
i.  Sham

ii.  Neurotoxin 6-OHDA-injected

iii. 20 mg/kg of S1 + 6-OHDA-injected

iv. 100 mg/kg of S1 + 6-OHDA-injected

v. 20 mg/kg of S2 + 6-OHDA-injected

vi. 100 mg/kg of S2 + 6-OHDA-injected

2.6 Surgical procedure for establishment of in vivo PD model
The surgical procedure was established following the protocol by da Conceigao et al. [31].
At Day 29 after oral treatment with EBN, the mice were anesthetized and 4 pg of 6-

OHDA (in 2 pl of ice cold saline) or saline alone was injected into the midbrain at the
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desired coordinates: anterior-posterior (AP: +0.04 cm), lateral (L: -0.18 cm, left) and

dorsal-ventral (DV: -0.35 cm) measured from bregma. Injection was made at the rate of
0.5 pL/min with a further 3 min allowed for the toxin to diffuse before slow withdrawal
of the needle, followed by wound closure. Animals were allowed to recover for 2 weeks

after lesioning before behavioral evaluation.

2.7 Behavioral studies

2.7.1 Open field test
The test was conducted for 5 minutes. Mice were placed in a 50 cm x 50 cm x 20 cm
cage subdivided to 25 zones with the field of illumination set to 15 lux. The mice
were individually placed into the periphery of the open field, and their behaviors were
video recorded and analyzed using a Limelight system (Actimetrics). The 5 minutes
test durations allowed measurement of the overall distance travelled and grid
crossings, which are the indicators of locomotor activity and exploratory behavior in

terms of frequency of rearing and traveling pattern.

2.7.2 Beam test
A 2 cm-wide and 50 cm-long beam was set up in a bright laboratory. The animals
were placed onto a hanging terminal, and the time required for the mice to traverse

through the beam to a platform terminal was recorded.

2.8 Histological preparation
Two weeks after lesioning, the animals were anesthetized and perfused transcardially
with heparinized saline, followed by ice-cold 4% paraformaldehyde. The brains were

removed and post-fixed for 4 hours in 4% paraformaldehyde solution. After post-fixation,
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the brains were equilibrated in 30% sucrose until sunk, and sectioned (35 pm thick,
coronal) on a freezing microtome. Sections were collected in series and stored at -20°C in

an anti-freeze solution until free-floating immunohistochemistry is performed.

2.9 Immunohistochemistry
Free-floating sections were incubated in blocking buffer (PBS containing 0.3% Triton X-
100 and 5% BSA for 30 minutes, followed by 48 hours incubation with anti-TH
(dopaminergic marker) antibody at 4°C. Biotinylated horseradish peroxidase-conjugated
secondary antibody was added and stained for 1 hour. Immunolabeling was then
visualized using DAB revelation. The sections were washed with PBS in between
incubations. Finally, sections were mounted on gelatin-coated slides, dehydrated, and
coverslipped. TH-positive staining was observed in substantia nigra under bright-field
microscope. Images taken via the MIRAX MIDI slide scanner (Carl Zeiss AG, Germany)
were uploaded to ImageJ Software for quantification of staining intensity. The staining
intensity of the injected side (left) was compared to the intact side (right) to obtain

percentage of staining intensity.

2.10 Immunofluorescence
Free-floating sections were incubated in blocking buffer (PBS containing 0.3% Triton X-
100 and 5% BSA) for 1 hour, followed by overnight incubation with anti-glutathione
peroxidase 1 (GPX1, antioxidant marker; 1:500 dilution) and anti-CD11b (microglial
marker; 1:200 dilution) antibodies at 4°C. Secondary antibodies with Alexa 488 and Cy3
fluorescence tag (1:200 dilution) were added for 1 hour incubation at room temperature.
The sections were washed before being mounted onto glass slide and cover-slipped with

fluorescence mounting medium. Image acquisition was done with the Eclipse
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90i fluorescence microscope (Nikon Instruments Inc., USA) and MIRAX MIDI slide

scanner (Carl Zeiss AG, Germany).

2.11 Development of PD cell model
SH-SYS5Y was maintained in Dulbecco’s Modified Eagle’s Medium supplemented with
10% fetal bovine serum and kept in 37°C humidified incubator with 5% CO; PD cell
model was created with 6-OHDA and treated with EBN according to the method

previously published [27].

2.12 NO measurement
NO production was determined from level of nitrites in the culture medium using Griess
method following manufacturer’s instructions (Sigma Aldrich, USA). Equal volume of
culture medium and Griess reagent were incubated at room temperature for 15 minutes.
The absorbance was then read at 540 nm (Tecan Trading AG, Switzerland). A standard

curve using sodium nitrite was constructed to extrapolate the nitrite level in the sample.

2.13  Quantification of lipid peroxidation
Lipid hydroperoxides were quantified using Lipid Hydroperoxide Assay Kit following
manufacturer’s instructions (Cayman Chemical Company, USA). Briefly, treated cells
were extracted with chloroform and mixed with chloroform-methanol solvent.
Chromogen was added and mixed well. Absorbance was taken at 500 nm (Tecan Trading
AG, Switzerland) and a standard curve was constructed to extrapolate the level of lipid

hydroperoxides in the sample.

2.14 Statistical analysis
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Data was presented as mean + standard deviation. Statistical analysis was performed
using one-way analysis of variance (ANOVA) followed by post-hoc Fisher’s Least

Significant Difference test and a value of P< 0.05 was considered significant.

3. Results

3.1 Sub-chronic treatment with 20 mg/kg and 100 mg/kg of EBN has no toxic effect on
body weight, blood biochemistry, organ weight and histology of the mice
There were no abnormalities and signs of toxicity exhibited by the animal subjects,
particularly in terms of skin condition, activity, breathing, movement, diet and mood of
the mice in experiment. Observation on the mice also noted that food and water intake
were normal. There was no mortality reported hence EBN at 20 mg/kg and 100 mg/kg

were within safe dosage.

Body weight was monitored weekly in all mice (Fig. 1). All treated and untreated mice
showed slight increase in the body weight at the end of the first week of oral treatment,
followed by a small drop in the body weight at the end of 2" week. However, the body
weight of the mice started to gain steadily in 3" and 4™ week. Changes in animal’s body
weight throughout the 4 weeks were not statistically significant between treated and

control groups.

Table 1 summarizes the blood biochemistry profile in EBN-treated and control mice.
Among the liver test panel, only ALT and total protein levels were significantly increased
whereas AST and ALP levels were not affected by the treatment with EBN. However,
elevated ALT and total protein levels were still within normal range for C57BL/6J mice

[32]. Notably, blood glucose and triglyceride levels in the mice were also significantly
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raised following treatment of EBN for 28 days. Despite so, the levels fell within the
normal range. No significant difference was observed in the biochemical parameters of
the heart and kidney such as creatinine kinase, urea and creatinine levels between the
treated and control mice. Cholesterol in EBN-treated mice was also maintained at a

comparable level with the control mice.
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Fig. 1. Body weight of animal subjects across 4 weeks of oral treatment with EBN. The
weight remained fairly constant and there was no statistical significant changes between

the EBN treated and control groups.
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Parameters Control S1 20mg/kg S1 100mg/kg S2 20mg/kg S2 100mg/kg
Liver AST (U/L) 647.33 £135.63 929.33 +214.01 889.00 + 740.00 = 632.20 +
159.57 241.09 417.42
ALT (U/L) 53.80+ 12.62 137.50 + 7533 + 87.20 67.00 +
3.54° 11.37 20.56° 30.24
ALP (U/L) 113.57 + 104.25 + 112.50 + 175.60 + 104.00 +
12.20 17.27 7.78 104.18 11.31
Total Protein (g/L) 51.25+ 5220+ 59.96 + 5215+ 55.48 +
3.70 0.71 8.05 0.49 0.64°
Albumin (g/L) 27.70 £ 26.20 £+ 29.50 + 26.20 £ 28.44 +
3.07 0.85 2.99 0.14 1.43
Heart Creatinine Kinase (U/L) 6548.00 = 6430.67 = 6031.00 = 5882.33 3248.40 +
3142.52 3760.86 2480.70 4309.15 3015.71
Pancreas Glucose (mmol/L) 15.60 + 23.20+ 24.36 + 27.95 + 26.02 £+
4.93 6.22 6.28 ° 0.07° 2.95°
Kidney Urea (mmol/L) 12.28 + 1293 £+ 11.56 + 20.50 £ 9.78 +
3.29 6.48 4.10 13.49 3.88
Creatinine (umol/L) 36.20 £ 3233+ 34.60 £ 30.00 = 39.20 +
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12.97 3.21 22.00 3.00 14.96
Lipid Triglyceride (mmol/L) 0.47 + 1.08 + 1.07 + 1.01 + 0.83 +
metabolism
0.10 0.09 * 0.08 * 0.25° 0.45
Cholesterol (mmol/L) 1.56 £ 1.83 + 2.60 + 218+ 1.96 +
0.67 0.18 0.23 0.35 0.52

Table 1. Blood biochemistry of animal subjects after 28 days of treatment with EBN crude and water extracts. The data shown are means +

standard deviation. Significant values of P < 0.05 versus control group are indicated as a.
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Vital organs such as lung, heart, liver, kidney and spleen were obtained from the animal
subjects during necropsy and the weights were presented in Table 2. The weight of lung,
heart, liver, kidney and spleen of the mice were not affected by EBN treatment after
comparing to the organ weight in control mice. No visible lesion was found on vital
organs during gross pathology observation. The organs were further prepared into thin
sections for microscopic examination at the cellular level from which overall tissue
architecture and cellular morphology were studied under the light microscope (Fig. 2).
Lung sections revealed normal rounded alveolar space with a thin layer of cell between
alveoli, and presence of bronchioles lined by ciliated columnar epithelium and cuboidal
epithelium in both control and treated subjects. Heart histology in both control and treated
mice showed normal muscle fibres with centrally located nuclei stained in blue colour as
well as acidophilic cytoplasm that stained in red colour. Meanwhile, histology from the
livers of control and EBN-treated animals showed normal hepatic parenchyma with
granulated cytoplasm. In kidney histology, control and treated mice had normal size of
glomeruli and tubules. Spleen sections from both control and treated mice showed normal
organization of white pulp and red pulp marginal zone. No signs of hyperemia, cellular
distortion and inflammatory cell infiltration were noted in all the tissues studied.
Preservation of tissue morphology in lung, heart, liver, kidney and spleen sections in
EBN-treated mice further confirms that there was no pathology as a consequence of

repeated EBN treatment over 28 days.
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Table 2. Organ weight of animal subjects.

Control S120mg/kg | S1 S2 20mg/kg | S2 100mg/kg

100mg/kg
Lung 0.14+0.03| 0.17+0.04| 0.14+0.04| 0.12+0.02 0.17 £0.04
Heart 0.11 £0.01 0.11 £0.01 0.10£0.01 | 0.12+0.01 0.11 £0.02
Liver 097+0.10| 0.89+0.15 090+0.15| 0.94=+0.11 0.98 +0.07
Kidney 0.32+0.04| 033+£0.04| 030+0.01| 030+0.01 0.33+£0.04
Spleen 0.05+0.02 | 0.05+0.01 0.05+0.02 | 0.05+0.01 0.05 +£0.01

Heart

Liver

Kidney [

Spleen

51 at 100mg/kg

% W o T 0
N SANGIRE et

Fig. 2. H&E staining of lung, heart, liver, kidney and spleen sections from control mice,

mice fed with S1 at 20 mg/kg, S1 at 100 mg/kg, S2 at 20 mg/kg and S2 at 100 mg/kg.

Scale bar = 50 um.
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3.2 EBN improves motor function and balancing in PD mice
Open field test was performed twice throughout the experiment. The first test was
performed after the completion of 28-day oral treatment with EBN but before any brain
microinjection to assess the behavioral pattern. Results (Fig. 3A) showed that there was
no notable difference in the distance travelled by animal among the treatment groups.
Second test was carried out 2 weeks after the brain microinjection. Mice injected with 6-
OHDA, as a model of PD, exhibited significant reduction in the total distance travelled as
compared to the sham-operated mice, which received injection with PBS as vehicle only.
6-OHDA -injected mice that received 28 days of oral pre-treatment with EBN, regardless
of whether they were fed with crude or water extract, travelled longer distance than the
PD model alone. Nevertheless, 6-OHDA-injected mice that were fed with 20 mg/kg of S2

did not show significant improvement in locomotor activity.

On the other hand, track plot from the open field test was analyzed for locomotor activity
and exploratory behavior of the animal. It was shown that the traveling pattern of sham-
operated mice was smooth, straightforward and focused primarily at the periphery of the
field, with occasional crossing to the centre (Fig.3B). In contrast, 6-OHDA-injected mice
travelled with no specific pattern but all over the field. Noticeably, the mice manifested
abnormal locomotor activity as characterized by the jerky lines in the plot. It is also
apparent that there was frequent turnaround of the body resulting in change of motion
direction. PD mouse model that received pre-treatment with EBN prior to brain injection
with 6-OHDA, however, displayed more coordinated travelling pattern as seen by less

turnaround of the body, as well as less jerky plot.
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Fig. 3. Behavioral tests were applied to examine the locomotor activity of treated mice. Open field test revealed locomotor activity of the
animals in terms of (A) distance travelled in 5 minutes and (B) track plot. Beam walking test enabled the study of (C) time used to traverse
elevated beam. The data shown are means =+ standard deviation and representative track plot from each treatment group was presented.

Significant values of P < 0.05 are indicated as: a, versus sham group; b, versus 6-OHDA group.
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Beam walking test was also performed as part of the locomotor activity assessment. Prior
to brain microinjection, there was no significant difference in the time taken for mice to
traverse a 50 cm-long elevated beam among the treatment groups tested (Fig. 3C).
However, after brain microinjection, 6-OHDA-injected mice took longer time to complete
the walking task as compared to the sham-operated mice. Interestingly, all mice which
underwent oral pre-treatment with EBN utilized shorter time to traverse the elevated

narrow beam.

Number of grid crossings and rear bouts of the animal in open field test were also
determined in this study as an additional parameter to assess locomotor activity (Table 3).
Grid crossing is when all 4 paws of the mouse moved from one grid to another. Results
showed that the number of grid crossings for all the treatment groups were not
statistically different. Frequency of animal standing on the hind leg is known as rearing
bouts and may reflect the exploratory behavior of an animal. It was found that sham-
operated mice stood on their hind leg on an average of 7 times throughout the 5 minutes
test duration whereas 6-OHDA-injected mice only did so twice in average. However,
neither of these values nor the data from the mice that received oral supplementation of

EBN prior to 6-OHDA injection was significantly different to each other.
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Table 3. Number of grid crossing and number of rear bouts of mice in open field test.

Group Number of grid crossing Number of rear bouts
Sham 196 + 39 7+11
6-OHDA 199 + 42 2+5
S120 mg/kg + 6-OHDA 188 +49 7+11
S1 100 mg/kg + 6-OHDA 206 + 47 1+3
S2 20 mg/kg + 6-OHDA 194 +22 2+4
S2 100 mg/kg + 6-OHDA 190 + 63 2+5

The data shown are means + standard deviation.

3.3 EBN prevents 6-OHDA-induced loss of dopaminergic neuron in substantia nigra of
PD mice
Presence of dopaminergic neurons were identified with anti-TH antibody labelling to
determine the extent of neurodegeneration induced by intrastriatal injection of 6-OHDA.
Brain sections (Fig. 4A) showed that TH-positive cells were well preserved in the
substantia nigra of vehicle-injected mice. Quantification of staining intensity showed that
in sham-operated mice, substantia nigra on left and right hemispheres displayed as much
as 97% similarity (Fig. 4B). On the contrary, depletion of TH staining was seen in the left
side of brain sections of 6-OHDA-injected animal. TH staining intensity of substantia
nigra on the lesioned side plummeted to about 66% of that in the unlesioned side. This
confirmed the loss of dopaminergic neurons in the substantia nigra at the same side of
injection site. However, pre-treatment with EBN was found to attenuate the loss of TH-
positive neurons in substantia nigra induced by 6-OHDA injection and the effect was not

dose-dependent. Both S1 and S2 extracts given at dose as low as 20 mg/kg on a daily
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basis for 28 days increased TH staining intensity in the lesioned substantia nigra in 6-
OHDA-injected mice by 10%. On the other hand, there was no significant difference in
the TH staining intensity of substantia nigra in mice supplemented with EBN at higher

dose (100 mg/kg) when compared to the 6-OHDA-injected mice.

3.4 Antioxidant and microglia markers are regulated by EBN in substantia nigra of PD
mice
The protein marker GPX1 was used to evaluate the antioxidant level in the substantia
nigra region of mouse model. GPX1 staining intensity of the substantia nigra in control
mice was almost similar on both hemispheres (about 96%) whereas the staining in
substantia nigra of the lesioned side in 6-OHDA-injected mice was markedly reduced to
89% in relative to the unlesioned side (Fig. SA & 5B). Treatment with 20mg/kg of either
S1 or S2 extracts generally improved the staining intensity of GPX1 in substantia nigra at
the lesioned side. Meanwhile, staining intensity of microglia marker CD11b in the
substantia nigra at the lesioned side was 103% of that in the unlesioned side in sham mice
(Figure 5C). The staining intensity at the lesioned side was elevated to 110% in the 6-
OHDA-injected mice. The expression of CD11b at the lesioned side was restored to sub-

control level in all EBN-treated mice, except the one fed with S2 at 100mg/kg.

3.5 NO production and lipid peroxidation are attenuated by EBN in PD cell model
Measurement of nitrite level in cell culture medium via Griess method is reflective of NO
production of the cell. 6-OHDA-treated cell had almost double the amount of nitrite level
of the control cell (Fig. 6A). Treatments with EBN extracts at MNTDs were able to

attenuate NO production. Lipid hydroperoxides extracted from 6-OHDA-treated cell were

144



=

2 120 -
2
22 100 -
_EO-‘
g,B
E P 80-
-
~E2 6o
L Q% 7
._U
T Ed
w2 a0
5
8
Q‘E'g' |
gﬂﬂ 20
@
8 8o 0
g = Sham 6-OHDA  Sf 51
e 20mglkg 100néglkg 20mglkg 100m65fkg
- - -

OHDA OHDA OHDA OHDA

Fig. 4. Immunohistological studies of dopaminergic neurons in substantia nigra. Unilateral injection was performed with saline or 6-OHDA on
the left striatum. (A) Immunohistochemistry study was performed using anti-TH antibody to stain for dopaminergic neuron in the substantia
nigra region. Brown-coloured area indicates positive staining. Side that received injection was the ‘lesioned side’, which was on the left while
the intact or ‘unlesioned’ side was on the right. Scale bar = 500 um. (B) Quantitative analysis of staining intensity of the lesioned side as a
percentage of the unlesioned side was performed with Image] software. The data shown are means + standard deviation. Significant values of P

< 0.05 are indicated as: a, versus sham group; b, versus 6-OHDA group.
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Fig. 5. Immunohistological studies of GPX1-positive and CD11b-positive neurons in substantia nigra of PD mice. Unilateral injection was
performed with saline or 6-OHDA on the left striatum. Immunohistochemistry study was performed using anti-GPX1 and anti-CD11b antibodies
to stain for glutathione peroxidase 1, an antioxidant enzyme and microglia, respectively. (A) Green fluorescence signal at the substantia nigra
(red circle) sections indicates positive staining for GPX1 as a result of Alexa 488 fluorescence tag. Side that received injection was the ‘lesioned
side’, which was on the left while the intact or ‘unlesioned’ side was on the right. Scale bar = 500 um. (B) Staining intensity of the GPX1 on the
lesioned side was quantified against the unlesioned side. (C) Staining intensity of the CD11b on the lesioned side was quantified against the
unlesioned side. The data shown are means + standard deviation. Significant values of P < (.05 are indicated as: a, versus sham group; b, versus

6-OHDA group.

146



13% higher than control cell (Fig. 6B). However, treatment with S1 extract at both 2

MNTD and MNTD was able to restore lipid peroxidation to the level similar to control.
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Fig. 6. NO production and lipid peroxidation assessment in PD cell model. In vitro PD cell
model was created by treating SH-SYS5Y with 6-OHDA intoxication. (A) Nitrite level and (B)
lipid hydroperoxides were measured using Griess method and commercial kit, respectively.
The data shown are means + standard deviation. Significant values of P < 0.05 are indicated

as: a, versus sham group; b, versus 6-OHDA group.
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4. Discussion
Our previous in vitro study has found that administration of EBN conferred protective
effect on neuronal cell model against 6-OHDA-induced apoptosis [27]. In order to further
explore the neuroprotective effect of EBN in vivo, we used 6-OHDA-toxicated animal as
a valid PD model, whereby investigation of PD-like behavioral manifestation and

neurodegeneration of dopaminergic neuron in brain were carried out.

Before the commencement of EBN treatment in PD mouse model, we conducted
toxicology studies to evaluate the safety profile of EBN at 20 mg/kg (low dose) and 100
mg/kg (high dose) in normal mice. These dosages were used in Matsukawa’s study [25]
previously but have yet to be tested in C57BL/6J mice, which we have proposed to be the
animal model for PD in the present study. There was no study that used mice to study the
effect of EBN that we can refer to. Hence, we evaluated the effect of EBN after sub-
chronic treatment, which, according to OECD guidelines for drug testing, the animal shall
be treated across a 28-day (4 weeks) period. With this duration, the study could describe
possible health hazards likely to appear from repeated exposure over a considerably short
period of time. The method is also preliminary to any long term study [30]. Throughout
the 4-week treatment period, water and food consumption of the mice were not affected
despite daily oral intervention with EBN treatment. Body weight can be an indicator of
toxicity if there is more than 10% of weight loss from initial weight when drugs are
administered in laboratory animal [33]. Similarly, physiological and pathological status of
animal will reflect in the weight of vital organs as these are the metabolic centres of the
entire body [34]. The body weight of control and EBN-treated mice changed in a similar
trend: there was a slight decrease in body weight on 2" week of experiment, followed by

weight gain which continued to the 4™ week. This phenomenon was not surprising, as the
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same effect was seen across both treated and untreated group hence it is likely that the
initial drop in body weight was due to psychological disturbance in animal as a result of

daily oral gavage.

On a side note, the circulatory blood system runs through the entire body and carries
protein marker released from organs as a consequence of toxin-induced cell damage and
macrophages infiltration. Therefore blood biochemistry is highly predictive of toxicity in
the body. In liver, transaminases such as ALT and AST, as well as ALP, albumin and
total protein levels are indicator of protein synthesis function. The liver is also functional
in lipid metabolism, in which triglyceride and cholesterol will be processed in this organ.
Hence changes in the level of these markers will indicate the functionality of the liver.
EBN treatment was not toxic to the liver because, although ALT, total protein and
triglyceride levels were elevated in treated group as compared to untreated group, all the
liver function tests had values that fell within the normal range. On the other hand,
glucose level in the mice was significantly increased by EBN treatment, but it could be
rationalized by the fact that EBN is rich in carbohydrates that can easily spike blood
glucose level when consumed [35]. Similarly, this can explain the increase in triglyceride
level too, since liver converts excess glucose into triglyceride. However, as blood glucose,
triglyceride and cholesterol levels were maintained within normal range, it can be
deduced that EBN did not exert adverse effect on the metabolism of carbohydrate and
lipid. There was no observable difference in the biochemical parameters of heart and
kidney in EBN-treated mice when compared to control, confirming that sub-chronic

treatment with EBN did not impact the organ health of the mice.
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Safety profile of EBN treatment at 20 mg/kg and 100 mg/kg was further confirmed based
on the observation on the internal organs (eg. liver, heart, lungs, kidneys and spleen). The
weight of these organs was not altered in treated group as compared to the control group.
The organs were also checked for external abnormalities and no special remark was noted
in terms of drug-induced and spontaneous lesions, changes in size, shape, texture and
colour. Subsequent histopathological examination showed that tissue morphology in lung,
heart, liver, kidney and spleen sections in EBN-treated mice was well-preserved, hence
confirms that there was no pathological changes at the microscopic level as a

consequence of repeated EBN treatment over 28 days.

In the brains of PD patients, dopaminergic neuronal loss is observed in the substantia
nigra and causes motor dysfunctions such as bradykinesia, rigidity, postural instability,
gait impairment, and resting tremor. Physiologically, these symptoms stem from the
depletion of the neurotransmitter known as dopamine. Therefore to create an in vivo
model of PD, the neurotoxin 6-OHDA is used to induce death of dopamine-generating
cells in midbrain. The 6-OHDA is structurally similar to the endogenous neurotransmitter
dopamine, thus it can enter dopaminergic neurons via the dopamine transporter. Once in
the neuron, 6-OHDA accumulates in the cytosol and undergoes auto-oxidation, promoting
a high rate of hydrogen peroxide formation. 6-OHDA also inhibits complex I activity,
subsequently leading to cell death. The lesion obtained with 6-OHDA is highly
reproducible. However, local administration of 6-OHDA is needed as the neurotoxin does
not cross the blood-brain-barrier. By direct injection into the striatum unilaterally, 6-
OHDA is shown to induce damage to the striatal fibres, followed by delayed but
progressive loss of neuron in the substantia nigra. It has been shown that intrastriatal

injection of 6-OHDAIn mouse model resulted in detrimental changes in midbrain
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dopaminergic neuronal until a compensatory change (recovery) in animal’s behavior is
seen at 56th day post-injection [36]. It is expected that this chemical intervention causes
injury to 60-70% of the neuronal network (decreased density of dopaminergic neuron in
striatum and substantia nigra) and motor impairment of limbs contralateral to the injected
hemisphere (loss of balance and motor coordination). Such modality therefore provides a
progressive model of nigrostriatal degeneration similar to the course of disease in human

patients.

The open field test is a versatile experiment in animal behavioral studies due to the
extensive type of information one can obtain from each single test. Locomotor activity of
the animal can be assessed from the total distance travelled and number of grid crossings.
The longer the total distance travelled, the more agile the animal is in terms of motor
coordination. Meanwhile, although frequency of grid crossings is an assessment similar to
the total distance measurement, the pitfall of this parameter is that higher number of grid
crossings does not necessarily mean greater distance travelled. Findings from the current
study showed that 6-OHDA-injected mice travelled significantly shorter distance as
compared to the sham-operated mice, apparently due to poorer motor performance as a
result of neurotoxin injection, but there was no noteworthy difference in terms of the
number of grid crossings between the two groups of mice. Such gap in our hypothesis and
the test results is largely attributed to the nature of the parameters mentioned above. In
fact, total distance travelled is a direct measurement of motor function while number of
grid crossings is an indirect one. This is because different motion pattern of the animal in
an open field, for instance, whether the mouse travels in a straight line, constantly
changing direction, or travels into adjacent grid or to the diagonal grid, will determine

how relevant grid crossings count is to the travelling ability by the animal. Eventually
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these criteria will affect the reliability of the parameter as a measurement of motor
function especially when the method is used to compare subtle difference between
treatment groups. Study by Vila et al. [37] have also pointed out that size of the animal
will affect the outcome of the test. Hence, it is inappropriate to relate grid crossings
directly to the animal’s motor skills but the results should always be evaluated with

precaution.

On the other hand, rearing behavior could be an indicator for anxiety and exploratory
behavior of the animal. In the present study, 6-OHDA-injected mice were found to have
averagely less rearing bouts as compared to sham-operated mice, which could be
associated to heightened anxiety level and reduced exploration in response to novel
environment. Such alteration in the emotion of the subject is a resemblance of non-motor
complications, such as anxiety and depression, experienced by PD patient [38]. However,
the difference in rear bouts was not significant between the groups. Indeed, rearing
behavior should not be entirely translated into the sole effect of fear and anxiety state of
the animal because studies have shown that rearing activity was never easily countered by
anxiolytics nor exacerbated by anxiogenics in various models of anxiety [39]. Moreover,
we have overlooked the effect of social isolation on anxiety-like behaviors in this study
[40]. The fact that the mice in this study were not housed in a fixed number of animal per
cage, whereby some mice was housed together with 2-3 other animals while some was
housed individually, might already altered social interaction and stress tolerance threshold,
hence the poor statistical outcome of this parameter. When a mouse is physically
separated from cage mates during the test, the stress level will be higher than the stress

experienced by a socially isolated mouse which was housed independently of others.
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Therefore we would like to highlight the importance of social isolation in animal

behavioral study as such.

Last but not least, the track plot is an image that allows insight into the entire movement
pattern of the animal in an open field. The tracker system of the LimeLight 2 software
detects moving object in the open field and tracks the motion via the video camera, which
is then reflected in the track plot. The fact that sham-operated mice travelled in a
straightforward manner with occasional crossing to the centre of the field refer to smooth
motor coordination, exploratory behavior and low anxiety level in the animals. In
comparison, 6-OHDA-injected mice had jerky movement, disoriented travel direction and
turned around their body more frequently. Such observation could be due to the difficulty
of the animal to execute motor function in one side of the body after unilateral 6-OHDA
injection into the brain and therefore failure to control movement. The mice were,
however, not affected in terms of their exploratory activity and anxiety level because of

the frequent crossing to the centre of the field.

Neurochemistry in the midbrain of PD alters when there is severe depletion of dopamine-
releasing neurons due to the death of these cells. As the disease progresses, initial site of
cell death extends from striatum and propagate along the nigrostriatal bundle to the
substantia nigra. As a result, dopamine pool in the two regions begins to drop gradually
and eventually leading to motor deficit. Unilateral injection of neurotoxin 6-OHDA into
striatum has been established for successfully inducing functional impairment, and long-
lasting reduction in residual dopamine content in striatum and TH-positive neuron in
substantia nigra in mice [31]. In this study, 6-OHDA-injected mice demonstrated

hampered motor skills as well as degeneration of dopaminergic neuron in both striatum
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and substantia nigra. However EBN oral supplementation prior to brain injection with
neurotoxin was able to attenuate the extent of neuronal death induced by 6-OHDA.
Interestingly, such effect was not dose-dependent. Only mice that received 20 mg/kg/day
EBN were protected from neurodegeneration by 10% whereas mice that received 100
mg/kg/day EBN were not showing any improvement. Although we have yet to identify
the biologically-important compounds present in EBN, we postulate that the brain could
be more sensitive and responsive to certain biological stimulus at submicromolar amount,
be it growth factors, hormones or small molecules. This is known as non-monotonicity in
dose-response studies, which explains the non-linear relationship between dose and effect,
and that the effect of low dose cannot be predicted by the effect observed at high dose

[41].

Further immunostaining against the GPX1, an antioxidant marker was carried out on the
brain sections obtained from PD mouse model. GPX1 is a member of the glutathione
peroxidase protein family which plays an important role in the detoxification of hydrogen
peroxide, hence functional in protecting cells from oxidative damage. It is one of the most
abundant selenium-containing antioxidant enzymes which are expressed in nearly all
types of mammalian tissue. In control human brain section, expression of GPX1 enzyme
is concentrated around the doparminergic neurons in substantia nigra. Therefore under
immunofluorescence study, positive staining could be seen across the entire midbrain
section but higher staining intensity was noted in the substantia nigra region. In the
current study, 6-OHDA-induced loss of dopaminergic neurons was accompanied by the
reduced expression of glutathione peroxidase in the substantia nigra. This finding echoed

with the observation from post mortem studies whereby marked decrease in peroxidase
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activity and amount of reduced glutathione were associated to the neurodegeneration in

PD patient [8, 42].

The mechanism behind neurodegeneration following glutathione depletion may be
attributed to the insufficiency of neuromelanin production to maintain redox balance in
cells [43, 44]. A decrease in peroxidase activity would directly hamper the capacity of the
neurons to detoxify hydrogen peroxide and accelerate free radical generation and lipid
peroxidation. However, in this study we found that EBN treatment increased expression
of GPX1 in substantia nigra of 6-OHDA-induced PD mouse model. As documented by
Hashimoto et al., elevated GPX1 activity would confer neuroprotective effect to the
dopaminergic neuron [45]. We therefore postulate that EBN protects dopaminergic
neuron against 6-OHDA-induced cell death by increasing the activity of antioxidant
enzyme GPX for counteracting damaging effect of free radicals. Microglia is one of the
resident macrophages in the brain, which once activated upon exposure to noxious stimuli,
can release inflammatory cytotoxic factors such as NO, interleukin-6 and tumor necrosis
factor-alpha [46]. Our results show that EBN treatment effectively dampens the
neuroinflammation by reducing the expression of microglia marker CD11b. Study on
SH-SYS5Y also shows that EBN treatment effectively ameliorates RNS and nitrosative
stress, suggesting that it could be one of neuroprotective mechanisms exerted by EBN.
Furthermore, lipid peroxidation in 6-OHDA-treated SH-SY5Y was also diminished after
EBN treatment, which otherwise could have negative impacts on the integrity of cellular

membrane, membrane-bound receptors and transport proteins [17].

In summary, oral supplementation of EBN was demonstrated to be beneficial to PD

mouse model by restoring motor function and preserving dopaminergic neuron. Increased
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expression of antioxidant glutathione peroxidase 1 and reduced microglial activation in
PD mice after EBN treatment further complement the findings of reduced NO production
and lipid peroxidation to provide basis to the neuroprotective mechanism of EBN. These
extensive data point out that EBN may protect neuron against oxidative stress and
nitrosative stress and could be a potential therapeutic agent for counteracting

neurodegeneration in PD.
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Chapter 6

De novo sequencing-assisted
peptide profiling and antioxidant

study of edible bird’s nest extracts
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6.1 Summary of Chapter 6

Proteomic profiling is a technique which allows detailed identification of the protein
components of a sample. Based on our findings in previous chapters, EBN is a natural food
product contains a library of potentially bioactive compounds. It demonstrated promising
neuroprotective and neurotrophic effects in cell and animal model of PD, yet the exact
compound that brought about such effects is still unknown. It has been frequently reported
that protein is the most abundant compound in the EBN, which amounts to as high as 60% of
its dry weight. However, there is limited study to identify the diversity of proteins that may

be variably present in raw powder and water extracts of EBN.

Hence, the objectives for the study in Chapter 6 were as follow:
1. To characterize the protein profile of raw powder and water extracts of EBN.
2. To evaluate the antioxidant activity of pancreatin-digested raw powder and water extracts

of EBN in terms of free radical scavenging, reductive ability and metal chelation.

Following protein digestion, liquid chromatography and tandem mass spectrometry
analysis of our EBN samples, we employed Agilent MassHunter and PEAKS Studio software
to perform de novo peptide sequencing and identify the proteins based on the curated protein
database, Swiss-Prot. The results differed between the raw powder and water extracts of EBN
in which 17 proteins were identified in raw EBN and 22 proteins were discovered in water
extract of EBN. Out of these, 20 of them are reported for the first time in EBN. We have also
identified the major mechanisms through which pancreatin-digested raw powder and water
extract of EBN exert their antioxidant effect and the various level of antioxidant activity that

they possessed.
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Abstract

Edible bird’s nest (EBN), a natural food product made of the saliva of the Aerodramus
swiftlets, is appraised for its traditional nutritional claims. Reports on the proteomic analysis
of EBN are limited thus validation of nutraceutical benefits of EBN protein has yet to be
established. EBN is commonly boiled and consumed in water. In this study, raw powder and
water extracts of EBN were analyzed by de novo peptide sequencing-assisted database search,
which presents greater search efficiency than database search alone, and 17 proteins and 22
proteins were detected respectively. These proteins might play roles in immunity,
extracellular matrix formation, neurodevelopment, cell survival and apoptosis, cell
proliferation and migration, antioxidation, and common cellular processes. Among which, 20
proteins are reported for the first time in EBN. Subsequently, we found potential antioxidant
activities in both EBN samples. The raw powder exhibited higher radical scavenging and
reducing power than the water extract, which demonstrated higher metal-chelating activities,
the difference of which may be attributed to the different amino acid composition. The
findings of this study will provide clues to the nutritional and medicinal effects of EBN

presented in previous literatures, and support EBN as a potential functional food.

Keywords

Antioxidant; De novo peptide sequencing; Edible bird’s nest; Functional food; Mass

spectrometry; Proteomic analysis
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1. Introduction

In the long history of Chinese Traditional Medicine, edible bird’s nest (EBN) is a prestigious
food item in which the access to it is only granted for the privileged. EBN is the hardened
salivary secretion of swiftlets from the Aerodramus genus widely found in the south-east
Asia. Particularly, white bird’s nest produced by the swiftlet Aerodramus fuciphagus is the
most popular among consumer. EBN is traditionally consumed after hours of stewing with
sugar and water, and is known to be beneficial to the maintenance of general well-being of
the body as well as treatment of ailments such as cough, tuberculosis and gastric ulcers [1].
Folklore has it that EBN also helps patient to regain vitality after illness or surgery. These
claims are not by chance, as science has reported that EBN contains 60% protein, with the
rest consists of carbohydrates, lipids and trace minerals, all of which are believed to
contribute to the nutritional value of EBN [2,3]. The market of EBN among Asian is
exceptionally huge, which is currently estimated to exceed 210 tonnes per annum, fetching as
much as US$1.6 billion worth of trade internationally [4]. Despite so, scientific evidence to

1ts medicinal benefit is scarce.

Despite continuous effort in proteomic profiling of EBN protein, there are varying reports on
EBN proteome mainly attributed to the variety of protein extraction and separation method,
as well as the algorithm used in peptide mass fingerprinting [5-8]. Up to date, only a handful
of biomolecules has been reported in EBN, among which includes sialic acid [9] and
ovoinhibitor [10]. These biomolecules were probably responsible for several bioactivities
including influenza-inhibiting activity [11] and allergenicity of the EBN [12], respectively.
Unfortunately, bioactive compounds responsible for many newly-discovered bioactivities of

EBN such as neuroprotection [13], mitogenic effect [ 14] and anti-osteoporosis [15] are yet to

167



be identified, therefore this study aims to establish the extensive protein profile of EBN,

which would help in the identification of these bioactive compounds.

Oxidative stress is caused by production and accumulation of excessive reactive oxygen
species (ROS) within the cell, which damages DNA, protein and lipid to affect cellular
functions [16]. It has been proven that oxidative stress activates apoptotic cascade to cause
neurodegenerative diseases, metabolic diseases, autoimmune diseases and cancers [17].
Therefore, anti-oxidation is a subject commonly studied in search of therapeutic strategy.
Dietary antioxidant is believed to reduce the risk or retard the progression of chronic diseases
particularly via inhibition of lipid peroxidation. Many natural antioxidants with potential for
nutraceutical application have since been discovered [18]. Our previous study has shown that
EBN possessed neuroprotective effect by counteracting oxidative stress induced by
neurotoxin in neuronal cell line SH-SYS5Y [13]. It was found later that EBN increased
expression of antioxidant-related genes and enzyme activities to attenuate cell death of H,O,-
treated SH-SYSY cell [19] and increase survivability of Drosophila Melanogaster in heat-
stress test [20]. However, the underlying working principle of antioxidant properties

exhibited by EBN is undefined.

Nutritional study of EBN should be carefully evaluated given the fact that consumption
practice of EBN among individual can be different. Due to its high glycoprotein content,
when boiled in water EBN forms water-insoluble fraction which some may find unappealing
and selectively opt them out during consumption. It is imperative that any nutritional claims
for EBN shall take both raw powder and water extracts into consideration. Hence the current
study aimed to look into the difference of protein profile between raw powder and water

extracts of EBN as well as their antioxidant activities. In the current study, we characterized

168



the protein profile in white EBN sourced from a local swiftlet farm in Malaysia using liquid
chromatography and mass spectrometry system, with the aid of emerging bioinformatics tools
for de novo peptide sequencing. This study employed an innovative approach in protein
identification that will improve our understanding of the protein make-up of the EBN extracts.
Lastly, assays that determine the different antioxidant mechanisms in terms of free radical
scavenging, reductive ability and metal chelation were used to examine the antioxidant
capacities of the EBN extracts [21]. A comprehensive evaluation of the protein profile and
antioxidant power of both crude and water extracts of EBN further elaborated the potential

nutritional value of this food product.

2. Materials and method

2.1Materials
Ammonium bicarbonate, dimethyl sulphoxide (DMSO), 2,2-diphenyl-1-picrylhydrazyl
(DPPH), dithiothreitol (DTT), ethylene diaminetetracetic acid (EDTA), ferric chloride
(FeCls), ferrous chloride (FeCl,), ferrozine, iodoacetamide (IAM), pancreatin,
trifluoroethanol, trypsin, vitamin C and 2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Acetic acid, acetonitrile, formic acid,
hydrochloric acid (HCl), methanol were purchased from Merck (Darmstadt,
Germany).White EBN collected from a swiftlet farm in Perak, a state in the northern

region of Malaysia, was kindly provided by Yew Kee Ptd. Ltd.

2.2 Proteomic profiling

2.2.1 Sample preparation

Raw EBN powder and EBN water extract powder were prepared using a part of the
procedures from our previous study [13]. Briefly, raw EBN was cleaned and grounded
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2.2.2

2.2.3

into fine powder. For the preparation of water extract powder, raw EBN was soaked
in cold distilled water for 48 hours followed by boiling at 100°C for 30 minutes. The

solution mixture was filtered and freeze-dried to obtain the powder.

In-solution tryptic digestion

One milligram of powder from raw and water extract of EBN was re-suspended with
25 uL of 100 mM ammonium bicarbonate, 25 pL of trifluoroethanol and 1 pL of 200
mM DTT. The mixture was heated at 60°C for 1 hour. Then, alkylation of sample was
achieved by adding 4 puL of IAM to the mixture and incubated in dark for 1 hour at
room temperature. Excess IAM was quenched by addition of 1 uL of DTT and further
incubated in dark for 1 hour at room temperature. Later, 300 pL of water and 100 pL
of ammonium bicarbonate were added, whereby the pH was adjusted to between 7
and 9. About 1 pg of trypsin was subsequently added to the solution for digestion to
occur overnight at 37°C. Finally, 1 pL of formic acid was added to reduce the pH to
below 4 in order to halt the digestion process. Samples were vacuum-dried to remove

excess solvent in the solution and kept at -20°C prior to analysis.

Nanoflow liquid chromatography-electrospray ionization-tandem mass

spectrometry (Nanoflow LC-ESI-MS/MS)

Digested peptides were loaded into Agilent C18 300 A Large Capacity Chip (Agilent,
Santa Clara, CA, USA) column for liquid chromatography. Sample elution was
performed by running a binary gradient system consists of solution A (0.1% formic
acid in water) and solution B (0.1% formic acid in 90% acetonitrile). The column was

firstly equilibrated in solution A, then the following gradient was used to run the
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2.2.4

2.2.5

entire system: 5%—75% solution B for 30 minutes, 75% solution B for 9 minutes, and
75%—5% solution B for 8 minutes. Coupled with the liquid chromatography system
was Quadrupole-time of flight (Q-TOF) (Agilent QTOF 6550B iFunnel Accurate
Mass) mass spectrometer with ESI nanospray ionization source (Agilent ChipCube).
The sample was analyzed in positive ionization mode. Capillary voltage was set to
2050 V while fragmentor voltage was set at 500 V. Auto MS mode was applied to
scan peptide spectrum from 110-3000 m/z for MS scan and 50-3000 m/z for MS/MS

scan.

Protein identification by de novo sequencing software PEAKS Studio 7.0

The spectra were then analyzed with Agilent MassHunter (Agilent Technologies,
Santa Clara, CA, USA) and PEAKS Studio 7.0 software (Bioinformatics Slutions Inc.,
Waterloo, ON, Canada) for de novo sequencing. Homology search was conducted by
comparing de novo sequence tag against Swiss-Prot protein database (Taxonomy:
Aves, accessed in March 2017). Trypsin was specified as the digestion enzyme with
maximum missed cleavages at 3. Error tolerance for both parent mass and fragment
mass was 0.1 Da whereas precursor mass search type was set to monoisotopic.
Inaccurate proteins were filtered out from the results by setting the false discovery

rate (FDR) at 1%, number of unique peptide >1 and -101gP score >20.

Basic Local Alignment Search Tool (BLAST)

BLAST is a bioinformatics tool used to compare a primary biological sequence data
to a library of sequences with known identity in order to name the query sequence.

Sequence of unidentified protein obtained from PEAKS Studio 7.0 software was
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submitted to BLAST whereby the algorithm generated a list of possible match
together with statistical information. The match with highest score was selected and

the unidentified protein (query sequence) was named.

2.3 Antioxidant studies

2.3.1 Sample preparation

Following the protocol in our previous study, pancreatin-digested raw powder and

water extract of EBN were prepared and denoted as S1 and S2, respectively [13].

2.3.2 DPPH radical scavenging activity

The DPPH radical scavenging activities of S1 and S2 were measured using the
method described by Zhang et al. with slight modifications [22]. One hundred
microliters of the EBN extracts was added to 100ul of DPPH (0.3 mM) methanolic
solution in a 96-well plate. The plate was incubated in dark for 30 min at room
temperature and absorbance reading was then taken at 490 nm using a microplate
reader (DynexOpsys MR 24100, USA). DMSO added with DPPH solution was used
as control while vitamin C was used as positive control. DPPH radical scavenging

activity was calculated using the following formula:

DPPH radical scavenging = (Absorbance of control — Absorbance of sample) X100

activity (%) Absorbance of control

2.3.3 Ferric ion reducing antioxidant power (FRAP) assay

Reducing activities of S1 and S2 were assessed according to the FRAP method of

Benzie and Strain with some modifications [23]. Working FRAP reagent was
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2.3.4

2.35

prepared with 300 mM acetate buffer (at pH 3.6), 10 mM TPTZ solution in 40 mM
HCI and 20 mM FeCls solution, all mixed in a proportion of 10 : 1 : 1 (v/v/v). Ten
microliters of the extracts was mixed with 190ul of freshly prepared FRAP reagent.
The mixture was incubated at 37°C for 30 minutes after which the absorbance was
read with a microplate reader (Tecan, Austria) at 595nm against blank. Vitamin C was
used as positive control. The percentage of FRAP activity was calculated using the

following equation:

FRAP activity (%) = (Absorbance of sample — Absorbance of control) X100

Absorbance of control

Metal chelating activity

The ferrous ion chelating activity was performed by the method of Decker and Welch
(24). A mixture of sample solution (0.1 ml), distilled water (0.1 ml) and 0.5 mM
FeCl, (0.025 ml) was prepared. Then, 2.5 mM ferrozine (0.025 ml) was added into the
mixture and incubated for 20 min at room temperature. The absorbance was measured
with microplate reader (Tecan, Austria). EDTA was used as the positive control. The

metal chelating activity was calculated using the following formula:

Ferrous ion chelating = (Absorbance of control — Absorbance of sample) X100

activity (%) Absorbance of control

Statistical analysis
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Data was presented as mean + standard deviation of three independent experiments.
Statistical analysis is performed with Student’s t-test and a value of P<0.05 is

considered significant.

3. Results and discussion

3.1Proteomic analysis of EBN extracts

Proteomes of raw powder and water extract of EBN were identified using BLAST and
PEAKS de novo sequencing software. Comparing to other database search tools available
in the market such as Mascot and SEQUEST, PEAKS software offers faster peptide
identification by de novo sequencing-assisted database search and generates results with
higher sensitivity and higher accuracy. Results can be robustly validated via novel decoy
fusion method using this technology hence provides greater confidence for proteomic
analysis [22]. Proteins detected in the in-solution digests of raw powder and water extract
of EBN were enlisted in Table 1 and Table 2, respectively. The complete list of peptide

sequences and m/z values of these proteins were included in Supplementary File 1 and 2.

Generally, there were 17 different proteins identified in raw EBN powder and 22 different
proteins found in water extract of EBN. However, both samples shared a total of 10
proteins in common. Our analysis denotes that there were 7 proteins remained distinctive
to raw powder of EBN and 12 proteins unique to water extract of EBN. The proteins

identified from both samples were illustrated in Fig.1.
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Table 1. List of proteins detected in the in-solution digests of raw EBN.

Accession -10IgP | Coverage | No. of No. of Species Average | Description
(%) peptides unique Mass
peptides

trHOZGY9HOZGY9 TAEGU 261 15 22 5 | Taeniopygia 189702 | Mucin-5AC
guttata

trR7VT28R7VT28 COLLI 232.41 15 21 3 | Columba livia 181804 | Mucin-5AC

tr]AOAOQ3U2A7|A0A0Q3U2A7 AMAAE 219.72 16 21 5 | Amazona aestiva 152296 | Hypothetical protein AAES 08852

trROLBTO[ROLBTO_ANAPL 206.23 12 13 1 | Anas 163068 | Mucin-5AC
platyrhynchos

tr[U3IV20[U3IV20_ANAPL 206.23 10 13 1 | Anas 199376 | Mucin-5AC
platyrhynchos

tr]AOA1ID5SNVH7|A0AT1D5SNVH7 _CHICK 202.37 11 17 2 | Gallus gallus 231689 | Mucin-5AC

tr AOAO93BIT2|A0A093BIT2 CHAPE 195.15 26 11 2 | Chaetura 58700 | Lysyl oxidase 3
pelagica
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trlHOZGZ6/H0ZGZ6 TAEGU 189.68 13 11 Taeniopygia 90992 | Mucin-5AC
guttata
tr]AOA093GK45/A0A093GK45 PICPB 175.02 14 7 Picoides 71711 | Lysyl oxidase 3
pubescens
tr] AOA093GFU4|A0A093GFU4 PICPB 147.23 24 6 Picoides 36488 | Mucin-5AC
pubescens
tr]AOAOQ3SEH9]A0A0Q3SEH9 AMAAE 116.95 3 5 Amazona aestiva 179462 | Hypothetical protein AAES 28655
tr|USKBIS|U3KBI8 FICAL 112.44 12 9 Ficedula 98051 | Mucin-5AC isoform X2
albicollis
tr AOAO91TEI1|AOAO91TEIl NESNO 103.76 7 4 Nestor notabilis 49822 | Acidic mammalian chitinase
tr| AOA093BFV9|A0A093BFV9 CHAPE 101.15 12 4 Chaetura 39104 | Acidic mammalian chitinase
pelagica
tr] AOAO9INMI19|A0A09INM19 APAVI 100.84 4 3 Apaloderma 42841 | Ovoinhibitor
vittatum
tr] AOAO93PIMS|A0A093PIMS 9PASS 98.74 10 5 Manacus 51174 | Acidic mammalian chitinase
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vitellinus

tr]AOA093JL69|A0A093JL69 STRCA 96.3 14 Struthio camelus 39259 | 45 kDa calcium-binding protein
australis
tr AOA093GZTO0|A0A093GZTO0_PICPB 96.3 14 Picoides 39088 | 45 kDa calcium-binding protein
pubescens
tr]/AOA091JRH3|A0A091JRH3 9AVES 96.3 14 Egretta garzetta 39054 | 45 kDa calcium-binding protein
tr] AOA093Q7F3|A0A093Q7F3 9PASS 96.3 14 Manacus 39143 | 45 kDa calcium-binding protein
vitellinus
tr]AOA0911517|A0A0911517 CALAN 91.5 10 Calypte anna 78127 | Hypothetical protein N300 06305
tr] AOA1D5SPU28|A0A1D5PU28 CHICK 89 6 Gallus gallus 116475 | Mucin-5AC
trAOAO93F6E7|A0A093F6E7 TYTAL 87.43 15 Tyto alba 50789 | Acidic mammalian chitinase
tr]AOAOQ3XB34/A0A0Q3XB34 AMAAE 82.59 5 Amazona aestiva 59745 | Lysyl oxidase 3
trHOZGX3|HO0ZGX3 TAEGU 81.97 8 Taeniopygia 79286 | Mucin-5AC
guttata
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trHOZGW8|HOZGWS8 TAEGU 81.97 7 Taeniopygia 80117 | Mucin-5AC
guttata
tr]AOAO91TIY4]A0A091TI9Y4 PHALP 81.49 11 Phaethon lepturus 78470 | Mucin-5AC
tr|GIN931|GIN931 MELGA 80.93 4 Meleagris 109955 | Mucin-5AC
gallopavo
tr]AOA091T2D6|A0A091T2D6 9AVES 75.43 10 Pelecanus crispus 79070 | Hypothetical protein N334 09374
tr]AOA0931YD2|A0A0931YD2 PICPB 61.4 6 Picoides 42067 | Acidic mammalian chitinase
pubescens
tr]HOZM61 HOZM61 TAEGU 53.88 7 Taeniopygia 44824 | Deleted in malignant brain tumors 1
guttata protein
tr AOAO94MEI7|A0A094MEI7 _ANTCR 46.99 9 Antrostomus 43161 | Ovoinhibitor
carolinensis
tr AOAO9IM1K5|A0A091M1K5 CARIC 44.09 4 Cariama cristata 31834 | Neuropilin and tolloid-like 1
tr]AOA1DSPQM2|A0A1D5SPQM2 CHICK 44.09 4 Gallus gallus 36683 | Neuropilin and tolloid-like protein 1

isoform X2
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tr] AOAO93FGT3|AOA093FGT3 TYTAL 44.09 Tyto alba 50062 | Neuropilin and tolloid-like 1

tr]AOAO87QND6|A0AO87QND6_APTFO 44.09 Aptenodytes 52244 | Neuropilin and tolloid-like 1
forsteri

trROLMR2ROLMR2 ANAPL 44.09 Anas 55432 | Neuropilin and tolloid-like protein 1
platyrhynchos

tr]AOA091JZC9]A0A091JZC9_COLST 44.09 Colius striatus 57640 | Neuropilin and tolloid-like 1

tr]AOA093FW41]A0A093FW41 _GAVST 44.09 Gavia stellata 59478 | Neuropilin and tolloid-like 1

tr]/AOA091SKD1|A0A091SKD1 9GRUI 44.09 Mesitornis 59464 | Neuropilin and tolloid-like 1
unicolor

tr]A0A099Z9Q6|A0A099Z79Q6 TINGU 44.09 Tinamus guttatus 59478 | Neuropilin and tolloid-like 1

tr]AOAO9T1ICAB|AO0A091ICA8 CALAN 44.09 Calypte anna 59492 | Neuropilin and tolloid-like 1

tr]AOAO91JE74|A0A091JE74 9AVES 44.09 Egretta garzetta 59431 | Neuropilin and tolloid-like 1

tr]AOAOAOARNS|AOAOAOARNS CHAVO 44.09 Charadrius 59438 | Neuropilin and tolloid-like 1
vociferus

179



tr AOA0O93GYX1|A0A093GYX1 PICPB 44.09 Picoides 59384 | Neuropilin and tolloid-like 1
pubescens

tr]AOA093IPZ4|A0A0931PZ4 EURHL 44.09 Eurypyga helias 59428 | Neuropilin and tolloid-like 1

tr]AOAO91F3F2|A0A091F3F2 CORBR 44.09 Corvus 59520 | Neuropilin and tolloid-like 1
brachyrhynchos

tr]AOA093QEM7]A0A093QEM7 9PASS 44.09 Manacus 59502 | Neuropilin and tolloid-like 1
vitellinus

trHOZFWS8HOZFW8 TAEGU 44.09 Taeniopygia 59619 | Neuropilin and tolloid-like 1
guttata

trAOA093BGU1]A0A093BGU1 CHAPE 44.09 Chaetura 59483 | Neuropilin and tolloid-like 1
pelagica

tr]AOAO91WRF1|A0A091WRF1 NIPNI 44.09 Nipponia nippon 59454 | Neuropilin and tolloid-like 1

tr]AOAO9TWHV3|A0A091WHV3 OPIHO 44.09 Opisthocomus 59532 | Neuropilin and tolloid-like 1
hoazin

tr AOAO93HHJ2|A0A093HHJ2 STRCA 44.09 Struthio camelus 59432 | Neuropilin and tolloid-like 1
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australis

tr]/AOAO93NAE4|A0A093NAE4 PYGAD 44.09 2 Pygoscelis 59470 | Neuropilin and tolloid-like 1
adeliae

tr]AOAO91TLDOJAOAO91TLDO 9AVES 44.09 2 Pelecanus crispus 59326 | Neuropilin and tolloid-like 1

tr]AOA091Q239]A0A091Q239 LEPDC 44.09 2 Leptosomus 59355 | Neuropilin and tolloid-like 1
discolor

tr]AOA091G4CI|A0A091G4C9 9AVES 44.09 2 Cuculus canorus 59396 | Neuropilin and tolloid-like 1

tr]lU3IQMO|U3IQMO_ANAPL 44.09 2 Anas 60721 | Neuropilin and tolloid-like protein 1
platyrhynchos isoform X1

tr| GIN880|GIN8S80 MELGA 44.09 2 Meleagris 60497 | Neuropilin and tolloid-like 1
gallopavo

tr| AOAOQ3TPW3|A0AOQ3TPW3 AMAAE 44.09 2 Amazona aestiva 60357 | Neuropilin and tolloid-like protein 1

tr]AOA091VE87]A0A091V887 NIPNI 38.89 3 Nipponia nippon 43299 | Ovoinhibitor

tr]AOAO093BE17|A0A093BE17 CHAPE 37.4 19 Chaetura 13232 | Deleted in malignant brain tumors 1
pelagica protein
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trf[U3JHLS|U3JHLS FICAL 33.66 Ficedula 72151 | 78 kDa glucose-regulated protein
albicollis

trfHOZAB3HOZAB3 TAEGU 33.66 Taeniopygia 72050 | 78 kDa glucose-regulated protein
guttata

tr| AOPA15|A0PA15 COTJA 33.66 Coturnix coturnix 72019 | Heat shock protein 70kDa
japonica

tr]AOZT13|A0ZT13_COTIJA 33.66 Coturnix coturnix 71991 | Heat shock protein 70kDa
japonica

tr]AOA091F8D2|A0A091F8D2 CORBR 33.66 Corvus 71909 | 78 kDa glucose-regulated protein
brachyrhynchos

tr]AOAO9TKVOSJA0OA091KV08 9GRUI 33.66 Chlamydotis 68613 | 78 kDa glucose-regulated protein
macqueenii

tr]AOA093QLZ7|A0A093QLZ7 9PASS 33.66 Manacus 67732 | 78 kDa glucose-regulated protein
vitellinus

tr[U31640/U31640 ANAPL 33.66 Anas 67780 | 78 kDa glucose-regulated protein
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platyrhynchos

tr]AOA0O91VIRE|AO0A091VIR8 OPIHO 33.66 Opisthocomus 67776 | 78 kDa glucose-regulated protein
hoazin

tr AOAO91VTRS|AOA091 VTR NIPNI 33.66 Nipponia nippon 67746 | 78 kDa glucose-regulated protein

tr]AOA0O91HVD4|A0A091HVD4 CALAN 33.66 Calypte anna 67718 | 78 kDa glucose-regulated protein

tr] AOAO87R4J8|A0A087R4J8 APTFO 33.66 Aptenodytes 67774 | 78 kDa glucose-regulated protein
forsteri

tr]A0A093J3B2|A0A093J3B2 PICPB 33.66 Picoides 67732 | 78 kDa glucose-regulated protein
pubescens

tr] AOAO93EHT4|A0A093EHT4 TYTAL 33.66 Tyto alba 67746 | 78 kDa glucose-regulated protein

tr]AOAO91LT36|A0A091LT36 CARIC 33.66 Cariama cristata 67774 | 78 kDa glucose-regulated protein

tr] AOAO9 1H8K7|JA0A091H8K7 9AVES 33.66 Cuculus canorus 67732 | 78 kDa glucose-regulated protein

tr]AOA093CJ49|A0A093CJ49 9AVES 33.66 Pterocles 67788 | 78 kDa glucose-regulated protein
gutturalis
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tr AOAO93HUL5|A0A093HULS STRCA 33.66 Struthio camelus 67746 | 78 kDa glucose-regulated protein
australis

tr]AOAO91MLL1|A0A091MLL1 9PASS 33.66 Acanthisitta 67716 | 78 kDa glucose-regulated protein
chloris

tr]AOA091U752|A0A091U752 PHORB 33.66 Phoenicopterus 66560 | 78 kDa glucose-regulated protein
ruber ruber

tr]A0A093J4G2|A0A093J4G2 EURHL 33.66 Eurypyga helias 66264 | 78 kDa glucose-regulated protein

tr| GINSR5|GINSRS MELGA 33.66 Meleagris 47391 | 78 kDa glucose-regulated protein
gallopavo

tr AOAO9INGE4|A0A09IN6E4 9PASS 33.65 Acanthisitta 42887 | Ovoinhibitor
chloris

trAOAO93TKC6|A0OA093TKC6 PHACA 27.89 Phalacrocorax 53236 | Nucleobindin-2
carbo

tr|U3ISH1|U3ISH1_ANAPL 27.89 Anas 47808 | Nucleobindin-2

platyrhynchos
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tr]AOA093GVR1]A0A093GVRI1 PICPB 27.89 Picoides 51832 | Nucleobindin-2
pubescens

tr/AOA0931F41|A0A0931F41 FULGA 27.89 Fulmarus 52658 | Nucleobindin-2
glacialis

tr] AOAO91TQN7|A0A091TQN7 PHALP 27.89 Phaethon lepturus 52676 | Nucleobindin-2

tr]AOA091SAC3]A0A091SAC3 NESNO 27.89 Nestor notabilis 52864 | Nucleobindin-2

tr] AOAO91HNJ7|A0A091HNJ7 CALAN 27.89 Calypte anna 53387 | Nucleobindin-2

trlAOAO91PFA1]A0A091PFA1 LEPDC 27.89 Leptosomus 53645 | Nucleobindin-2
discolor

tr]AOAOAOAZD6|AOAOAOAZD6 CHAVO 27.89 Charadrius 53503 | Nucleobindin-2
vociferus

tr|AOAO91HI71|A0A091HJ71_ BUCRH 27.89 Buceros 53606 | Nucleobindin-2
rhinoceros
silvestris

trFINGB1|FINGB1_CHICK 27.89 Gallus gallus 53838 | Nucleobindin-2 isoform X1
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tr] AOAO9 1 VMW6|A0A091VMW6 NIPNI 27.89 Nipponia nippon 53521 | Nucleobindin-2

tr]AOA094KJ55|A0A094KJ55 ANTCR 27.89 Antrostomus 53475 | Nucleobindin-2
carolinensis

tr AOA0O94L6HS|A0A094L6H8 9AVES 27.89 Podiceps cristatus 53577 | Nucleobindin-2

tr]AOA093PSKOJAOA093PSKO 9PASS 27.89 Manacus 53604 | Nucleobindin-2
vitellinus

trHOZEB8HOZEBS TAEGU 27.89 Taeniopygia 53497 | Nucleobindin-2
guttata

tr]AOA091ED95|A0A091ED95 CORBR 27.89 Corvus 53595 | Nucleobindin-2
brachyrhynchos

tr|Q5ZHR1|Q5ZHR1_CHICK 27.89 Gallus gallus 53766 | Nucleobindin-2 precursor

tr| AOAO91L2T7|A0A091L2T7 9GRUI 27.89 Chlamydotis 53765 | Nucleobindin-2
macqueenii

tr] AOA093CUP2|A0A093CUP2 9AVES 27.89 Pterocles 53634 | Nucleobindin-2
gutturalis
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tr AOA091GCH4|A0A091GCH4 9AVES 27.89 Cuculus canorus 53605 | Nucleobindin-2

tr]AOA093JDZ9|A0A093JDZ9 EURHL 27.89 Eurypyga helias 53591 | Nucleobindin-2

tr] AOAO87RK71|A0A087RK71 APTFO 27.89 Aptenodytes 53598 | Nucleobindin-2
forsteri

trlROLG94|[ROLG94 ANAPL 27.89 Anas 53663 | Nucleobindin-2
platyrhynchos

tr] AOA091U6D8|A0A091U6D8 PHORB 27.89 Phoenicopterus 53912 | Nucleobindin-2
ruber ruber

tr]AOA093HG29]A0A093HG29 STRCA 27.89 Struthio camelus 53808 | Nucleobindin-2
australis

tr| AOAO91TWI1]AOA091IWI1 9AVES 27.89 Egretta garzetta 53809 | Nucleobindin-2

tr|GIN538|GIN538 MELGA 27.89 Meleagris 54331 | Nucleobindin-2
gallopavo

tr|U3JDE6|U3JDE6_FICAL 27.89 Ficedula 55246 | Nucleobindin-2
albicollis
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trAOA0Q3X4D7|A0A0Q3X4D7 AMAAE 27.89 2 1 1 | Amazona aestiva 58323 | Nucleobindin-2

tr]AOAO093QEZ4|A0A093QEZ4 9PASS 27.48 2 1 1 | Manacus 43373 | Ovoinhibitor
vitellinus

tr AOAOAOAR29]AOAOA0AR29 CHAVO 25.33 2 1 1 | Charadrius 43584 | RGM domain family member B
vociferus

tr]AOA091U916|A0A091U916 PHORB 24.95 5 1 1 | Phoenicopterus 33229 | Calcineurin-like phosphoesterase
ruber ruber domain-containing protein 1

tr] AOAO91XAE4|A0A091XAE4 OPIHO 23.28 1 1 1 | Opisthocomus 76026 | Zona pellucida sperm-binding protein
hoazin 2

trf[FINNU1|FINNU1_ CHICK 23.28 1 1 1 | Gallus gallus 77034 | Zona pellucida sperm-binding protein

2

tr|Q2PGY2|Q2PGY2 CHICK 23.28 1 1 1 | Gallus gallus 76971 | Zona pellucida A

tr|Q5CZI16|Q5CZI6_CHICK 23.28 1 1 1 | Gallus gallus 81004 | Zona pellucida protein

tr]AOAO91P1KS|A0A091P1KS HALAL 23.04 0 1 1 | Haliaeetus 305533 | Lysosomal-trafficking regulator
albicilla
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tr[lU3SKGEO|U3KGEO_FICAL 23.04 Ficedula 426102 | Lysosomal-trafficking regulator
albicollis

tr]AOAIDSNWU9|AOATIDSNWU9 _CHICK 23.04 Gallus gallus 209640 | Lysosomal-trafficking regulator

tr AOAO93FWF9|A0A093FWF9_PICPB 23.04 Picoides 302584 | Lysosomal-trafficking regulator
pubescens

tr]AOAO91LIVIJA0A091LIV9 CATAU 23.04 Cathartes aura 305521 | Lysosomal-trafficking regulator

tr| AOA093F2B5|A0A093F2B5 TYTAL 23.04 Tyto alba 305446 | Lysosomal-trafficking regulator

tr]/AOA09TW1W3|A0A091WIW3 OPIHO 23.04 Opisthocomus 305922 | Lysosomal-trafficking regulator
hoazin

tr]AOAO87R6Y7|A0AO087R6Y7_APTFO 23.04 Aptenodytes 305665 | Lysosomal-trafficking regulator
forsteri

tr| AOAO91PAF4|A0A091PAF4 LEPDC 23.04 Leptosomus 305166 | Lysosomal-trafficking regulator
discolor

tr]AOAO93LET3|AOA093LET3 FULGA 23.04 Fulmarus 305370 | Lysosomal-trafficking regulator
glacialis
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tr AOAOAOAIN3|A0AOAOAIN3 CHAVO 23.04 Charadrius 305535 | Lysosomal-trafficking regulator
vociferus

trlAOA091T8Q1]A0A091T8Q1 PHALP 23.04 Phaethon lepturus | 305667 | Lysosomal-trafficking regulator

tr AOAO91VSX4|A0A091VSX4 NIPNI 23.04 Nipponia nippon 305563 | Lysosomal-trafficking regulator

tr]/AOA091SJ61]A0A091SJ61 9AVES 23.04 Pelecanus crispus | 305929 | Lysosomal-trafficking regulator

tr] AOA093P913|A0A093P913 PYGAD 23.04 Pygoscelis 305782 | Lysosomal-trafficking regulator
adeliae

tr]AOAO9 IMNM3|A0A091MNM3 9PASS 23.04 Acanthisitta 305942 | Lysosomal-trafficking regulator
chloris

tr| AOAO91RFP2|A0OA091RFP2 MERNU 23.04 Merops nubicus 306438 | Lysosomal-trafficking regulator

tr]AOAOQ3PLA9JAOAOQ3PLA9 AMAAE 23.04 Amazona aestiva 421546 | Lysosomal-trafficking regulator

tr]AOA1D5PA68|AOATID5PA68 CHICK 23.04 Gallus gallus 427282 | Lysosomal-trafficking regulator

trROJM22[R0OJM22 ANAPL 23.04 Anas 427406 | Lysosomal-trafficking regulator

platyrhynchos
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Table 2. List of proteins detected in the in-solution digests of water extract of EBN.

Accession -10lgP | Coverage | No. of No. of Species Average | Description
(%) peptides unique Mass
peptides

trHOZGY9HOZGY9 TAEGU 194.5 11 16 Taeniopygia guttata | 189702 | Mucin-5AC
trR7VT28|R7VT28 COLLI 185.6 11 13 Columba livia 181804 | Mucin-5AC
tr AOAOAOB371|/AOA0AOB371 CHAVO 171.18 16 7 Charadrius 54003 | Lysyl oxidase 3

vociferus
tr]AOAOQ3U2A7|A0A0Q3U2A7 AMAAE 157.91 9 10 Amazona aestiva 152296 | Mucin-5AC
tr AOAO93F6E7|A0A093F6E7 TYTAL 145.12 25 11 Tyto alba 50789 | Acidic mammalian chitinase
trHOZGZ6/H0ZGZ6 TAEGU 135.48 10 7 Taeniopygia guttata 90992 | Mucin-5AC
tr AOAOAOAQXS|AOAO0AOAQXS CHAVO 126.09 13 8 Charadrius 50549 | Acidic mammalian chitinase

vociferus
tr]AOA093BIT2|A0A093BIT2 CHAPE 123.98 14 5 Chaetura pelagica 58700 | Lysyl oxidase 3
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tr AOAO93BFV9|A0A093BFV9 CHAPE 122.89 23 Chaetura pelagica 39104 | Acidic mammalian chitinase
tr]AOAO91TEI1|AOAO91TEI1 NESNO 114.56 9 Nestor notabilis 49822 | Acidic mammalian chitinase
tr| AOAO9INM19|A0AO09INM19 APAVI 103.89 10 Apaloderma 42841 | Ovoinhibitor
vittatum
tr]AOA093GK45|A0A093GK45 PICPB 86.46 6 Picoides pubescens 71711 | Lysyl oxidase 3
tr] AOA1D5PU28]A0A1D5PU28 CHICK 82.16 6 Gallus gallus 116475 | Mucin-5AC
trlHOZGX3|HOZGX3 TAEGU 7791 8 Taeniopygia guttata 79286 | Mucin-5AC
trHOZGWS8H0ZGW8 TAEGU 77.91 7 Taeniopygia guttata 80117 | Mucin-5AC
tr|AOA0911517]A0A0911517 CALAN 75.37 6 Calypte anna 78127 | Hypothetical protein N300 06305
tr]AOAO91JRH3|A0A091JRH3 9AVES 71.1 8 Egretta garzetta 39054 | 45 kDa calcium-binding protein
tr]AOAO9 1 TMSOJA0A091TMS0_PHALP 71.1 8 Phaethon lepturus 39171 | 45 kDa calcium-binding protein
tr]AOAO9INEXO0/AOAO09INEX0 APAVI 71.1 8 Apaloderma 39148 | 45 kDa calcium-binding protein
vittatum
tr]AOAO91PAL6|AOAO91PAL6 LEPDC 71.1 8 Leptosomus 39171 | 45 kDa calcium-binding protein
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discolor

tr]AOA093C625|A0A093C625 9AVES 71.1 Pterocles gutturalis 39129 | 45 kDa calcium-binding protein

tr]AOA091H4Q9|A0A091H4Q9 BUCRH 71.1 Buceros rhinoceros 39102 | 45 kDa calcium-binding protein
silvestris

tr]AOA099Z957|A0A099Z957 TINGU 71.1 Tinamus guttatus 39169 | 45 kDa calcium-binding protein

tr]AOAOAOAQY4|A0AO0AO0AQY4 CHAVO 71.1 Charadrius 39173 | 45 kDa calcium-binding protein
vociferus

tr]AOA091J9Q7|A0A091J9Q7 CALAN 71.1 Calypte anna 39519 | 45 kDa calcium-binding protein

tr]AOA0931V46|A0A0931V46_EURHL 71.1 Eurypyga helias 39129 | 45 kDa calcium-binding protein

tr]AOAO91L3N9|AO0A091L3N9 CATAU 71.1 Cathartes aura 39157 | 45 kDa calcium-binding protein

tr| AOAO9IM3R6|A0A091M3R6_CARIC 71.1 Cariama cristata 39197 | 45 kDa calcium-binding protein

tr| AOAO9 I WMT3|AOA091WMT3 OPIHO 71.1 Opisthocomus 39171 | 45 kDa calcium-binding protein
hoazin

tr]AOA091UV24|A0A091UV24 NIPNI 71.1 Nipponia nippon 39171 | 45 kDa calcium-binding protein
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tr] AOAO87VP14|A0A087VP14 BALRE 71.1 8 Balearica 39171 | 45 kDa calcium-binding protein
regulorum
gibbericeps
tr]AOA087QSBOJA0OA087QSB0_APTFO 71.1 8 Aptenodytes forsteri 39171 | 45 kDa calcium-binding protein
tr]AOAO9IN2G3|A0A091N2G3 9PASS 71.1 8 Acanthisitta chloris 39103 | 45 kDa calcium-binding protein
tr]AOAO93P6L7|A0A093P6L7 PYGAD 71.1 8 Pygoscelis adeliae 39171 | 45 kDa calcium-binding protein
tr] AOA091S825|A0A091S825 MERNU 71.1 8 Merops nubicus 39157 | 45 kDa calcium-binding protein
tr]AOA091FU09|A0A091FU09 9AVES 71.1 8 Cuculus canorus 39173 | 45 kDa calcium-binding protein
tr]AOA093D128|A0A093D128 TAUER 71.1 8 Tauraco 39143 | 45 kDa calcium-binding protein
erythrolophus
tr]AOAO91R7C3|A0A091R7C3 9GRUI 71.1 8 Mesitornis unicolor 39143 | 45 kDa calcium-binding protein
tr]AOA091KSZ2|A0A091KSZ2 9GRUI 71.1 10 Chlamydotis 31583 | 45 kDa calcium-binding protein
macqueenii
trAOAO91PRV2|A0A091PRV2 HALAL 71.1 10 Haliaeetus albicilla 31592 | 45 kDa calcium-binding protein
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tr] AOA0O91UH75|A0A091UH75 PHORB 71.1 11 Phoenicopterus 31038 | 45 kDa calcium-binding protein
ruber ruber

tr/AOA094KP97|A0A094KP97 9AVES 71.1 11 Podiceps cristatus 30812 | 45 kDa calcium-binding protein

tr] AOA094KKK3|AOA094KKK3 ANTCR 71.1 17 Antrostomus 20008 | 45 kDa calcium-binding protein
carolinensis

tr]AOA093JL69]A0A093JL69 STRCA 71.1 8 Struthio camelus 39259 | 45 kDa calcium-binding protein
australis

tr]AOA093GZTOJA0OA093GZT0O_PICPB 71.1 8 Picoides pubescens 39088 | 45 kDa calcium-binding protein

tr]AOA093Q7F3]A0A093Q7F3 9PASS 71.1 8 Manacus vitellinus 39143 | 45 kDa calcium-binding protein

tr AOAO931F41]A0A0931F41 FULGA 50.3 6 Fulmarus glacialis 52658 | Nucleobindin-2

tr]AOAO91FRV3|AOA091FRV3 9AVES 42.29 4 Cuculus canorus 79887 | Hypothetical protein N303 00190

trHOZM61HOZM61 TAEGU 40.41 8 Taeniopygia guttata 44824 | Deleted in malignant brain tumors

1 protein
tr]AOA0OQ3XB34/A0A0Q3XB34 AMAAE 39.63 3 Amazona aestiva 59745 | Lysyl oxidase 3

195



tr] AOAO9 IM1KS5|A0A09IMIKS CARIC 39.08 Cariama cristata 31834 | Neuropilin and tolloid-like 1
trf]AOA1DSPQM2|A0A1DSPQM2 CHICK 39.08 Gallus gallus 36683 | Neuropilin and tolloid-like
protein 1 isoform X2
tr] AOAO93FGT3|AOA093FGT3 TYTAL 39.08 Tyto alba 50062 | Neuropilin and tolloid-like 1
tr]AOAO87QND6|AOA087QND6_APTFO 39.08 Aptenodytes forsteri 52244 | Neuropilin and tolloid-like 1
trROLMR2|ROLMR2 ANAPL 39.08 Anas platyrhynchos 55432 | Neuropilin and tolloid-like 1
trAOA091JZC9|A0A091JZC9 COLST 39.08 Colius striatus 57640 | Neuropilin and tolloid-like 1
tr]AOAO91TLDOJAOAO9ITLDO 9AVES 39.08 Pelecanus crispus 59326 | Neuropilin and tolloid-like 1
trAOA091Q239]A0A091Q239 LEPDC 39.08 Leptosomus 59355 | Neuropilin and tolloid-like 1
discolor

trAOA091G4C9|A0A091G4C9_9AVES 39.08 Cuculus canorus 59396 | Neuropilin and tolloid-like 1
trAOAO93FW41|A0OA093FW41 GAVST 39.08 Gavia stellata 59478 | Neuropilin and tolloid-like 1
tr]AOA091SKD1|A0A091SKD1 9GRUI 39.08 Mesitornis unicolor 59464 | Neuropilin and tolloid-like 1
trAOA099Z9Q6]A0A099Z9Q6 TINGU 39.08 Tinamus guttatus 59478 | Neuropilin and tolloid-like 1
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tr] AOAO91ICAS|AOAO091ICA8 CALAN 39.08 Calypte anna 59492 | Neuropilin and tolloid-like 1
tr]/AOA091JE74|A0A091JE74 9AVES 39.08 Egretta garzetta 59431 | Neuropilin and tolloid-like 1
tr AOAOAOARNS|AOAOAOARNS CHAVO 39.08 Charadrius 59438 | Neuropilin and tolloid-like 1
vociferus
tr]AOA093GYX1]A0A093GY X1 PICPB 39.08 Picoides pubescens 59384 | Neuropilin and tolloid-like 1
tr AOA0931PZ4|A0A0931PZ4 EURHL 39.08 Eurypyga helias 59428 | Neuropilin and tolloid-like 1
tr AOAO91F3F2|A0A091F3F2 CORBR 39.08 Corvus 59520 | Neuropilin and tolloid-like 1
brachyrhynchos
trAOAO93QEM7]A0A093QEM7 9PASS 39.08 Manacus vitellinus 59502 | Neuropilin and tolloid-like 1
trHOZFWS8HOZFW8 TAEGU 39.08 Taeniopygia guttata 59619 | Neuropilin and tolloid-like 1
trAOA093BGU1]A0A093BGU1_CHAPE 39.08 Chaetura pelagica 59483 | Neuropilin and tolloid-like 1
trAOAO91WRF1|AOA091WRF1 NIPNI 39.08 Nipponia nippon 59454 | Neuropilin and tolloid-like 1
tr AOAO91WHV3|A0A091WHV3_OPIHO 39.08 Opisthocomus 59532 | Neuropilin and tolloid-like 1

hoazin
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tr AOAO93HHJ2|A0OA093HHJ2 STRCA 39.08 Struthio camelus 59432 | Neuropilin and tolloid-like 1
australis
tr]/AOAO93NAE4|A0A093NAE4 PYGAD 39.08 Pygoscelis adeliae 59470 | Neuropilin and tolloid-like 1
tr|[U3IQMO|U3IQMO_ANAPL 39.08 Anas platyrhynchos 60721 | Neuropilin and tolloid-like 1
tr|GIN880|GIN880_ MELGA 39.08 Meleagris 60497 | Neuropilin and tolloid-like 1
gallopavo
tr] AOAOQ3TPW3|A0AOQ3TPW3 AMAAE 39.08 Amazona aestiva 60357 | Neuropilin and tolloid-like 1
trlAOA091T9Y4|A0A091T9Y4 PHALP 37.52 Phaethon lepturus 78470 | Hypothetical protein N335 00594
tr]AOAO93BE17|A0A093BE17 CHAPE 35.18 Chaetura pelagica 13232 | Deleted in malignant brain tumors
1 protein
tr|AOA099ZAPS|A0A099ZAPS5 TINGU 29.09 Tinamus guttatus 67762 | 78 kDa glucose-regulated protein
trHOZAB3/HOZAB3 TAEGU 29.09 Taeniopygia guttata 72050 | 78 kDa glucose-regulated protein
trAOPA15]A0PA15_COTJA 29.09 Coturnix coturnix 72019 | Heat shock protein 70kDa

japonica
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tr]AOZT13|A0ZT13_COTIJA 29.09 Coturnix coturnix 71991 | Heat shock protein 70kDa
japonica

tr]AOA091F8D2|A0A091F8D2 CORBR 29.09 Corvus 71909 | 78 kDa glucose-regulated protein
brachyrhynchos

tr]AOAO91KVOSJA0OA091KV08 9GRUI 29.09 Chlamydotis 68613 | 78 kDa glucose-regulated protein
macqueenii

tr]AOA093QLZ7]|A0A093QLZ7 9PASS 29.09 Manacus vitellinus 67732 | 78 kDa glucose-regulated protein

tr[U31640/U31640 ANAPL 29.09 Anas platyrhynchos 67780 | 78 kDa glucose-regulated protein

tr]AOA091VIRE|AO0A091VIR8 OPIHO 29.09 Opisthocomus 67776 | 78 kDa glucose-regulated protein
hoazin

tr]AOAO91VTRE|AOA091VTRE8 NIPNI 29.09 Nipponia nippon 67746 | 78 kDa glucose-regulated protein

tr]AOA0O9THVD4|A0A091HVD4 CALAN 29.09 Calypte anna 67718 | 78 kDa glucose-regulated protein

tr]AOAO87R4J8|AOAO87R4J8 APTFO 29.09 Aptenodytes forsteri 67774 | 78 kDa glucose-regulated protein

trAOA093J3B2|A0A093J3B2 PICPB 29.09 Picoides pubescens 67732 | 78 kDa glucose-regulated protein
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tr] AOAO93EHT4|A0A093EHT4 TYTAL 29.09 Tyto alba 67746 | 78 kDa glucose-regulated protein

tr]AOAO91LT36/A0A091LT36 CARIC 29.09 Cariama cristata 67774 | 78 kDa glucose-regulated protein

tr] AOAO9 1H8K7|A0A091H8K7 9AVES 29.09 Cuculus canorus 67732 | 78 kDa glucose-regulated protein

tr AOAO93HUL5|A0A093HULS STRCA 29.09 Struthio camelus 67746 | 78 kDa glucose-regulated protein
australis

tr]AOA091U752|A0A091U752 PHORB 29.09 Phoenicopterus 66560 | 78 kDa glucose-regulated protein
ruber ruber

tr]A0A093J4G2|A0A093J4G2 EURHL 29.09 Eurypyga helias 66264 | 78 kDa glucose-regulated protein

tr| GINSR5|GINSRS MELGA 29.09 Meleagris 47391 | 78 kDa glucose-regulated protein
gallopavo

tr[U3JPD6|U3JPD6 FICAL 28.15 Ficedula albicollis 124301 | Collagen alpha-2(V) chain

trfHOZL50/HOZL50 TAEGU 28.15 Taeniopygia guttata 140668 | Collagen alpha-2(V) chain

tr|G3UP25|G3UP25_MELGA 28.15 Meleagris 39074 | Collagen alpha-2(V) chain
gallopavo
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tr|G3URW1|G3URW1_MELGA 28.15 Meleagris 44832 | Collagen alpha-2(V) chain
gallopavo

trR7VT76/R7VT76_COLLI 28.15 Columba livia 140544 | Collagen alpha-2(V) chain

trROLNH9|ROLNH9 ANAPL 28.15 Anas platyrhynchos 141375 | Collagen alpha-2(V) chain

tr|U3IL67|U3IL67 ANAPL 28.15 Anas platyrhynchos 144299 | Collagen alpha-2(V) chain

tr] AOA1ID5SP6W1|AOA1DSP6W1 CHICK 28.15 Gallus gallus 144811 | Collagen alpha-2(V) chain

isoform X3

tr|GIN2W3|GIN2W3 MELGA 28.15 Meleagris 144727 | Collagen alpha-2(V) chain
gallopavo isoform X3

tr[lU3TAS1]U3IAS1_ANAPL 25.63 Anas platyrhynchos 48876 | Keratin type II cytoskeletal 75

tr[ROJSL6|ROJSL6 ANAPL 25.63 Anas platyrhynchos 48905 | Keratin type II cytoskeletal 75

trH9HOB7|HO9HOB7 MELGA 25.63 Meleagris 24943 | Keratin, type II cytoskeletal 4-like
gallopavo

trHOHOB6|HO9HOB6  MELGA 25.63 Meleagris 34485 | Keratin, type II cytoskeletal 4-like
gallopavo

201



tr AOAO93GRA7|A0A093GRA7 PICPB 25.63 Picoides pubescens 42321 | Keratin type II cytoskeletal 75
tr]AOA091IMSU7|A0A091MSU7 9PASS 25.63 Acanthisitta chloris 48349 | Keratin type II cytoskeletal 75
tr[U3JP96[U3JP96 FICAL 25.63 Ficedula albicollis 55372 | Keratin, type II cytoskeletal 4-like
tr[HOZOC5|HO0Z0C5 _TAEGU 25.63 Taeniopygia guttata 55346 | Keratin, type II cytoskeletal 4-like
tr|U3JP95]U3JP95 FICAL 25.63 Ficedula albicollis 57555 | Keratin, type II cytoskeletal 4-like
tr[U3IFQ5|U3IFQ5 _ANAPL 25.63 Anas platyrhynchos 63982 | Keratin, type II cytoskeletal 4-like
tr|U3JPWS5|U3JPWS5_FICAL 25.63 Ficedula albicollis 59822 | Keratin, type II cytoskeletal
cochleal-like
tr]AOA1D5SPXDOJAOA1IDSPXDO0_CHICK 23.68 Gallus gallus 63148 | Selenocysteine-specific
elongation factor isoform X1
tr AOAO91SIR2|A0A091SIR2 9GRUI 21.99 Mesitornis unicolor 71034 | Hyaluronan mediated motility
receptor
trAOAO93GEW7|A0A093GEW7 PICPB 21.98 Picoides pubescens 132444 | Fibronectin type Il domain-

containing protein 3B
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tr AOA0O91VQQS8|A0A091VQQ8 NIPNI 21.98 Nipponia nippon 134669 | Fibronectin type III domain-
containing protein 3B
tr]AOA091UL69|A0A091UL69 PHALP 21.65 Phaethon lepturus 77811 | Putative threonine--tRNA ligase 2
cytoplasmic
tr[lU3K2X6[U3K2X6 FICAL 21.58 Ficedula albicollis 409861 | Protein bassoon
tr]AOAO091HMIJ8|A0A091HMJ8 BUCRH 20.92 Buceros rhinoceros 238446 | Integrator complex subunit 1
silvestris
tr[U3J1Y3|U3J1Y3 _ANAPL 20.6 Anas platyrhynchos 61955 | Protein lin-9 homolog isoform X1
tr]/AOA091F4A8/A0A091F4A8 CORBR 20.6 Corvus 60595 | Protein lin-9 (Fragment)
brachyrhynchos
tr|AOAO911E25|A0A0911E25 CALAN 20.6 Calypte anna 60626 | Protein lin-9 (Fragment)
tr AOAO91MQO5]A0A091MQO05 9PASS 20.6 Acanthisitta chloris 60656 | Protein lin-9 (Fragment)
trHOZ1D7/H0Z1D7 _TAEGU 20.6 Taeniopygia guttata 60643 | Protein lin-9
trAOAO93EQ52|A0A093EQ52 TYTAL 20.6 Tyto alba 60651 | Protein lin-9
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tr| AOAO9 1H8T7|A0A091H8T7 9AVES 20.6 3 Cuculus canorus 60637 | Protein lin-9
tr]AOA091VS37|A0A091VS37 NIPNI 20.6 3 Nipponia nippon 60644 | Protein lin-9

tr] AOAO093PYF4|A0A093PYF4 9PASS 20.6 3 Manacus vitellinus 60685 | Protein lin-9
tr[ROK4G2|ROK4G2_ ANAPL 20.6 3 Anas platyrhynchos 59713 | Lin-9-like protein
tr|lUSKASO[U3KASO FICAL 20.6 3 Ficedula albicollis 56280 | Protein lin-9 homolog isoform X2
trR7VWM6|[R7VWM6 COLLI 20.6 4 Columba livia 51310 | Lin-9 like protein
tr]AOA0931ZM7|A0A0931ZM7 FULGA 20.6 5 Fulmarus glacialis 38692 | Protein lin-9

tr[L1J368|L1J368 GUITH 20.37 13 Guillardia theta 14476 | Hypothetical protein

GUITHDRAFT 110997
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Fig.1. Venn diagram of proteins identified from raw EBN powder and water extract of

EBN.

Proteome of EBN was previously studied using ultrasonic and detergent-assisted protein

extraction method [6]. In that study, a total of 22 proteins were identified from the peptide

mass spectra fingerprint matched against Swiss-Prot protein database, five of which were

also recovered in our study, which includes lysyl oxidase 3, acidic mammalian chitinase,

78kDa glucose-regulated protein (or heat shock protein), repulsive guidance molecule

(RGM) domain family member B and collagen alpha-2(V) chain. Later, Wong et al. had

discovered 6 proteins in EBN, namely acidic mammalian chitinase-like, lysyl oxidase
homolog 3, mucin-5AC-like, ovoinhibitor-like, nucleobindin-2 and 45kDa calcium-
binding protein, which were also found in our current study [7, 8]. On the other hand,

Kong et al. further described the possible presence of NADH dehydrogenase,
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immunoglobulin, proline-rich protein, von Willebrand factor and epidermal growth factor
domain-containing protein from the insoluble fractions of EBN [25]. The findings in
these studies differ from our study probably due to the difference in the analytical
methods, plus these proteins were not distinguished based on the extraction method, yet
our analyses could complement each other and together give a better picture about the full

proteome of EBN.

The full proteome of Aerodramus fuciphagus as well as its salivary secretion which forms
the EBN are yet to be established. Due to limited protein entries in the database of
Aerodramus fuciphagus (only 106 proteins, from 2 enzyme classes that are involved in
energy metabolism), any study which aims to investigate the complete proteomic profile
of EBN remains a challenge. Hence, the current study selected the class of Aves (the bird)
as the choice of taxonomy filter in Swiss-Prot to enable screening of larger protein
database (755,169 entries up to March 2017) for higher protein-peptide match possibility.
A reasonable set of result filtration criteria was applied to manage result reliability and
practicality, which includes FDR of 1% false discovery rate, number of unique peptide >1

and -10IgP score >20 [22].

EBN is commonly boiled in water thus is consumed by drinking the water and sometimes
together with the softened EBN that appears as glutinous jelly-like strands. We took
reference from this practice to carry out a comprehensive protein profiling of EBN by
subjecting raw powder and water extract of EBN to direct digestion with trypsin. This
“gel-free” approach minimizes sample processing, therefore prevents the issue of poor
protein resolution commonly encountered in gel-based protein detection method and

recovers proteins that have low abundance and low molecular weight [26]. This approach
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has also been credited by Abhyankar et al. to enhance protein detection in insoluble
sample, hence is suitable for the analysis of the hardly water-soluble glutinous EBN
strand. A total of 20 proteins identified in our study were reported for the very first time

in EBN.

Notably, a few proteins in EBN were found to be involved in immunomodulation. Acidic
mammalian chitinase is a glycosidase that degrades chitin component on the skin of
parasites and insects. It is highly inducible under asthmatic attack via a T helper-2 (Th2)—
specific interleukin-13 (IL-13)-mediated pathway [27]. Acidic mammalian chitinase
could be highly expressed in salivary gland of swiftlets and secreted into the saliva for
digestion of insects. According to Zukefli et al., it possibly contributes to the previously
reported virus-binding property of EBN against influenza virus due to its
immunomodulatory effect [6]. On the other hand, cases of anaphylaxis after ingestion of
EBN have been reported in children. Immunoglobulin E-mediated allergy was later found
to be initiated by a putative 66 kDa allergen in EBN with homology to a domain of an
ovoinhibitor precursor in chicken, which was also discovered in EBN proteome in the
current study [12]. Besides that, the current study also revealed the presence of deleted in
malignant brain tumors 1 protein (DMBT1), which belongs to the group of secreted
scavenger receptor proteins and serves as part of the mucosal defense system. DMBT1
participates in immune response by binding to pathogen upon stimulation by local
inflammatory reaction [28]. Broad bacteria binding spectrum previously reported in
salivary variant of DMBT], is likely to be linked to the effect of EBN in preventing

growth of foodborne bacteria [29, 30].

207



We have also discovered lysyl oxidase 3 homolog and collagen alpha-2(V) chain, which
are frequently detected in EBN sample [6, 7]. Lysyl oxidase 3 is a copper-dependent
enzyme helps in the formation of cross-links which is essential for stabilization of
collagen fibrils and elasticity of elastin [31]. Collagen alpha-2(V) chain is a member of
group I collagen and forms the connective tissue in bone and skin. The co-availability of
these proteins in EBN supports the claims of improving skin complexion with the
consumption of EBN, as well as provides evidence to increased bone strength and dermal

thickness seen in EBN-supplemented ovariectomized rats [15].

Proteins involved in neurodevelopment such as RGM domain family member B,
neuropilin and tolloid-like 1 and Bassoon were also found in EBN. RGM domain family
member B is a co-receptor of bone morphogenetic protein (BMP) with diverse biological
roles including bone formation and development of nervous system [32]. It promotes
neurite extension and axonal growth through BMP signalling [33]. Neuropilin and tolloid-
like 1 found in both raw EBN and water extract of EBN is a transmembrane component
of the excitatory ion channel N-methyl-D-aspartate (NMDA) receptor complex in the
central nervous system. It is critical for maintaining NMDA receptor-dependent synaptic
plasticity hence required for spatial learning and memory consolidation [34]. Meanwhile,
Bassoon is a 420 kDa protein highly enriched at presynaptic neurotransmitter release sites
and is involved in the organization of synaptic vesicles [35]. The role of Bassoon in
glutamate neurotransmission may also be implicated in the study of cognition in
Parkinson’s disease patient [36, 37]. It was demonstrated previously that EBN effectively
inhibited menopause-related cognition decline [38]. The question of whether neuropilin

and tolloid-like 1 and protein Bassoon are indeed the proteins in EBN implicated in the
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improvement of cognitive function in the study of Hou et al. may be worth exploring in

the future.

We also found a few proteins responsible for regulating cell survival and apoptosis from
EBN. Heat shock protein (or 78 kDa glucose-regulated protein) found in both raw EBN
and its water extracts could be responsible for neuroprotective effect in 6-OHDA-treated
neuroblastoma cell model SH-SYSY in our previous study [13], due to their chaperone
role in degradation of misfolded proteins and regulation of apoptotic activity [39-41].
Integrator complex subunit 1 (INTS1) belongs to a multiunit protein called integrator
complex which regulates transcription process at the RNA polymerase. The role of
INTSI in sustaining cell growth was consolidated when mutant mouse embryo failed to
grow past blastocyst stage and there was induction of caspase 3-mediated apoptosis [42].
INTS1 protein, discovered only in the water extract of EBN, is hypothesized to hinder
caspase-3 activation and hence could be cell-protective. This assumption coincides with
the observation in our previous study whereby reduced activated-caspase-3 level was seen
in 6-OHDA-challenged neuronal cell treated with EBN water extract, suggesting that the
mechanism behind neuroprotective effect of EBN water extract is likely INTS1-induced
inhibition of caspase-3 activation [13]. In addition to that, latest finding also suggested
that INTSI plays a role in directing neuronal migration because knock-down of integrator
complex subunit 1 in vivo has been shown to affect cortical neuronal patterning in mouse

embryonic brain [43].

EBN was found to contain proteins with known function in cell proliferation and
migration including protein lin-9 and hyaluronan mediated motility receptor. Protein lin-9

regulates cell proliferation by activating genes with important functions in mitosis and
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cytokinesis [44, 45], which might explain the proliferative feature of EBN-treated human
adipose-derived stem cells in a study by Roh et al. [46]. Hyaluronan mediated motility
receptor is a protein bound to hyaluronan to coordinate cell migration as well as neurite

extension in neuron, hence this suggests EBN might possess neurotrophic effect [47].

The current proteomic analysis also revealed the exclusive presence of selenocysteine-
specific elongation factor in water extract of EBN. Selenocysteine-specific elongation
factor is an essential mediator in biosynthesis of selenoproteins, one of which includes the
antioxidant family known as glutathione peroxidase [48]. It is not surprising that, ROS-
reducing effect of EBN water extract in our previous study [13] may be attributed to the
presence of selenocysteine-specific elongation factor in EBN, which could have in one
way or another strengthened the antioxidant system in the cellular model via effective
sequestration of cell-damaging peroxides and other ROS, and prevention of lipid
peroxidation to eventually led to neuroprotection [49]. Overall, proteins in EBN may be
functional in immunity, extracellular matrix, neurodevelopment, cell survival and
apoptosis, cell proliferation and migration, antioxidant and other cellular processes.
Critical biological roles of these proteins and possible implication in EBN studies were
summarized in Table 3. Seven hypothetical proteins were predicted by the PEAKS Studio
8.0 algorithm in EBN extracts and the sequences were matched with current entries in
Swiss-Prot which were yet to be characterized (Table 4). These proteins may be studied

in details in the future.
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Table 3. Proteins identified in EBN, their biological function and (possible) implication in

other EBN studies.

Protein Biological function (Possible) implication in
(Annotated in other EBN studies
UniProt/SwissProt)

A. Immunity

Acidic mammalian chitinase | Chitin Virus-binding effect against

degradation, Inflammatory

response against pathogen

influenza virus by EBN

(Zukefli et al., 2017)

Ovoinhibitor

Antiviral

IgE-mediated allergic
reaction in children after
EBN consumption (Goh et

al., 2001b)

Deleted in malignant brain

tumors 1 protein

Antiviral, Antibacterial

Growth inhibition by EBN

against foodborne bacteria

(Saengkrajang and Matan,
2011)

B. Extracellular matrix

Mucin-5AC Gel-forming glycoprotein of N/A

gastric and respiratory tract

epithelia
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Lysyl oxidase 3

Stabilization of collagen fibrils,

Elasticity of mature elastin

Collagen alpha-2(V) chain

Collagen fibril organization,

Tissue growth

Increased bone strength and
dermal thickness in EBN-
supplemented
ovariectomized rats

(Matsukawa et al., 2011)

Zona pellucida sperm- Fertilization of oocyte N/A

binding protein 2

Keratin, type II cytoskeletal | Hair and nail formation N/A

75

Fibronectin type III domain- | Cytoskeletal support, Cell N/A

containing protein 3B adhesion, Cell motility, Wound
healing

C. Neurodevelopment

RGM domain family member | BMP signaling pathway, N/A

B

Neuronal adhesion

Neuropilin and tolloid-like 1

Cognition, Neuronal synaptic

plasticity

Protein bassoon

Synaptic neurotransmission

EBN was shown to improve
menopause-related cognition
decline in rats (Hou et al.,

2017)

D. Cell survival and apoptosis

Heat shock 70 kDa/ 78 kDa

Stress response

N/A
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glucose-regulated protein

Integrator complex subunit 1 | Regulates transcription, N/A
Prevents apoptosis

E. Cell proliferation and migration

Protein lin-9 homolog Cell cycle, DNA synthesis N/A

Hyaluronan mediated Cell motility N/A

motility receptor

F. Antioxidant

Selenocysteine-specific Selenocysteine incorporation N/A

elongation factor

G. Cellular process

45 kDa calcium-binding Exocytosis N/A

protein

Nucleobindin-2 Calcium homeostasis N/A

Putative threonine--tRNA Nucleotide binding and ligase N/A

ligase 2, cytoplasmic activity

Calcineurin-like Neutrophil degranulation N/A

phosphoesterase domain

containing protein 1

Lysosomal-trafficking Lysosome organization N/A
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regulator

H. Uncharacterized protein

AAES_08852

N334 09374

N303_00190

AAES 28655

N300 _06305

N335 00594

GUITHDRAFT 110997

N/A: Not applicable
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Table 4. Matched information from Swiss-Prot for uncharacterized EBN proteins predicted

by de novo sequencing

Protein Accesion Organism Domains
number

AAES 08852 |AOAO0Q3U2A7 |Amazona aestiva | von Willebrand factor type D (VWFD)

AAES 28655 |AOAOQ3SEH9 |Amazona aestiva | VWFD, von Willebrand factor type C
(VWEC)

N334 09374 |AOA091T2D6  |Pelecanus crispus | VWED, VWFC, C-terminal cystine
knot-like domain (CTCK)

N300 06305 [AOA091I517 Calypte anna VWEFD, VWFC, CTCK

N303 00190 |AOAO091FRV3 |Cuculus canorus | VWFED, VWFC, CTCK

N335 00594 |AOA091T9Y4 [Phaethon lepturus| VWFD, VWFC, CTCK

GUITHDRAF |L1J368 Guillardia theta N/A

T 110997

CCMP2712

N/A: Not applicable
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3.2 Antioxidant activity studies of EBN

3.21

3.2.2

Radical scavenging activity

DPPH assay was performed to examine antioxidant capacity of EBN extracts
especially in terms of free radical scavenging property. DPPH radical scavenging
activity of both EBN extracts S1 and S2 were fluctuating and did not display a dose-
dependent trend (Fig.2A). However, it is note-worthy that between the two EBN
extracts, S1 displayed higher overall DPPH radical scavenging activity than S2.
Particularly, S1 recorded highest activity of 16.70% at 0.0625 mg/ml whilst S2 only
achieved comparable results (12.21%) at 4 mg/ml. Positive control vitamin C
exhibited strong DPPH antioxidant activity which is concentration-dependent and was
much higher than that of the EBN extracts. Although EBN was not a potent radical
scavenger, it might still exert antioxidant effect which is likely to act on different

mechanism.

Reducing power

Antioxidant capacity of EBN extracts in terms of reducing power was evaluated by
FRAP assay. Reducing power of a compound reflects its ability to transfer electron to
reduce metal ions, carbonyls and radicals. It has been shown that pro-oxidants such as
peroxynitrite and hypochlorite can be reduced to harmless species by antioxidants
[50]. We found that reductive ability of both EBN extracts increased in dose-
dependent manner despite the noticeable fluctuating values at lower concentrations
(Fig.2B). At highest concentration tested, S1 showed reducing power of 32.93%
whereas S2 showed slightly lower activity of 26.25%. Meanwhile, the positive control
vitamin C exhibited strong reductive activity, reaching saturation at 1 mg/ml.

Antioxidant activities of EBN extracts in terms of reducing power were not as potent as
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Fig.2. Antioxidant capacity of EBN and standard as evaluated by (A) DPPH radical
scavenging assay, (B) FRAP assay and (C) metal chelating assay. Either vitamin C or
EDTA was included as standard control. Data shown are means =+ standard deviation of

three independent experiments.
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3.2.3

vitamin C, but generally, S1 displayed higher reducing power than S2. This is in
coherence to the DPPH antioxidant assay that crude EBN extract seemed to offer

more anti-oxidative advantage comparing to the water extract.

Metal chelating activity

Antioxidation can also be achieved through metal-chelating, which leads to the
inhibition of metal-catalyzed oxidation reaction. Activities of EBN extracts in
chelating ferrous ion (Fe*") were shown in Fig.2C. It was noted that metal-chelation
effect increased steadily alongside the extract concentration, especially when
approaching higher dose. At highest concentration tested, S2 displayed nearly 50%
metal-chelating action, and that was twice as much than that in S1. The positive
control EDTA exhibited potent chelating activity and recorded an ICs, value (the
inhibitory concentration at which the ferrous ions were chelated by 50%) of 0.125

mg/ml. Thus the EBN extracts were weaker metal chelators compared to EDTA.

We observed that EBN possessed antioxidant activities and the effects might be
contributed by the presence of active compounds in the samples. While EBN contains
all type of essential amino acids, there are abundant amino acids like serine threonine,
aspartic acid, glutamic acid, proline and valine [2]. Indeed, Sarmadi et al. had
presented a comprehensive review on the antioxidant property associated with various
amino acids [21]. Aromatic amino acids possess a ring structure that could stabilize
free radical, whilst carboxyl and amino group in the side chains of acidic and basic
amino acid such as tyrosine and phenylalanine are potent metal chelators to inhibit
metal-catalyzed oxidation [50]. Meanwhile, hydrophobic amino acids are lipid soluble

and permit an energy-independent diffusion across cell phospholipid hence it
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promotes assimilation and leads to higher bioavailability within the cell. Hydrophobic
amino acids which comprise valine, proline, isoleucine, leucine, tyrosine,
phenylalanine, tryptophan, methionine and cysteine were found in EBN [2]. These
amino acids enhance antioxidant property of proteins or peptides as they facilitate
access to hydrophobic radical species especially within the phospholipids bilayer, thus
inhibiting oxidation reaction at the cellular membrane [21]. Furthermore, sulphur-
containing amino acid such as cysteine was suggested to have potent reducing power,
which explains FRAP activity of raw powder and water extract of EBN in the current
study [52]. Overall, studies have shown high correlation between total hydrophobic
amino acids and antioxidant effect in terms of radical scavenging and reducing power
[53]. Interestingly, S1 seemed to possess greater antioxidant activity than S2 in the
DPPH and FRAP assays. Thus we believe that antioxidant effect displayed by EBN
samples in the current study, especially for raw powder, could be contributed by

hydrophobic amino acids.

We then inferred from here that S2 has less antioxidant activity likely because it
contains less hydrophobic amino acids in the extract as a result of water extraction.
However, it was demonstrated in our previous study that S2 had better ROS-lowering
effect in cellular model of oxidative stress [13]. We attributed this finding to the
metal-chelating property of S2, which was superior to S1. Therefore, although it has
been a common practice to assess and compare antioxidant potential of a compound
using any of the non-cell-based in vitro methods such as DPPH, FRAP and others, it
should be noted that evaluation of antioxidant capacity must include various

mechanisms for better interpretation into the effect at the cellular and in vivo level.
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4. Conclusion

This study described the proteome of EBN. Particularly, protein analysis of raw powder and
water extract of EBN has detected 29 bioactive proteins with potential roles in immunity,
extracellular matrix formation, neurodevelopment, cell survival and apoptosis, cell
proliferation and migration, antioxidation and common cellular processes. Among which, 20
proteins are reported for the first time in EBN, including uncharacterized proteins. In addition
to that, raw powder and water extract of EBN were found to possess radical scavenging,
reducing power and metal-chelating activities as part of the antioxidant mechanisms. The
distinctive protein profile and antioxidant activities between raw powder and water extract of
EBN may be due to the differences in the extraction methods. The findings of this study have
provided insights to the understanding of nutritional and medicinal effects of EBN presented
in previous literatures, and support EBN as a potential functional food due to the profound

antioxidant activities of both raw powder and water extracts of EBN.
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Supplementary File 1

Protein Protein Protein Accession Protein Name Peptide Unique -101gP Mass Length ppm m/z RT Scan #Spec Start End PTM
Group ID

4026 | tr[HOZGY9HOZGY9 TA Mucin-5AC R.EC(+57.02)HC(+57.02) TYEGETY APGASFSSKC(+57.02)R.S N 90.74 2596.042 22 0 650.0177 6.29 940 2 393 414 | Carbamidomethylation
EGU

4026 | tr[HOZGY9HOZGY9 TA Mucin-5AC R.EC(+57.02)HC(+57.02)TYEGETYAPGASFSSK.C N 86.05 2279.91 20 0.9 760.9779 6.5 987 2 393 412 | Carbamidomethylation
EGU

4026 | trlHOZGY9HOZGY9 TA Mucin-5AC K.SLKYTYNVDSC(+57.02)QPTC(+57.02)R.S N 77.4 1990.888 16 0.3 664.6367 6.29 938 4 707 722 | Carbamidomethylation
EGU

4026 tr|HOZGY9HOZGY9_TA Mucin-5AC R.Q(-17.03)C(+57.02) AHAGGQPLNWR.T N 69 1476.668 13 -1.3 739.3403 6.77 1053 2 317 329 | Pyro-glu from Q; Carbamidomethylation
EGU

4026 trlHOZGY9HOZGY9_TA Mucin-5AC K.YTYNVDSC(+57.02)QPTC(+57.02)R.S N 64.29 1662.677 13 0.4 832.3459 5.9 864 2 710 722 | Carbamidomethylation
EGU

4026 tr|HOZGY9HOZGY9_TA Mucin-5AC K.QC(+57.02)SIITSEVFAK.C N 62.07 1381.691 12 11.6 691.8608 8.25 1407 2 1093 110 | Carbamidomethylation
EGU 4

4026 tr|HOZGY9HOZGY9_TA Mucin-5AC K. AWAQKQC(+57.02)SIITSEVFAK.C N 61.8 1965.998 17 2.7 656.3418 8.51 1475 2 1088 110 | Carbamidomethylation
EGU 4

4026 | tr[HOZGY9HOZGY9_TA Mucin-5AC R.VITENIPC(+57.02)GTTGTTC(+57.02)SK.S N 61.05 1837.855 17 1.6 919.9363 6.38 958 4 945 961 Carbamidomethylation
EGU

4026 tr[HOZGY9|HOZGY9_TA Mucin-5AC K.SC(+57.02)QTLDMEC(+57.02)YK.T N 55.62 1433.563 11 0.7 717.7891 6.52 992 2 825 835 Carbamidomethylation
EGU

4026 | tr[HOZGY9HOZGY9_TA Mucin-5AC K.LC(+57.02)DSNEFTVLGDIHK.C N 55.26 1746.825 15 4 583.2845 8.37 1438 4 463 477 | Carbamidomethylation
EGU

4026 | tr[HOZGY9HOZGY9_TA Mucin-5AC S.GPNQGDFETYQHIR.A Y 54.59 1660.759 14 5 554.5965 6.4 962 4 1618 163
EGU 1

4026 | tr[HOZGY9HOZGY9 TA Mucin-5AC K.TTSGVIEGTSAAFGNTWK.T N 51.15 1825.885 18 11.4 913.96 8.73 1522 2 584 601
EGU

4026 | tr[HOZGY9HOZGY9 TA Mucin-5AC R.VC(+57.02)STWGNFHFK.T N 44.23 1381.624 11 -0.9 461.5481 7.89 1322 4 78 88 | Carbamidomethylation
EGU

4026 | tr[HOZGY9HOZGY9 TA Mucin-5AC S.GPN(+.98)QGDFETYQHIR.A Y 43.22 1661.743 14 4 554.924 6.53 994 2 1618 163 Deamidation (NQ)
EGU 1

4026 | tr[HOZGY9HOZGY9 TA Mucin-5AC K.Q(+41.03)IEC(+57.02)QAEDYPDVAIQQVGQVVQC(+57.02 Y 43.08 3772.765 32 10.2 1258.608 13.2 2485 2 1643 167 | Amidination of lysines or N-terminal amines with
EGU )DVHFGLVC(+57.02)K.N 5 4 methyl acetimidate; Carbamidomethylation
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4026 trHOZGY9HOZGY9_TA Mucin-5AC R.TPSIC(+57.02)PLFC(+57.02)DYYNPQGEC(+57.02)EWHYK 42.5 3864.596 31 -61.6 967.0968 10.8 1972 1156 118 Carbamidomethylation
EGU PC(+57.02)GAPC(+57.02)MK.T 4 6

4026 trHOZGY9HOZGY9_TA Mucin-5AC R.TPGGKMPFQIR.S 41.7 1230.654 11 -2.2 411.2245 7.39 1198 985 995
EGU

4026 trHOZGY9HOZGY9_TA Mucin-5AC R.E(+57.02)(+14.02)C(+57.02)H(+57.02)C(+57.02)TYEGETYA 38.03 2407.969 20 15.7 603.0089 6.25 929 393 412 Carbamidomethylation (DHKE X@N-term);
EGU PGASFSSK.C Methyl ester; Carbamidomethylation

4026 tr[HOZGY9HOZGY9_TA Mucin-5AC K.FKMC(+57.02)LNYK(+27.99).1 37.35 1130.525 8 11.7 377.8534 7.18 1148 1682 168 Carbamidomethylation; Formylation
EGU 9

4026 trHOZGY9HOZGY9_TA Mucin-5AC K.Q(-17.03)C(+57.02)SIITSEVFAK.C 36.96 1364.665 12 49.7 683.3735 10.1 1834 1093 110 Pyro-glu from Q; Carbamidomethylation
EGU 5 4

4026 tr[HOZGY9|HOZGY9_TA Mucin-5AC R.SLSEPDVTC(+57.02)ST(sub I)K.F 36.18 1322.602 12 0.9 662.3091 5.71 830 723 734 Carbamidomethylation; Mutation
EGU

4026 tr[HOZGY9|HOZGY9_TA Mucin-5AC E.DQTGKFKMC(+57.02)LNYK(+27.99).1 34.44 1659.775 13 8.1 554.2701 7 1107 1677 168 Carbamidomethylation; Formylation
EGU 9

4026 trHOZGY9HOZGY9_TA Mucin-5AC R.QPM(+15.99)(sub 34.19 4103.885 35 27.5 1027.007 13.4 2520 1640 167 Oxidation (M); Carbamidomethylation; Mutation
EGU K)QIEC(+57.02)QAEDYPDVAIQQVGQVVQC(+57.02)DVHF 2 4

GLVC(+57.02)K.N

4026 trHOZGY9HOZGY9_TA Mucin-5AC R.E(+57.02)(+14.02)C(+57.02)H(+57.02)C(+57.02)TYEGETYA 26.11 27241 22 13.1 682.0413 6.09 899 393 414 Carbamidomethylation (DHKE X@N-term);
EGU PGASFSSKC(+57.02)R.S Methyl ester; Carbamidomethylation

4026 trHOZGY9HOZGY9_TA Mucin-5AC K.MPFQIR.S 24.55 790.416 6 -0.9 396.2149 7.59 1250 990 995
EGU

4026 trHOZGY9HOZGY9_TA Mucin-5AC K.A(sub S)EYVSPSLLQR.Q 24.5 1261.667 11 33.7 631.8619 7.47 1218 36 46 Mutation
EGU

4025 tr[AOAOQ3U2A7|A0A0Q Hypothetical protein R.SQSVVGNVLEFANSWK.V 68.76 1763.884 16 1.4 882.9506 13.6 2567 854 869
3U2A7 AMAAE AAES_08852 5

4025 tr[AOAOQ3U2A7|A0A0Q Hypothetical protein R.AEKFPNIPLKDLGQK.V 67.17 1696.951 15 4.1 425.2468 8 1349 1195 120
3U2A7_AMAAE AAES_08852 9

4025 tr[AOAOQ3U2A7|A0A0Q Hypothetical protein E.YTYNVDSC(+57.02)QPTC(+57.02)R.S 64.29 1662.677 13 0.4 832.3459 59 864 514 526 Carbamidomethylation
3U2A7_AMAAE AAES_08852

4025 tr[AOAOQ3U2A7|A0A0Q Hypothetical protein K.QC(+57.02)SIITSEVFAK.C 62.07 1381.691 12 11.6 691.8608 8.25 1407 897 908 Carbamidomethylation
3U2A7_AMAAE AAES_08852

4025 tr[AOAOQ3U2A7|A0A0Q Hypothetical protein K. AWAQKQC(+57.02)SIITSEVFAK.C 61.8 1965.998 17 2.7 656.3418 8.51 1475 892 908 Carbamidomethylation
3U2A7_AMAAE AAES_ 08852

4025 tr[AOAOQ3U2A7|A0A0Q Hypothetical protein R.VITENIPC(+57.02)GTTGTTC(+57.02)SK.S 61.05 1837.855 17 1.6 919.9363 6.38 958 749 765 Carbamidomethylation
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3U2A7_AMAAE AAES_08852

4025 tr[AOAOQ3U2A7|A0A0Q Hypothetical protein K.VEC(+57.02)STTAGLIC(+57.02) YNKDQISTMC(+57.02)D(s 60.88 3240.42 27 -1.8 1081.145 9.27 1635 1210 123 Carbamidomethylation; Mutation
3U2A7_AMAAE AAES_08852 ub E)NYEIR.I 6

4025 tr[AOAOQ3U2A7|A0A0Q Hypothetical protein K. THC(+57.02)VSGC(+57.02)VC(+57.02)PHNQVLDGK.G 60.38 2066.908 18 0.8 689.9773 5.7 827 640 657 Carbamidomethylation
3U2A7_AMAAE AAES_08852

4025 tr[AOAOQ3U2A7|A0A0Q Hypothetical protein K.SC(+57.02)QTLDMEC(+57.02)YK.T 55.62 1433.563 11 0.7 717.7891 6.52 992 629 639 Carbamidomethylation
3U2A7_AMAAE AAES_ 08852

4025 tr[AOAOQ3U2A7|A0A0Q Hypothetical protein K.SPYEDFNIQIR.R 53.73 1380.667 11 2.4 691.3426 8.66 1509 115 125
3U2A7_AMAAE AAES_ 08852

4025 tr[AOAOQ3U2A7|A0A0Q Hypothetical protein K.SPYEDFNIQIRR.A 46.04 1536.768 12 -0.1 513.2634 7.79 1298 115 126
3U2A7_AMAAE AAES_08852

4025 tr] AOAOQ3U2A7|A0A0Q Hypothetical protein R.GLEGC(+57.02)YPHC(+57.02)PK.N 44.9 1316.564 11 -2.6 659.2877 5.44 787 1005 101 Carbamidomethylation
3U2A7 AMAAE AAES_08852 5

4025 tr] AOAOQ3U2A7|A0A0Q Hypothetical protein K.SVQMPYSHMGVLIER(-.98).S 44.75 1744.875 15 3.8 582.6346 8.55 1482 160 174 Amidation
3U2A7_AMAAE AAES_08852

4025 tr]AOAOQ3U2A7|A0A0Q Hypothetical protein K.FPNIPLKDLGQK.V 44.44 1368.777 12 35 457.2677 8.56 1485 1198 120
3U2A7_AMAAE AAES_08852 9

4025 tr]AOAOQ3U2A7|A0A0Q Hypothetical protein R.VC(+57.02)STWGNFHFK.T 44.23 1381.624 11 -0.9 461.5481 7.89 1322 82 92 Carbamidomethylation
3U2A7_AMAAE AAES_08852

4025 tr[AOAOQ3U2A7|A0A0Q Hypothetical protein R.TPGGKMPFQIR.S 41.7 1230.654 11 =22 411.2245 7.39 1198 789 799
3U2A7_AMAAE AAES_08852

4025 tr[AOAOQ3U2A7|A0A0Q Hypothetical protein K.TC(+57.02)NNPSGNC(+57.02)V(sub 37.62 2955.263 25 2 592.0611 6.69 1032 991 101 Carbamidomethylation; Mutation
3U2A7 _AMAAE AAES_08852 L)HELRGLEGC(+57.02)Y PHC(+57.02)PK.N 5

4025 | tr]AOAOQ3U2A7|A0A0Q Hypothetical protein K.Q(-17.03)C(+57.02)SITSEVFAK.C 36.96 1364.665 12 49.7 683.3735 10.1 1834 897 908 | Pyro-glu from Q; Carbamidomethylation
3U2A7 AMAAE AAES_08852 5

4025 | tr]AOAOQ3U2A7|A0A0Q Hypothetical protein K.GVLLTGWR.S 32.58 900.5181 8 5.8 451.269 8.29 1418 490 497
3U2A7_AMAAE AAES_08852

4025 tr[AOAOQ3U2A7|A0A0Q Hypothetical protein K.LEGAVIELTR.G 30.14 1099.624 10 0.3 550.8193 7.88 1320 142 151
3U2A7_AMAAE AAES_08852

4025 tr[AOAOQ3U2A7|A0A0Q Hypothetical protein K.TC(+57.02)NNPSGNC(+57.02)V(sub L)HELR.G 28.54 1656.71 14 22 553.2451 4.59 663 991 100 Carbamidomethylation; Mutation
3U2A7_AMAAE AAES_08852 4

4025 tr[AOAOQ3U2A7|A0A0Q Hypothetical protein K.MPFQIR.S 24.55 790.416 6 -0.9 396.2149 7.59 1250 794 799

3U2A7_AMAAE

AAES_08852
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4024 | wR7VI28[R7VT28_COL | Mucin-5AC K. TFDGDIFYFPGIC(+57.02)NYIFASNC(+57.02)K.S 8157 | 2648.172 2 21 | 1325.09 153 2899 93 | 114 | Carbamidomethylation
LI 8
4024 | wR7VI28[R7VT28_COL | Mucin-5AC R.Q(-17.03)C(+57.02)AHAGGQPLNWR.T 69 | 1476.668 13 13 | 7393403 6.77 1053 321 | 333 | Pyro-glu from Q; Carbamidomethylation
LI
4024 | wR7VI28[R7VT28_COL | Mucin-5AC R.SQSVVGNVLEFANSWK.V 68.76 | 1763.884 16 14 | 8829506 13.6 2567 1064 | 107
LI 5 9
4024 | tR7VI28[R7VT28 COL | Mucin-SAC K.QC(+57.02)SITSEVFAK.C 62.07 | 1381.691 12 116 | 691.8608 825 1407 1107 | 111 | Carbamidomethylation
LI 8
4024 | tR7VI28[R7VT28 COL | Mucin-SAC K. AWAQKQC(+57.02)SUTSEVFAK.C 618 | 1965998 17 27 | 6563418 851 1475 1102 | 111 | Carbamidomethylation
LI 8
4024 | tR7VT28R7VT28 COL | Mucin-5AC R.VITENIPC(+57.02)GTTGTTC(+57.02)SK.S 61.05 | 1837.855 17 16 | 919.9363 6.38 958 959 | 975 | Carbamidomethylation
LI
4024 | tR7VT28R7VT28 COL | Mucin-5AC R.THC(+57.02)VSGC(+57.02)VC(+57.02)PHNQVLDGK.G 6038 | 2066.908 18 08 | 689.9773 57 827 850 | 867 | Carbamidomethylation
LI
4024 | wR7VI28[R7VT28_COL | Mucin-5AC K.SPYEDFNIQIR.R 5373 | 1380.667 11 24 | 691.3426 8.66 1509 115 | 125
LI
4024 | wR7VI28[R7VT28_COL | Mucin-5AC K.TTSGVIEGTSAAFGNTWK.T 5115 | 1825.885 18 114 913.96 873 1522 598 | 615
LI
4024 | wR7VI28[R7VT28_COL | Mucin-5AC K.SNYVSPSILQR.Q 4874 | 1262.662 11 32 | 6323362 7.49 1222 36 46
LI
4024 | wR7VI28[R7VT28_COL | Mucin-5AC K.SPYEDFNIQIRR.T 46.04 | 1536.768 12 01 | 5132634 7.79 1298 115 | 126
LI
4024 | tR7VT28R7VT28 COL | Mucin-5AC R.GLEGC(+57.02)YPHC(+57.02)PK.N 149 | 1316564 11 26 | 6592877 5.44 787 1215 | 122 | Carbamidomethylation
LI 5
4024 | tR7VT28|R7VT28 COL | Mucin-5AC R.VC(+57.02)STWGNFHFK.T 4423 | 1381.624 11 0.9 | 461.5481 7.89 1322 82 92 | Carbamidomethylation
LI
4024 | tR7VT28R7VT28 COL | Mucin-5AC R.TPSIC(+57.02)PLFC(+57.02)DY YNPQGEC(+57.02)EWHYK 425 | 386459 31 61.6 | 967.0968 10.8 1972 1170 | 120 | Carbamidomethylation
LI PC(+57.02)GAPC(+57.02)MK.T 4 0
4024 | tR7VT28|R7VT28 COL | Mucin-5AC R.TPGGKMPFQIR S 417 | 1230.654 11 22 | 4112245 7.39 1198 999 | 100
LI 9
4024 | tR7VI28[R7VT28_COL | Mucin-5AC K.TC(+57.02)NNPSGNC(+57.02)V(sub 37.62 | 2955.263 25 2 | 5920611 6.69 1032 1201 | 122 | Carbamidomethylation; Mutation
LI L)HELRGLEGC(+57.02)YPHC(+57.02)PK.N 5
4024 | wR7VI28[R7VT28 COL | Mucin-5AC K.Q(-17.03)C(+57.02)SIITSEVFAK.C 36.96 | 1364.665 12 497 | 6833735 10.1 1834 1107 | 111 | Pyro-glu from Q; Carbamidomethylation
LI 5 8
4024 | wR7VI28[R7VT28 COL | Mucin-5AC R.SLSEPDVTC(+57.02)ST(sub )K.F 36.18 | 1322.602 12 09 | 662.3091 571 830 737 | 748 | Carbamidomethylation; Mutation
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LI

4024 | wR7VI28[R7VT28_COL | Mucin-5AC K.GVLLTGWR.S 3258 | 900.5181 8 58 451.269 829 1418 700 | 707
LI

4024 | wR7VI28[R7VT28_COL | Mucin-5AC R.AAGK(sub M)EVC(+57.02)QHPK.E 3136 | 1223.608 11 08 | 4088763 0.75 103 1623 | 163 | Carbamidomethylation; Mutation
LI 3

4024 | tR7VI28[R7VT28 COL | Mucin-SAC K.TC(+57.02)NNPSGNC(+57.02)V(sub L)HELR.G 2854 1656.71 14 22 | 5532451 459 663 1201 | 121 | Carbamidomethylation; Mutation
LI 4

4024 | tR7VI28[R7VT28 COL | Mucin-SAC KMPFQIR.S 2455 790.416 6 09 | 3962149 7.59 1250 1004 | 100
LI 9

4027 | u/AOAIDSNVH7|AOAID | Mucin-5AC R.Q(-17.03)C(+57.02)AHAGGQPLNWR.T 69 | 1476.668 13 13 | 7393403 6.77 1053 312 | 324 | Pyro-glu from Q; Carbamidomethylation
SNVH7_CHICK

4027 | tAOAIDSNVH7|AOAID | Mucin-5AC R.SQSVVGNVLEFANSWK.V 68.76 | 1763.884 16 14 | 8829506 13.6 2567 1045 | 106
SNVH7_CHICK 5 0

4027 | t|AOAIDSNVH7|AOAID | Mucin-5AC E.YTYNVDSC(+57.02)QPTC(+57.02)R.S 6429 | 1662.677 13 04 | 832.3459 59 864 705 | 717 | Carbamidomethylation
SNVH7_CHICK

4027 | t|AOAIDSNVH7|AOAID | Mucin-5AC K.QC(+57.02)SIITSEVFAK.C 62.07 | 1381.691 12 116 | 691.8608 825 1407 1088 | 109 | Carbamidomethylation
SNVH7 CHICK 9

4027 | t]|AOAIDSNVH7|AOAID | Mucin-5AC R.VITENIPC(+57.02)GTTGTTC(+57.02)SK.S 61.05 | 1837.855 17 16 | 919.9363 6.38 958 940 | 956 | Carbamidomethylation
SNVH7 CHICK

4027 | t|AOAIDSNVH7|AOAID | Mucin-5AC K.SC(+57.02)QTLDMEC(+57.02)YK.T 55.62 | 1433.563 11 0.7 | 717.7891 6.52 992 820 | 830 | Carbamidomethylation
SNVH7_CHICK

4027 | tAOAIDSNVH7|AOAID | Mucin-5AC K.SPYEDFNIQIR.R 5373 | 1380.667 11 24 | 6913426 8.66 1509 106 | 116
SNVH7_CHICK

4027 | tAOAIDSNVH7|AOAID | Mucin-5AC K.TTSGVIEGTSAAFGNTWK.T 5115 | 1825.885 13 114 913.96 873 1522 579 | 596
SNVH7_CHICK

4027 | tAOAIDSNVH7|AOAID | Mucin-5AC K.SPYEDFNIQIRR.T 46.04 | 1536.768 12 0.1 | 5132634 7.79 1298 106 | 117
SNVH7_CHICK

4027 | tAOAIDSNVH7|AOAID | Mucin-5AC R.GLEGC(+57.02)YPHC(+57.02)PK.N 449 | 1316564 11 26 | 6592877 544 787 1196 | 120 | Carbamidomethylation
SNVH7_CHICK 6

4027 | t|AOAIDSNVH7|AOAID | Mucin-5AC R.VC(+57.02)STWGNFHFK.N 4423 | 1381.624 11 0.9 | 461.5481 7.89 1322 73 83 | Carbamidomethylation
SNVH7_CHICK

4027 | t|AOAIDSNVH7|AOAID | Mucin-5AC R.TPSIC(+57.02)PLFC(+57.02)DY YNPQGEC(+57.02)EWHYK 425 | 386459 31 61.6 | 967.0968 10.8 1972 1151 | 118 | Carbamidomethylation
SNVH7_CHICK PC(+57.02)GAPC(+57.02)MK.T 4 1
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4027 | tr|AOAID5SNVH7|A0AID Mucin-5AC K.Q(-17.03)C(+57.02)SIITSEVFAK.C 36.96 1364.665 12 49.7 683.3735 10.1 1834 1088 109 | Pyro-glu from Q; Carbamidomethylation
SNVH7_CHICK 5 9
4027 | tr|AOAID5SNVH7|A0AID Mucin-5AC S.FKMC(+57.02)LNYR.I 3236 1130.537 8 0.2 377.8528 7.2 1152 1680 168 | Carbamidomethylation
SNVH7_CHICK 7
4027 | tr|AOAID5SNVH7|A0AID Mucin-5AC K.MC(+57.02)LNYR.I 29.9 855.3731 6 1.8 428.6946 6.04 889 1682 168 | Carbamidomethylation
SNVH7_CHICK 7
4027 | tr]AOAID5SNVH7|A0AID Mucin-5AC LTFENPC(+57.02)TLSIEND(+57.02)K(+42.01) YAQHWC(+57. 27.05 5242.338 44 -2.6 1311.589 12.0 2230 607 650 | Carbamidomethylation; Carbamidomethylation
SNVH7_CHICK 02)GLLSDTTGPFAEC(+57.02)HSTVNPEVYQK.N 4 (DHKE X@N-term); Acetylation (K)
4027 | tr]AOAID5SNVH7|A0AID Mucin-5AC E.MPFQIR.S 24.55 790.416 6 -0.9 396.2149 7.59 1250 985 990
SNVH7_CHICK
4027 tr]/AOAIDSNVH7|A0A1D Mucin-5AC L.TFENPC(+57.02)TLW(sub 22.94 5242.354 44 -7.4 1311.586 12.0 2233 607 650 Carbamidomethylation; Mutation
SNVH7 CHICK S)IENDKYAQHWC(+57.02)GLLSDTTGPFAEC(+57.02)HSTV 6
NPEVYQK.N
4032 tr/ROLBTOJROLBTO_AN Mucin-5AC K.SLKYTYNVDSC(+57.02)QPTC(+57.02)R.S 77.4 1990.888 16 0.3 664.6367 6.29 938 658 673 Carbamidomethylation
APL
4032 tr/ROLBTOJROLBT0_AN Mucin-5AC R.Q(-17.03)C(+57.02) AHAGGQPLNWR.T 69 1476.668 13 -1.3 739.3403 6.77 1053 268 280 | Pyro-glu from Q; Carbamidomethylation
APL
4032 | tr/ROLBTOROLBTO_AN Mucin-5AC R.SQSVVGNVLEFANSWK.V 68.76 1763.884 16 1.4 882.9506 13.6 2567 1001 101
APL 5 6
4032 trROLBTO[ROLBTO_AN Mucin-5AC K.YTYNVDSC(+57.02)QPTC(+57.02)R.S 64.29 1662.677 13 0.4 832.3459 59 864 661 673 Carbamidomethylation
APL
4032 | tr/ROLBTOROLBTO_AN Mucin-5AC K.QC(+57.02)SIITSEVFAK.C 62.07 1381.691 12 11.6 691.8608 8.25 1407 1044 105 | Carbamidomethylation
APL 5
4032 | tr/ROLBTOROLBTO_AN Mucin-5AC R.VITENIPC(+57.02)GTTGTTC(+57.02)SK.S 61.05 1837.855 17 1.6 919.9363 6.38 958 896 912 | Carbamidomethylation
APL
4032 | tr/ROLBTO[ROLBTO_AN Mucin-5AC K.SC(+57.02)QTLDMEC(+57.02) YK.T 55.62 1433.563 11 0.7 717.7891 6.52 992 776 786 | Carbamidomethylation
APL
4032 | tr/ROLBTO[ROLBTO_AN Mucin-5AC K.TTSGVIEGTSAAFGNTWK.T 51.15 1825.885 18 11.4 913.96 8.73 1522 535 552
APL
4032 | tr/ROLBTO[ROLBTO_AN Mucin-5AC R.GLEGC(+57.02)YPHC(+57.02)PK.N 44.9 1316.564 11 -2.6 659.2877 5.44 787 1152 116 | Carbamidomethylation
APL 2
4032 | tr/ROLBTO[ROLBTO_AN Mucin-5AC R.VC(+57.02)STWGNFHFK.N 44.23 1381.624 11 -0.9 461.5481 7.89 1322 29 39 | Carbamidomethylation
APL
4032 | tr|ROLBTOJROLBTO_AN Mucin-5AC R.TPSIC(+57.02)PLFC(+57.02)DY YNPQGEC(+57.02)EWHYK 42.5 3864.596 31 -61.6 967.0968 10.8 1972 1107 113 Carbamidomethylation
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APL PC(+57.02)GAPC(+57.02)MK.T 4 7

4032 | w[ROLBTOROLBTO_AN | Mucin-5AC K VFLGNYELVLSDGRSD(-18.01)VIQR.T 387 2261.18 20 387 | 7547632 11.0 2025 916 | 935 | Dehydration
APL 8

4032 | w[ROLBTOROLBTO_AN | Mucin-5AC K.Q(-17.03)C(+57.02)SIITSEVFAK.C 36.96 | 1364.665 12 497 | 6833735 10.1 1834 1044 | 105 | Pyro-glu from Q; Carbamidomethylation
APL 5 5

4032 | wROLBTOROLBTO_AN | Mucin-5AC E.MPFQIR S 2455 790.416 6 0.9 | 3962149 7.59 1250 941 | 946
APL

4033 | w]U3IV20[U3IV20_ANA | Mucin-5AC K.SLKYTYNVDSC(+57.02)QPTC(+57.02)R-S 774 | 1990.888 16 03 | 664.6367 6.29 938 714 | 729 | Carbamidomethylation
PL

4033 | w]U3IV20[U3IV20_ANA | Mucin-5AC R.Q(-17.03)C(+57.02)AHAGGQPLNWR.T 69 | 1476.668 13 13 [ 7393403 6.77 1053 324 | 336 | Pyro-glu from Q; Carbamidomethylation
PL

4033 | w[U3IV20[U3IV20_ANA | Mucin-5AC R.SQSVVGNVLEFANSWK.V 6876 | 1763.834 16 14 | 8829506 13.6 2567 1057 | 107
PL 5 2

4033 | w[U3IV20[U3IV20_ANA | Mucin-5AC K YTYNVDSC(+57.02)QPTC(+57.02)R S 6429 | 1662.677 13 04 | 8323459 59 864 717 | 729 | Carbamidomethylation
PL

4033 | w[U3IV20[U3IV20_ANA | Mucin-5AC K.QC(+57.02)SIITSEVFAK.C 62.07 | 1381691 12 116 | 691.8608 8.25 1407 1100 | 111 | Carbamidomethylation
PL 1

4033 | w[U3IV20[U3IV20_ANA | Mucin-5AC R.VITENIPC(+57.02)GTTGTTC(+57.02)SK.S 61.05 | 1837.855 17 16 | 9199363 638 958 952 | 968 | Carbamidomethylation
PL

4033 | w|U3IV20[U3IV20_ANA | Mucin-5AC K.SC(+57.02)QTLDMEC(+57.02)YK.T 5562 | 1433.563 11 0.7 | 717.7891 6.52 992 832 | 842 | Carbamidomethylation
PL

4033 | ]U3IV20[U3IV20_ANA | Mucin-5AC K TTSGVIEGTSAAFGNTWK.T 5115 | 1825885 18 114 913.96 8.73 1522 591 | 608
PL

4033 | w[U3IV20[U3IV20_ANA | Mucin-5AC R.GLEGC(+57.02)YPHC(+57.02)PK.N 449 | 1316.564 11 26 | 659.2877 5.44 787 1208 | 121 | Carbamidomethylation
PL 8

4033 | w[U3IV20[U3IV20_ANA | Mucin-5AC R.VC(+57.02)STWGNFHFK.N 4423 | 1381.624 11 0.9 | 461.5481 7.89 1322 85 | 95 | Carbamidomethylation
PL

4033 | w|U3IV20[U3IV20_ANA | Mucin-5AC R.TPSIC(+57.02)PLEC(+57.02)DY YNPQGEC(+57.02) EWHYK 425 | 3864.59 31 616 | 967.0968 108 1972 1163 | 119 | Carbamidomethylation
PL PC(+57.02)GAPC(+57.02)MK.T 4 3

4033 | w[U3IV20[U3IV20_ANA | Mucin-5AC K VFLGNYELVLSDGRSD(-18.01)VIQR.T 387 2261.18 20 387 | 7547632 1.0 2025 972 | 991 | Dehydration
PL 8

4033 | w|U3IV20[U3IV20_ANA | Mucin-5AC K-Q(-17.03)C(+57.02)SITSEVFAK.C 36.96 | 1364.665 12 497 | 6833735 10.1 1834 1100 | 111 | Pyro-glu from Q; Carbamidomethylation
PL 5 1

4033 | w|U3IV20[U3IV20_ANA | Mucin-5AC EMPFQIR.S 2455 790.416 6 209 | 3962149 759 1250 997 | 100
PL 2
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9 4036 | t|AOA093BIT2|A0A093B | Lysyl oxidase 3 R.GWGNSDC(+57.02)SHEEDAGVIC(+57.02)KDER 1 79.46 | 2419.976 21 202 606.001 6.01 884 24 44 | Carbamidomethylation
IT2_CHAPE

9 4036 | t|AOAO93BIT2|A0A093B | Lysyl oxidase 3 RMGQGTGPIHLNEVQC(+57.02)LGTEK.S 7522 | 2168.035 20 55 | 723.6897 7.93 1332 250 | 269 | Carbamidomethylation
IT2_CHAPE

9 4036 | t|AOA093BIT2|A0A093B | Lysyl oxidase 3 R.VVC(+57.02)GMMGFPAEKK.V 6343 | 1452693 13 51| 4852357 737 1194 107 | 119 | Carbamidomethylation
IT2_CHAPE

9 4036 | tr|AOAO93BIT2|A0A093B | Lysyl oxidase 3 R.VVC(+57.02)GMMGFPAEK K 60.75 | 1324.598 12 09 | 663.3068 7.87 1319 107 | 118 | Carbamidomethylation
IT2_CHAPE

9 4036 | t|AOAO93BIT2|A0A093B | Lysyl oxidase 3 R ELGFGSAKEALTGAR M 57.69 | 1505.784 15 13 | 502.9345 7.77 1294 235 | 249
IT2_CHAPE

9 4036 | t|AOA093BIT2|A0A093B | Lysyl oxidase 3 RIWLDNVNC(+57.02)AGGEK.S 5145 | 1474.688 13 59.7 738307 7.69 1272 3 15 | Carbamidomethylation
IT2_CHAPE

9 4036 | t|AOA093BIT2|A0A093B | Lysyl oxidase 3 K.SIGDC(+57.02)KHRGWGNSDC(+57.02)SHEEDAGVIC(+57. 4752 | 3373.426 29 03 | 675.6922 574 833 16 44 | Carbamidomethylation
IT2_CHAPE 02)KDER.I

9 4036 | tr|AOA093BIT2|A0A093B | Lysyl oxidase 3 R.GWGN(+.98)SDC(+57.02)SHEEDAGVIC(+57.02)KDER.I 452 2420.96 21 25 | 606.2487 6.17 913 24 44 | Deamidation (NQ); Carbamidomethylation
IT2_CHAPE

9 2036 | t|AOAO93BIT2|A0A093B | Lysyl oxidase 3 R.SSEWGTIC(+57.02)DDRWNLQSASVVC(+57.02)R.E 2381 2625.17 22 0.7 | 876.0645 17.3 3265 213 | 234 | Carbamidomethylation
IT2_CHAPE 4

9 2036 | t|AOAO93BIT2|A0A093B | Lysyl oxidase 3 R.YKDGWAQIC(+57.02)DQGWDSH(sub R)NSR.V 3737 | 2321.987 19 46 | 5815014 7.47 1220 88 | 106 | Carbamidomethylation; Mutation
IT2_CHAPE

9 4036 | tAOAO93BIT2]A0A093B | Lysyl oxidase 3 R.MGQGTGPIHLN(+.98)EVQC(+57.02)LGTEK.S 36.75 2169.02 20 68 | 724.0187 821 1400 250 | 269 | Deamidation (NQ); Carbamidomethylation
IT2_CHAPE

9 4036 | tr|AOA093BIT2|A0A093B | Lysyl oxidase 3 K.SLWSC(+57.02)PYR.N 3253 | 1067.486 8 25 | 5347488 7.51 1228 270 | 277 | Carbamidomethylation
IT2_CHAPE

9 4036 | tr|AOA093BIT2|A0A093B | Lysyl oxidase 3 W.GNSDC(+57.02)SHEEDAGVIC(+57.02)KDER.T 2294 | 2176.875 19 04 | 726.6326 6.0 898 26 44 | Carbamidomethylation
IT2_CHAPE

10 4037 | wHOZGZ6JHOZGZ6_TA | Mucin-5AC K.SLKYTYNVDSC(+57.02)QPTC(+57.02)R.S 774 | 1990.888 16 03 | 664.6367 6.29 938 370 | 385 | Carbamidomethylation
EGU

10 4037 | u|HOZGZ6|H0ZGZ6_TA | Mucin-5AC K.YTYNVDSC(+57.02)QPTC(+57.02)R S 6429 | 1662.677 13 0.4 | 832.3459 59 864 373 | 385 | Carbamidomethylation
EGU

10 4037 | w[H0ZGZ6JHOZGZ6_TA | Mucin-5AC K.QC(+57.02)SIITSEVFAK.C 6207 | 1381.691 12 11.6 | 691.8608 8.25 1407 758 | 769 | Carbamidomethylation

EGU
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10 4037 tr|HOZGZ6/HOZGZ6_TA Mucin-5AC K. AWAQKQC(+57.02)SHTSEVFAK.C 61.8 1965.998 17 2.7 656.3418 8.51 1475 753 769 Carbamidomethylation
EGU

10 4037 tr|HOZGZ6/HOZGZ6_TA Mucin-5AC R.VITENIPC(+57.02)GTTGTTC(+57.02)SK.S 61.05 1837.855 17 1.6 919.9363 6.38 958 610 626 Carbamidomethylation
EGU

10 4037 tr|HOZGZ6/HOZGZ6_TA Mucin-5AC K.SC(+57.02)QTLDMEC(+57.02) YK.T 55.62 1433.563 11 0.7 717.7891 6.52 992 490 500 Carbamidomethylation
EGU

10 4037 tr[HOZGZ6|HO0ZGZ6_TA Mucin-5AC K. TTSGVIEGTSAAFGNTWK.T S1.15 1825.885 18 11.4 913.96 8.73 1522 247 264
EGU

10 4037 tr[HOZGZ6|HO0ZGZ6_TA Mucin-5AC R.TPGGKMPFQIR.S 41.7 1230.654 11 =22 411.2245 7.39 1198 650 660
EGU

10 4037 tr[HOZGZ6|HO0ZGZ6_TA Mucin-5AC K.Q(-17.03)C(+57.02)SIITSEVFAK.C 36.96 1364.665 12 49.7 683.3735 10.1 1834 758 769 Pyro-glu from Q; Carbamidomethylation
EGU 5

10 4037 tr[HOZGZ6|HO0ZGZ6_TA Mucin-5AC R.SLSEPDVTC(+57.02)ST(sub I)K.F 36.18 1322.602 12 0.9 662.3091 5.71 830 386 397 Carbamidomethylation; Mutation
EGU

10 4037 tr[HOZGZ6|HOZGZ6_TA Mucin-5AC K.MPFQIR.S 24.55 790.416 6 -0.9 396.2149 7.59 1250 655 660
EGU

10 4037 tr[HOZGZ6|HOZGZ6_TA Mucin-5AC K.KIVSFQ(+.98)SVVK.N 22.55 1134.665 10 -13 568.3323 8.64 1503 164 173 Deamidation (NQ)
EGU

11 4048 tr[AOA093GK45/A0A093 Lysyl oxidase 3 R.HLGFVAAAGWAHSAK.Y 83.13 1521.784 15 -2.6 508.2673 7.55 1237 85 99
GK45_PICPB

11 4048 | tr]AOA093GK45|A0A093 Lysyl oxidase 3 H.VVC(+57.02) GMMGFPAEKK.V 63.43 1452.693 13 -5.1 485.2357 7.37 1194 211 223 | Carbamidomethylation
GK45_PICPB

11 4048 tr]AOA093GK45/A0A093 Lysyl oxidase 3 H.VVC(+57.02)GMMGFPAEK.K 60.75 1324.598 12 0.9 663.3068 7.87 1319 211 222 Carbamidomethylation
GK45_PICPB

11 4048 tr]AOA093GK45/A0A093 Lysyl oxidase 3 R.ELGFGSAKEALTGAR.M 57.69 1505.784 15 -1.3 502.9345 7.77 1294 346 360
GK45_PICPB

11 4048 tr]AOA093GK45/A0A093 Lysyl oxidase 3 RIWLDNVNC(+57.02) AGGEK.S 51.45 1474.688 13 -59.7 738.307 7.69 1272 107 119 Carbamidomethylation
GK45_PICPB

11 4048 tr]AOA093GK45/A0A093 Lysyl oxidase 3 H.W(+14.02)GLVC(+57.02)GEGWGTLEAMVAC(+57.02)R.Q 35.88 2164.986 19 32 722.6714 14.6 2763 443 461 Methylation; Carbamidomethylation
GK45_PICPB 7

11 4048 tr[AOA093GK45|A0A093 Lysyl oxidase 3 H.WGLVC(+57.02)GE(+14.02)GWGTLEAMVAC(+57.02)R.Q 33.71 2164.986 19 0.3 1083.5 14.7 2769 443 461 Carbamidomethylation; Methyl ester
GK45_PICPB

11 4048 tr[AOA093GK45/A0A093 Lysyl oxidase 3 R.C(+57.02)NIPYMGYET(+13.03)LIR.L 30.38 1641.801 13 41.8 821.9419 10.2 1858 405 417 Carbamidomethylation; Michael addition with
GK45_PICPB 7 methylamine
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13 4060 tr[AOAO93GFU4|A0A093 Mucin-5AC R.SQSVVGNVLEFANSWK.V 68.76 1763.884 16 1.4 882.9506 13.6 2567 216 231
GFU4_PICPB 5

13 4060 tr[AOAO93GFU4|A0A093 Mucin-5AC K.QC(+57.02)SIITSEVFAK.C 62.07 1381.691 12 11.6 691.8608 8.25 1407 259 270 Carbamidomethylation
GFU4_PICPB

13 4060 tr[AOAO93GFU4|A0A093 Mucin-5AC K. AWAQKQC(+57.02)SIITSEVFAK.C 61.8 1965.998 17 2.7 656.3418 8.51 1475 254 270 Carbamidomethylation
GFU4_PICPB

13 4060 tr[AOAO93GFU4|A0A093 Mucin-5AC R.VITENIPC(+57.02)GTTGTTC(+57.02)SK.S 61.05 1837.855 17 1.6 919.9363 6.38 958 110 126 Carbamidomethylation
GFU4_PICPB

13 4060 tr[AOA093GFU4|A0A093 Mucin-5AC K.GGC(+57.02)IAPEDC(+57.02)PC(+57.02) VHN(+.98) GNFYN 37.35 2820.169 25 0.5 941.0641 7.96 1340 19 43 Carbamidomethylation; Deamidation (NQ)
GFU4_PICPB PGESIR.V

13 4060 tr]AOA093GFU4|A0A093 Mucin-5AC K.Q(-17.03)C(+57.02)SIITSEVFAK.C 36.96 1364.665 12 49.7 683.3735 10.1 1834 259 270 Pyro-glu from Q; Carbamidomethylation
GFU4_PICPB 5

13 4060 tr] AOA093GFU4|A0A093 Mucin-5AC K.MPFQIR.S 24.55 790.416 6 -0.9 396.2149 7.59 1250 156 161
GFU4 PICPB

14 4069 tr[U3KBI8JU3KBI8_FICA Mucin-5AC isoform X2 K.IISSC(+57.02)PQMAHHWIVDDNK.N 51.31 2150.004 18 -5.1 538.5054 7.39 1199 359 376 Carbamidomethylation
L

14 4069 tr|U3KBIS|U3KBI8_FICA Mucin-5AC isoform X2 R.VYIDNYYC(+57.02)DAK.D 47.96 1422.613 11 0.2 712.3137 6.89 1082 238 248 Carbamidomethylation
L

14 4069 tr[U3KBI8|U3KBI8_FICA Mucin-5AC isoform X2 K.DC(+57.02)QEC(+57.02)VC(+57.02)DKNTLKVK(+27.99).C 303 1923.849 15 7.7 481.9732 537 777 542 556 Carbamidomethylation; Formylation
L

14 4069 tr[U3KBI8|U3KBI8_FICA Mucin-5AC isoform X2 MC(+57.02)LNYR.I 29.9 855.3731 6 1.8 428.6946 6.04 889 1 6 Carbamidomethylation
L

14 4069 | tr|USKBIS|U3KBIS FICA | Mucin-5AC isoform X2 K.SILIFYK.S 2755 | 882.5215 7 12 | 4422686 871 1517 256 | 262
L

14 4069 tr[U3KBI8|U3KBI8_FICA Mucin-5AC isoform X2 R.C(+57.02)QPVVC(+57.02)D(+14.02)TYC(+57.02)PLGYK(+4 27.27 3457.422 28 13.6 692.501 6.42 967 670 697 Carbamidomethylation; Methyl ester;
L 3.99)Y TVEPGQC(+57.02)C(+57.02)GTC(+57.02)K. A Carboxylation (DKW)

14 4069 tr[U3KBI8|U3KBI8_FICA Mucin-5AC isoform X2 R.GVC(+57.02)IDWR.G 27.02 904.4225 7 -2.5 453.2174 7.43 1208 454 460 Carbamidomethylation
L

14 4069 tr[U3KBI8|U3KBI8_FICA Mucin-5AC isoform X2 R.C(+57.02)QPVVC(+57.02)D(+14.02)TYC(+57.02)PLGYKYT 26.34 3457.422 28 12.6 865.3735 6.44 975 670 697 Carbamidomethylation; Methyl ester;
L VE(+43.99)PGQC(+57.02)C(+57.02)GTC(+57.02)K.A Carboxylation (E)

14 4069 tr[U3KBI8JU3KBI8_FICA Mucin-5AC isoform X2 K.GC(+57.02)VFDGC(+57.02)R.T 25.25 969.3796 8 0.2 485.6972 5.24 758 425 432 Carbamidomethylation

L
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14 4069 tr[U3KBI8|U3KBI8_FICA Mucin-5AC isoform X2 R.WPGEKWTKDCQEC(+57.02)VC(+57.02)DKNTLK.V 22.53 2624.182 21 -4.9 657.0496 5.87 859 534 554 Carbamidomethylation
L

15 4095 trGIN931|GIN931_MEL Mucin-5AC K.NQD(+14.02)QRGSFKMC(+57.02)LNYR.I 333 1929.894 15 17.6 483.4892 6.44 972 118 132 Methyl ester; Carbamidomethylation
GA

15 4095 tr{GIN931|GIN931_MEL Mucin-5AC S.FKMC(+57.02)LNYR.I 32.36 1130.537 8 0.2 377.8528 7.2 1152 125 132 Carbamidomethylation
GA

15 4095 tr{GIN931|GIN931_MEL Mucin-5AC K.NQD(+14.02)QRGSFKMC(+57.02)LNYRIR.V 31.02 2199.079 17 19.9 440.8318 6.91 1089 118 134 Methyl ester; Carbamidomethylation
GA

15 4095 tr|GIN931|GIN931_MEL Mucin-5AC KN(+14.02)QDQRGSFKMC(+57.02)LNYRIR.V 30.42 2199.079 17 20.4 440.832 6.93 1093 118 134 Methylation; Carbamidomethylation
GA

15 4095 tr|GIN931|GIN931_MEL Mucin-5AC K.MC(+57.02)LNYR.I 29.9 855.3731 6 1.8 428.6946 6.04 889 127 132 Carbamidomethylation
GA

15 4095 tr|GIN931|GIN931_MEL Mucin-5AC K.SHIFYK.T 27.55 882.5215 7 1.2 442.2686 8.71 1517 387 393
GA

15 4095 tr|GIN931|GIN931_MEL Mucin-5AC R.GVC(+57.02)IDWR.G 27.02 904.4225 7 -2.5 453.2174 7.43 1208 585 591 Carbamidomethylation
GA

15 4095 tr{GIN931|GIN931_MEL Mucin-5SAC K.GC(+57.02)VFDGC(+57.02)R.I 2525 969.3796 8 0.2 485.6972 5.24 758 556 563 Carbamidomethylation
GA

16 4071 tr|AOA0911517|AOA091IS Hypothetical protein R.VYIDNYYC(+57.02)DAK.D 47.96 1422.613 11 0.2 712.3137 6.89 1082 92 102 Carbamidomethylation
17_CALAN N300_06305

16 4071 tr/AOA0911517|AOA091IS Hypothetical protein K.LIWSEIFADC(+57.02)HS(- 37.1 3480.609 29 12.2 1161.225 14.6 2760 258 286 Carbamidomethylation; 2-amino-3-oxo-
17_CALAN N300_06305 2.02)VIPPEPFFKGC(+57.02)VFDGC(+57.02)R.1 5 butanoic_acid

16 4071 tr|AOA0911517|AOA091IS Hypothetical protein K.SIIIFYK.S 27.55 882.5215 7 1.2 442.2686 8.71 1517 110 116
17_CALAN N300_06305

16 4071 tr|AOA0911517|A0A09115 Hypothetical protein R.GVC(+57.02)IDWR.G 27.02 904.4225 7 -2.5 453.2174 7.43 1208 308 314 Carbamidomethylation
17_CALAN N300_06305

16 4071 tr[AOAO911517|AOA091IS Hypothetical protein K.GC(+57.02)VFDGC(+57.02)R.1 25.25 969.3796 8 0.2 485.6972 5.24 758 279 286 Carbamidomethylation
17_CALAN N300_06305

16 4071 tr|AOA0911517|A0A09115 Hypothetical protein G.DNK(+70.04)VEVIPTHC(+57.02)PPVK.E 23.97 1801.94 15 7.5 451.4955 6.48 982 10 24 Crotonaldehyde; Carbamidomethylation
17_CALAN N300_06305

17 2081 | tr/AOAOQ3SEHOJAOAOQ3 | Hypothetical protein K.C(+57.02)KPVIC(+57.02)DTYC(+57.02)P(+15.99)LGYKYT 63.8 | 2281.058 13 13 | 5712644 6.65 1022 378 | 395 | Carbamidomethylation; Hydroxylation
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SEH9_AMAAE AAES_28655 KK

17 4081 tr[AOAOQ3SEH9|A0A0Q3 Hypothetical protein K.C(+57.02)KPVIC(+57.02)DTYC(+57.02)P(+15.99)LGYK.Y 52.93 1888.852 15 -18.9 630.6128 6.63 1018 378 392 Carbamidomethylation; Hydroxylation
SEH9_AMAAE AAES_28655

17 4081 tr[AOAOQ3SEH9|A0A0Q3 Hypothetical protein R.VC(+57.02)STWGNFHFK.T 44.23 1381.624 11 -0.9 461.5481 7.89 1322 572 582 Carbamidomethylation
SEH9_AMAAE AAES_28655

17 4081 tr[AOAOQ3SEH9|A0A0Q3 Hypothetical protein K.SIIIFYK.S 27.55 882.5215 7 1.2 442.2686 8.71 1517 91 97
SEH9 AMAAE AAES_28655

17 4081 tr[AOAOQ3SEH9|A0A0Q3 Hypothetical protein K.GC(+57.02)VFDGC(+57.02)R.I 25.25 969.3796 8 0.2 485.6972 5.24 758 260 267 Carbamidomethylation
SEH9 AMAAE AAES_28655

18 4092 tr[AOA093PIMS|A0A093P Acidic mammalian chitinase A.YVLTC(+57.02)YFTNWAQYRPGLGK.Y 55.67 2336.141 19 0 779.7209 12.3 2299 16 34 Carbamidomethylation
IM5_9PASS 7

18 4092 tr[AOA093PIMS|A0A093P Acidic mammalian chitinase K. TLLAIGGWNFGTAK.F 45.97 1447.782 14 0.7 724.8989 12.0 2235 86 99
IM5_9PASS 6

18 4092 tr[AOAO93PIMS5|AOA093P Acidic mammalian chitinase N.EGKYPLIS(+14.02)TLKK.G 28.33 1389.823 12 5.1 348.4648 6.71 1039 368 379 Methylation
IM5_9PASS

18 4092 tr[AOAO93PIMS5|AOA093P Acidic mammalian chitinase K.YPLIT(sub S)TLKK.G 24.4 1075.664 9 3.6 359.5633 7.24 1164 371 379 Mutation
IM5_9PASS

18 4092 tr]AOAO93PIMS5|A0A093P Acidic mammalian chitinase K.YPLIS(+14.02)TLKK.G 22.66 1075.664 9 35 359.5632 7.22 1158 371 379 Methylation
IM5_9PASS

19 4080 tr[AOA091TIY4|A0A091 Mucin-5AC K.FGNNTEGQC(+57.02)GTC(+57.02)TNNKLDEC(+57.02)RL 35.64 2956.286 26 0.2 740.079 6.15 908 187 212 Carbamidomethylation
T9Y4 PHALP PSGK.V

19 4080 tr[AOA091TIY4|A0A091 Mucin-5AC K.LIWSE(sub K)IFAEC(+57.02)HAVIPPEPFFK.G 34.7 2529.277 21 -0.4 844.0992 14.8 2800 258 278 Carbamidomethylation; Mutation
T9Y4 PHALP 6

19 4080 tr[AOAO91TOY4|A0A091 Mucin-5AC K.SHIIFYK.F 27.55 882.5215 7 1.2 442.2686 8.71 1517 110 116
T9Y4_PHALP

19 4080 | tr]AOA091TIY4/A0A091 Mucin-5AC R.GVC(+57.02)IDWR.G 27.02 904.4225 7 25 453.2174 7.43 1208 308 314 | Carbamidomethylation
T9Y4_PHALP

19 4080 tr[AOAO91TOY4|A0A091 Mucin-5AC G.DNK(+70.04)VEVIPTHC(+57.02)PPVK.E 23.97 1801.94 15 7.5 451.4955 6.48 982 10 24 Crotonaldehyde; Carbamidomethylation
T9Y4_PHALP

20 4096 tr[AOAID5PU28|A0A1DS Mucin-5AC K.SC(+57.02)PAFN(+.98)PDLC(+57.02)EPDN(+.98)IQLSDDG 46.35 2841.099 24 -3.5 948.0368 7.57 1243 929 952 Carbamidomethylation; Deamidation (NQ)
PU28_CHICK C(+57.02)C(+57.02)R.V
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20 4096 tr{AOAID5PU28|A0A1DS Mucin-5AC K.SC(+57.02)PAFNPDLC(+57.02)EPDN(+.98)IQ(+.98)LSDDG 42.17 2841.099 24 -0.3 948.0399 7.55 1239 929 952 Carbamidomethylation; Deamidation (NQ)
PU28_CHICK C(+57.02)C(+57.02)R.V

20 4096 tr[AOAID5PU28|A0A1DS Mucin-5AC S.FKMC(+57.02)LNYR.I 32.36 1130.537 8 0.2 377.8528 7.2 1152 173 180 Carbamidomethylation
PU28_CHICK

20 4096 tr[AOAID5PU28|A0A1DS Mucin-5AC MC(+57.02)LNYR.I 29.9 855.3731 6 1.8 428.6946 6.04 889 1 6 Carbamidomethylation
PU28_CHICK

20 4096 trAOAID5PU28|A0A1DS Mucin-5AC K.SIIIFYK.S 27.55 882.5215 7 1.2 442.2686 8.71 1517 443 449
PU28_CHICK

20 4096 tr[AOAID5PU28|AO0A1DS Mucin-5AC R.GVC(+57.02)IDWR.G 27.02 904.4225 7 -2.5 453.2174 7.43 1208 641 647 Carbamidomethylation
PU28 CHICK

20 4096 trAOATD5PU28|A0A1DS Mucin-5SAC K.GC(+57.02)VFDGC(+57.02)R.I 2525 969.3796 8 0.2 485.6972 5.24 758 612 619 Carbamidomethylation
PU28_CHICK

22 4108 tr[AOAO91TEI1|AOA091T Acidic mammalian chitinase R.GSPAQDKTLFTVLVKEMVAAFEQEAQ.Q 56.96 2836.432 26 13.2 710.1246 16.8 3162 138 163
EIl_NESNO 1

22 4108 tr[AOAO91TEI1|AOA091T Acidic mammalian chitinase R.GSPAQDKTLFTVLVK.E 56.56 1602.898 15 41.6 535.3289 9.59 1703 138 152
EIl_NESNO

22 4108 tr[AOAO91TEI1|AOA091T Acidic mammalian chitinase R.GSPAQDKTLFTVLVKEMVAAFEQEAQQVNKPRLM(- 33.28 3772.982 34 -48.3 944.2073 16.8 3165 138 171 Homoserine
EIl_NESNO 29.99).V 2

22 4108 tr[AOAO91TEI1|AOA091T Acidic mammalian chitinase K.TLFTVLVK.E 29.69 919.5742 8 30.8 460.8085 9.96 1789 145 152
EIl_NESNO

23 4058 tr]/AOA093BFV9|A0A093 Acidic mammalian chitinase K.EEMVAAFEQEAR.Q 51.18 1279.587 11 -0.4 640.8004 7.26 1167 143 153
BFV9_CHAPE

23 4058 tr]AOA093BFV9|A0A093 Acidic mammalian chitinase K. TLLAIGGWNFGTAK.F 45.97 1447.782 14 0.7 724.8989 12.0 2235 74 87
BFV9_CHAPE 6

23 4058 tr/AOA093BFV9|A0A093 Acidic mammalian chitinase K.LLVGFPTYGR.T 40.33 1121.623 10 4.7 561.8215 9.34 1650 237 246
BFV9_CHAPE

23 4058 tr[AOAO93BFV9|A0A093 Acidic mammalian chitinase K. TLFTVLVK.E 29.69 919.5742 8 30.8 460.8085 9.96 1789 135 142
BFV9_CHAPE

24 4070 tr[AOAO93F6E7|AOA093F Acidic mammalian chitinase K. TLLAIGGWNFGTAK.F 45.97 1447.782 14 0.7 724.8989 12.0 2235 80 93
6E7_TYTAL 6

24 4070 tr[AOAO93F6E7|AOA093F Acidic mammalian chitinase K.GNEWVGYDNIK.S 42 1293.599 11 -8.8 647.801 7.43 1207 318 328
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6E7_TYTAL

24 4070 tr[AOAO93F6E7|AOA093F Acidic mammalian chitinase K.LLVGFPTYGHNFNLQNPAD(+14.02)TAVGAPATGPGPAG 39.07 3751.875 37 8.9 938.9843 12.3 2298 248 284 Methyl ester
6E7_TYTAL PYTR.Q 7

24 4070 tr[AOAO93F6E7|AOA093F Acidic mammalian chitinase K.TLFTVLVK.E 29.69 919.5742 8 30.8 460.8085 9.96 1789 141 148
6E7_TYTAL

25 4072 trHOZGX3/HOZGX3_TA Mucin-5AC R.VYIDNYYC(+57.02)DAK.D 47.96 1422.613 11 0.2 712.3137 6.89 1082 92 102 Carbamidomethylation
EGU

25 4072 trHOZGX3/HOZGX3_TA Mucin-5AC K.SHIFYK.S 27.55 882.5215 7 1.2 442.2686 8.71 1517 110 116
EGU

25 4072 tr[HOZGX3|HOZGX3_TA Mucin-5AC R.GVC(+57.02)IDWR.G 27.02 904.4225 7 -2.5 453.2174 7.43 1208 308 314 Carbamidomethylation
EGU

25 4072 tr[HOZGX3|HOZGX3_TA Mucin-5AC K.GC(+57.02)VFDGC(+57.02)R.1 25.25 969.3796 8 0.2 485.6972 5.24 758 279 286 Carbamidomethylation
EGU

25 4072 tr[HOZGX3|HO0ZGX3_TA Mucin-5AC R.N(+42.01)VTLTC(+57.02)SD(+21.98)GTSLDHSYTY VEK.C 24.57 2453.067 21 358 491.6382 6.49 985 693 713 Acetylation (N-term); Carbamidomethylation;
EGU Sodium adduct

25 4073 tr[HOZGWS/HOZGWS_T Mucin-5AC R.VYIDNYYC(+57.02)DAK.D 47.96 1422.613 11 0.2 712.3137 6.89 1082 92 102 Carbamidomethylation
AEGU

25 4073 tr[HOZGWS8/HOZGWS_T Mucin-5AC K.SHIFYK.S 27.55 882.5215 7 1.2 442.2686 8.71 1517 110 116
AEGU

25 4073 tr[HOZGWS8/HOZGWS_T Mucin-5AC R.GVC(+57.02)IDWR.G 27.02 904.4225 7 -2.5 453.2174 7.43 1208 308 314 Carbamidomethylation
AEGU

25 4073 trHOZGW8HOZGWS_T Mucin-5AC K.GC(+57.02)VFDGC(+57.02)R.1 25.25 969.3796 8 0.2 485.6972 5.24 758 279 286 Carbamidomethylation
AEGU

25 4073 trHOZGW8HOZGWS_T Mucin-5AC R.N(+42.01)VTLTC(+57.02)SD(+21.98)GTSLDHSYTY VEK.C 24.57 2453.067 21 358 491.6382 6.49 985 696 716 Acetylation (N-term); Carbamidomethylation;
AEGU Sodium adduct

26 4132 tr[AOAO9INMI19|A0A091 Ovoinhibitor R.TEIDGHVLVAC(+57.02)PR.I 67.17 1465.735 13 1 733.8754 6.98 1102 76 88 Carbamidomethylation
NMI19_APAVI

26 4132 tr|AOAO9INM19|A0A091 Ovoinhibitor R.YQ(sub R)RTEIDGHVLVAC(+57.02)PR.I 42.02 1912.958 16 1.9 479.2476 6.75 1047 73 88 Carbamidomethylation; Mutation
NMI19_APAVI

26 4132 tr|AOAO9INM19|A0A091 Ovoinhibitor E.IDGHVLVAC(+57.02)PR.I 26.16 1235.644 11 -0.4 618.8292 7.02 1112 78 88 Carbamidomethylation
NM19_APAVI
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27 4079 | tr|AOA091T2D6|A0A091 Hypothetical protein K.YHGC(+57.02)VSPAPVEMN(sub 36.61 2808.104 24 -12.9 937.0297 7.35 1188 643 666 | Carbamidomethylation; Mutation
T2D6_9AVES N334_09374 T)YC(+57.02)EGSC(+57.02)DAYSR.Y

27 4079 | tr|AOA091T2D6|A0A091 Hypothetical protein K.FGNNTEGQC(+57.02)GTC(+57.02)TNNKLDEC(+57.02)RL 35.64 2956.286 26 0.2 740.079 6.15 908 187 212 | Carbamidomethylation
T2D6_9AVES N334_09375 PSGK.I

27 4079 | tr|AOA091T2D6|A0A091 Hypothetical protein K.SIIIFYK.S 27.55 882.5215 7 1.2 442.2686 8.71 1517 110 116
T2D6_9AVES N334_09376

27 4079 | tr]AOA091T2D6]A0A091 Hypothetical protein R.GVC(+57.02)IDWR.G 27.02 904.4225 7 -2.5 453.2174 7.43 1208 307 313 | Carbamidomethylation
T2D6_9AVES N334_09377

27 4079 | tr]AOA091T2D6]A0A091 Hypothetical protein K.GC(+57.02)VFDGC(+57.02)R.1 25.25 969.3796 8 0.2 485.6972 5.24 758 278 285 | Carbamidomethylation
T2D6_9AVES N334 09378

28 4280 | tr[HOZM61|HOZM61 TA Deleted in malignant brain E.TITYSNVIK.V 27.32 1037.576 9 0.1 519.7952 6.89 1085 180 188
EGU tumors 1 protein

28 4280 | tr[HOZM61|HOZM61 TA Deleted in malignant brain R.NYPD(sub N)NANC(+57.02) VWEIQVKN(sub S)NFR.V 25.42 2380.102 19 15.2 596.0417 8.18 1392 20 38 | Carbamidomethylation; Mutation
EGU tumors 1 protein

28 4280 | tr[HOZM61|HOZM61 TA Deleted in malignant brain R.NYPD(sub N)NANC(+57.02)VWEIQVK.S 24.62 1848.846 15 21.1 617.3024 8 1350 20 34 | Carbamidomethylation; Mutation
EGU tumors 1 protein

28 4280 tr[HOZM61[HOZM61_TA Deleted in malignant brain R.NYPND(sub N)ANC(+57.02)VWEIQVK.S 22.54 1848.846 15 229 925.4517 8.08 1370 20 34 Carbamidomethylation; Mutation
EGU tumors 1 protein

29 4088 | tr|/AOA093JL69|A0A093] 45 kDa calcium-binding protein | R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 68.62 3392.61 28 -0.4 849.1594 14.9 2818 174 201
L69_STRCA 6

29 4088 | tr|AOA093JL69|A0A093] 45 kDa calcium-binding protein | R.AVDPDGDGHVSWDEYKVK.F 55.37 2015.922 18 1.3 504.9885 6.96 1098 118 135
L69_STRCA

29 4087 | tr|/AOA093GZTO|A0A093 45 kDa calcium-binding protein | R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 68.62 3392.61 28 -0.4 849.1594 14.9 2818 174 201
GZT0_PICPB 6

29 4087 | tr|AOA093GZTO|A0A093 45 kDa calcium-binding protein R.AVDPDGDGHVSWDEYKVK.F 55.37 2015.922 18 1.3 504.9885 6.96 1098 118 135
GZT0_PICPB

29 4086 | tr|AOAO91JRH3|A0A091J 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 68.62 3392.61 28 -0.4 849.1594 14.9 2818 174 201
RH3_9AVES 6

29 4086 | trAOA091JRH3|A0A091) 45 kDa calcium-binding protein R.AVDPDGDGHVSWDEYKVK.F 55.37 2015.922 18 1.3 504.9885 6.96 1098 118 135
RH3_9AVES

29 4085 tr[AOA093Q7F3|A0A093 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 68.62 3392.61 28 -0.4 849.1594 14.9 2818 174 201
Q7F3_9PASS 6
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29 4085 tr[AOA093Q7F3|A0A093 45 kDa calcium-binding protein R.AVDPDGDGHVSWDEYKVK.F 55.37 2015.922 18 1.3 504.9885 6.96 1098 118 135
Q7F3_9PASS
30 4101 tr[AOA093TYD2|AOA0931 Acidic mammalian chitinase K.GNEWVGYDNIK.S 42 1293.599 11 -8.8 647.801 7.43 1207 245 255
YD2_PICPB
30 4101 tr[AOA093TYD2|AOA0931 Acidic mammalian chitinase K.EEMVAAFEQEAK.E 38.8 1251.58 11 1.9 626.7987 7.11 1134 76 86
YD2_PICPB
31 4307 tr|AOA091P1K5|A0A091P Lysosomal-trafficking regulator L.LVQFAFR.E 23.04 879.4966 7 1.3 440.7562 7.98 1342 2351 235
1K5_HALAL 7
31 4310 | tr|lUSKGEO|U3KGEO_FIC Lysosomal-trafficking regulator | L.LVQFAFR.E 23.04 879.4966 7 1.3 440.7562 7.98 1342 3440 344
AL 6
31 4322 trAOAIDSNWU9|AOAID Lysosomal-trafficking regulator L.LVQFAFR.E 23.04 879.4966 7 1.3 440.7562 7.98 1342 1489 149
SNWU9_CHICK s
31 4325 | tr/AOAO93FWF9|A0A093 Lysosomal-trafficking regulator | L.LVQFAFR.E 23.04 879.4966 7 1.3 440.7562 7.98 1342 2331 233
FWF9_PICPB 7
31 4326 | tr/AOAO91LIV9|AOA091L Lysosomal-trafficking regulator | L.LVQFAFR.E 23.04 879.4966 7 1.3 440.7562 7.98 1342 2348 235
IV9_CATAU !
31 4327 tr]/AOA093F2B5|A0A093F Lysosomal-trafficking regulator L.LVQFAFR.E 23.04 879.4966 7 1.3 440.7562 7.98 1342 2349 235
2B5_TYTAL 5
31 4333 tr[AOAO9TWI1W3|A0A09 Lysosomal-trafficking regulator L.LVQFAFR.E 23.04 879.4966 7 1.3 440.7562 7.98 1342 2352 235
1WIW3_OPIHO 8
31 4332 tr|AOAO87R6Y7|AOA087 Lysosomal-trafficking regulator L.LVQFAFR.E 23.04 879.4966 7 1.3 440.7562 7.98 1342 2352 235
R6Y7_APTFO 8
31 4331 tr|AOAO91PAF4|A0A091 Lysosomal-trafficking regulator L.LVQFAFR.E 23.04 879.4966 7 1.3 440.7562 7.98 1342 2352 235
PAF4_LEPDC 8
31 4330 tr[AOAO93LET3|A0A093 Lysosomal-trafficking regulator L.LVQFAFR.E 23.04 879.4966 7 1.3 440.7562 7.98 1342 2352 235
LET3_FULGA 8
31 4329 | tr|AOAOAOAIN3|AOAOAD Lysosomal-trafficking regulator | L.LVQFAFR.E 23.04 879.4966 7 1.3 440.7562 7.98 1342 2352 235
AIN3_CHAVO 8
31 4328 | tr|/AOA091T8QIJA0A09] Lysosomal-trafficking regulator | L.LVQFAFR.E 23.04 879.4966 7 1.3 440.7562 7.98 1342 2352 235
T8QI1_PHALP 8
31 4336 tr[AOA091VSX4|A0A091 Lysosomal-trafficking regulator L.LVQFAFR.E 23.04 879.4966 7 1.3 440.7562 7.98 1342 2353 235
VSX4_NIPNI 9
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31 4335 | tr]AOA091SJ61|A0A091S Lysosomal-trafficking regulator | L.LVQFAFR.E 23.04 879.4966 7 1.3 440.7562 7.98 1342 2353 235
J61_9AVES 9

31 4334 | tr]AOA093P913|A0A093P Lysosomal-trafficking regulator | L.LVQFAFR.E 23.04 879.4966 7 1.3 440.7562 7.98 1342 2353 235
913_PYGAD 9

31 4337 | tr]AOAO9IMNM3|A0A09 Lysosomal-trafficking regulator | L.LVQFAFR.E 23.04 879.4966 7 1.3 440.7562 7.98 1342 2357 236
IMNM3_9PASS 3

31 4338 | tr]AOAO9IRFP2|A0A091 Lysosomal-trafficking regulator | L.LVQFAFR.E 23.04 879.4966 7 1.3 440.7562 7.98 1342 2358 236
RFP2_MERNU 4

31 4342 | tr]AOAOQ3PLA9|AOA0Q3 | Lysosomal-trafficking regulator | L.LVQFAFR.E 23.04 879.4966 7 1.3 440.7562 7.98 1342 3395 340
PLA9 AMAAE 1

31 4343 | tr/AOAID5SPAGS|AOAIDS Lysosomal-trafficking regulator | L.LVQFAFR.E 23.04 879.4966 7 1.3 440.7562 7.98 1342 3432 343
PA68_CHICK 8

31 4344 | tr|ROJM22[ROJIM22_ANA Lysosomal-trafficking regulator | L.LVQFAFR.E 23.04 879.4966 7 1.3 440.7562 7.98 1342 3436 344
PL 2

32 4089 | tr]AOAOQ3XB34|A0A0Q3 | Lysyl oxidase 3 R.ELGFGSAKEALTGAR.M 57.69 1505.784 15 -1.3 502.9345 7.77 1294 139 153
XB34_AMAAE

32 4089 | trlAOAOQ3XB34|A0A0Q3 | Lysyl oxidase 3 R.VEVAVGAGAGEQPR.W 49.8 1338.689 14 0.4 670.3521 5.89 862 222 235
XB34_AMAAE

33 4348 | tr]AOAO9INGE4|A0A091 Ovoinhibitor R.NTKTGEE(sub A)IGACPFILR.E 25.79 1747.893 16 52 874.9991 11.7 2168 272 287 | Mutation
N6E4_9PASS 6

34 4218 | tr|]AOA094MEI7|A0A094 Ovoinhibitor G.QIMAC(+57.02)TMIYDPVC(+57.02)GTDGVTYASEC(+57.0 36.95 3972.703 34 75.3 994.2579 11.0 2007 344 377 | Carbamidomethylation
MEI7_ANTCR 2)TLC(+57.02)AHNLEHR.T 1

35 4357 | tr]AOA093BE17|A0A093 Deleted in malignant brain R.KSPSVYLKC(+57.02)EFVVC(+57.02)Q(sub R)A(sub 27.19 2669.262 22 25 668.3394 8.14 1382 80 101 | Carbamidomethylation; Mutation
BE17_CHAPE tumors 1 protein T)YDYA(sub H)SR.C

36 4241 | tr|U3JHL5|U3JHLS_FICA | 78 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 33.66 1835.927 17 6.6 918.9766 8.27 1412 449 465
L protein/ Heat shock protein

70kDa
36 4240 | tr|[HOZAB3|HOZAB3_TA 79 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 33.66 1835.927 17 6.6 918.9766 8.27 1412 448 464

EGU

protein/ Heat shock protein
70kDa
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36 4239 | tr|AOPA15[AOPAIS_COT 80 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 33.66 1835.927 17 6.6 918.9766 8.27 1412 446 462
JA protein/ Heat shock protein
70kDa
36 4238 | tr|AOZT13|A0ZT13_COT 81 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 33.66 1835.927 17 6.6 918.9766 8.27 1412 446 462
JA protein/ Heat shock protein
70kDa
36 4237 | tr/AOAO91F8D2|AOA091F | 82 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 33.66 1835.927 17 6.6 918.9766 8.27 1412 447 463
8D2_CORBR protein/ Heat shock protein
70kDa
36 4236 | tr/AOA091KVO08|A0A091 83 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 33.66 1835.927 17 6.6 918.9766 8.27 1412 414 430
KV08_9GRUI protein/ Heat shock protein
70kDa
36 4235 tr]AOA093QLZ7|A0A093 84 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 33.66 1835.927 17 6.6 918.9766 8.27 1412 407 423
QLZ7_9PASS protein/ Heat shock protein
70kDa
36 4234 | tr|U31640[U31640_ANAP 85 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 33.66 1835.927 17 6.6 918.9766 8.27 1412 406 422
L protein/ Heat shock protein
70kDa
36 4233 | tr]AOA0O91VIRS|AOA091 86 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 33.66 1835.927 17 6.6 918.9766 8.27 1412 407 423
VI9R8_OPIHO protein/ Heat shock protein
70kDa
36 4232 | tr]AOAO91VTRS|A0A091 87 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 33.66 1835.927 17 6.6 918.9766 8.27 1412 407 423
VTR8_NIPNI protein/ Heat shock protein
70kDa
36 4231 tr|AOAO9THVD4|A0A091 88 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 33.66 1835.927 17 6.6 918.9766 8.27 1412 407 423
HVD4_CALAN protein/ Heat shock protein
70kDa
36 4230 | tr/AOAO87R4J8|AOAO87R 89 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 33.66 1835.927 17 6.6 918.9766 8.27 1412 407 423
4J8_APTFO protein/ Heat shock protein
70kDa
36 4229 | tr]AOA093J3B2|A0A093] 90 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 33.66 1835.927 17 6.6 918.9766 8.27 1412 407 423
3B2_PICPB protein/ Heat shock protein
70kDa
36 4228 | tr]AOAO93EHT4|A0A093 91 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 33.66 1835.927 17 6.6 918.9766 8.27 1412 407 423
EHT4 TYTAL protein/ Heat shock protein
70kDa
36 4227 | tr|/AOAO91LT36|A0A091IL | 92 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 33.66 1835.927 17 6.6 918.9766 8.27 1412 407 423
T36_CARIC protein/ Heat shock protein
70kDa
36 4226 | trAOAO91H8K7|A0A091 93 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 33.66 1835.927 17 6.6 918.9766 8.27 1412 407 423

protein/ Heat shock protein
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H8K7_9AVES 70kDa
36 4225 | tr]AOA093CJ49|A0A093C 94 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 33.66 1835.927 17 6.6 918.9766 8.27 1412 407 423
J49 9AVES protein/ Heat shock protein
70kDa
36 4224 | tr]AOAO93HULS|A0A093 95 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 33.66 1835.927 17 6.6 918.9766 8.27 1412 407 423
HUL5_STRCA protein/ Heat shock protein
70kDa
36 4223 | tr]AOAO9IMLLI1|A0OA091 96 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 33.66 1835.927 17 6.6 918.9766 8.27 1412 407 423
MLL1_9PASS protein/ Heat shock protein
70kDa
36 4222 | tr]AOA091U752|A0A091 97 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 33.66 1835.927 17 6.6 918.9766 8.27 1412 396 412
U752_PHORB protein/ Heat shock protein
70kDa
36 4221 tr|AOA093J4G2|A0A093] 98 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 33.66 1835.927 17 6.6 918.9766 8.27 1412 393 409
4G2_EURHL protein/ Heat shock protein
70kDa
36 4220 | tr|GINSRS|GINSR5_ME 99 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 33.66 1835.927 17 6.6 918.9766 8.27 1412 407 423
LGA protein/ Heat shock protein
70kDa
37 4248 | tr]AOA093TKC6|A0A093 Nucleobindin-2 R.LVTLEEFLR.A 27.89 1118.634 9 27.1 560.3392 12.2 2264 312 320
TKC6_PHACA
37 4249 | tr|U3ISHI|U3ISH1_ANA Nucleobindin-2 R.LVTLEEFLR.A 27.89 1118.634 9 27.1 560.3392 12.2 2264 320 328
PL
37 4259 | tr]AOA093GVRI1|A0A093 Nucleobindin-2 R.LVTLEEFLR.A 27.89 1118.634 9 27.1 560.3392 12.2 2264 313 321
GVRI_PICPB
37 4261 tr|AOA093IF41|AOA093IF Nucleobindin-2 R.LVTLEEFLR.A 27.89 1118.634 9 27.1 560.3392 12.2 2264 312 320
41_FULGA
37 4260 | tr]AOAO91TQN7|A0A091 Nucleobindin-2 R.LVTLEEFLR.A 27.89 1118.634 9 27.1 560.3392 12.2 2264 312 320
TQN7_PHALP
37 4262 | tr]AOA091SAC3|A0A091 Nucleobindin-2 R.LVTLEEFLR.A 27.89 1118.634 9 27.1 560.3392 12.2 2264 312 320
SAC3_NESNO
37 4250 | tr]AOAO9THNJ7|A0A091 Nucleobindin-2 R.LVTLEEFLR.A 27.89 1118.634 9 27.1 560.3392 12.2 2264 311 319
HNJ7_CALAN
37 4274 | tr]AOAO91PFA1]A0A091 Nucleobindin-2 R.LVTLEEFLR.A 27.89 1118.634 9 27.1 560.3392 12.2 2264 312 320

PFA1_LEPDC
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37 4273 | t/AOAOAOAZD6/AOAOA | Nucleobindin-2 RLVTLEEFLR.A 2789 | 1118.634 271 | 5603392 122 2264 312 | 320
0AZD6_CHAVO

37 4272 | twAOAQ9THI7I[AOA09TH | Nucleobindin-2 RLVTLEEFLR.A 2789 | 1118.634 271 | 5603392 122 2264 312 | 320
J71_BUCRH

37 4271 | wFINGBIFINGBI_CHI | Nucleobindin-2 isoform X1 R.LVTLEEFLR.A 2789 | 1118.634 271 | 5603392 122 2264 312 | 320
CK

37 4270 | t/AOA09TVMWG]AOA09 | Nucleobindin-2 R.LVTLEEFLR.A 2789 | 1118.634 271 | 5603392 122 2264 312 | 320
1VMW6_NIPNI

37 4269 | tr/AOA094KJ55]A0A094K | Nucleobindin-2 R.LVTLEEFLR.A 2789 | 1118.634 271 | 5603392 122 2264 312 | 320
J55_ANTCR

37 4268 | |AOAO94L6HB[AOA094 | Nucleobindin-2 R.LVTLEEFLR. A 2789 | 1118.634 27.0 | 5603392 122 2264 312 | 320
L6H8 9AVES

37 4267 | t|AOA093PSKO/AOA093 | Nucleobindin-2 R.LVTLEEFLR. A 2789 | 1118.634 27.1 | 5603392 122 2264 312 | 320
PSK0_9PASS

37 4266 | tHOZEBS|HOZEBS_TAE | Nucleobindin-2 RLVTLEEFLR.A 2789 | 1118.634 271 | 5603392 122 2264 312 | 320
GU

37 4265 | t/AOA09TEDIS[A0A091 | Nucleobindin-2 RLVTLEEFLR.A 2789 | 1118.634 271 | 5603392 122 2264 312 | 320
ED95_CORBR

37 4264 | tQSZHRIJQSZHRI_CHI | Nucleobindin-2 precursor RLVTLEEFLR.A 2789 | 1118.634 271 | 5603392 122 2264 312 | 320
CK

37 4263 | t/AOA09IL2T7|AOA09IL | Nucleobindin-2 RLVTLEEFLR.A 2789 | 1118.634 271 | 5603392 122 2264 312 | 320
2T7_9GRUI

37 4255 | |AOA093CUP2[A0A093 | Nucleobindin-2 R.LVTLEEFLR A 2789 | 1118.634 27.0 | 5603392 122 2264 312 | 320
CUP2_9AVES

37 4254 | |AOAO91GCH4[A0A091 | Nucleobindin-2 R.LVTLEEFLR A 2789 | 1118.634 27.0 | 5603392 122 2264 312 | 320
GCH4_9AVES

37 4253 | t|AOA093IDZ9JA0A093) | Nucleobindin-2 R.LVTLEEFLR A 2789 | 1118.634 27.0 | 5603392 122 2264 312 | 320
DZ9 EURHL

37 4252 | |AOAOS7RK71|AOA087 | Nucleobindin-2 R.LVTLEEFLR.A 2789 | 1118.634 27.0 | 5603392 122 2264 312 | 320
RK71_APTFO

37 4251 | tROLGO4ROLG94_ANA | Nucleobindin-2 RLVTLEEFLR.A 2789 | 1118.634 271 | 5603392 122 2264 312 | 320
PL

37 4275 | t/AOA09TUGDSIAOA091 | Nucleobindin-2 RLVTLEEFLR.A 2789 | 1118.634 271 | 5603392 122 2264 312 | 320
U6D8_PHORB

37 4256 | tr/AOA093HG29]A0A093 | Nucleobindin-2 RLVTLEEFLR A 2789 | 1118.634 271 | 5603392 122 2264 312 | 320
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HG29_STRCA

37 4276 | tr]AOAO9TIWI1|AOA091T Nucleobindin-2 R.LVTLEEFLR.A 27.89 1118.634 9 27.1 560.3392 12.2 2264 312 320
WI1_9AVES

37 4277 | tr|GIN538|GIN538 MEL Nucleobindin-2 R.LVTLEEFLR.A 27.89 1118.634 9 27.1 560.3392 12.2 2264 316 324
GA

37 4278 | tr|U3JDE6|U3JIDE6_FICA | Nucleobindin-2 R.LVTLEEFLR.A 27.89 1118.634 9 27.1 560.3392 12.2 2264 325 333
L

37 4257 | tr]AOA0Q3X4D7|A0A0Q Nucleobindin-2 R.LVTLEEFLR.A 27.89 1118.634 9 27.1 560.3392 12.2 2264 358 366
3X4D7_AMAAE

38 4286 | tr]AOAOAOAR29|AOAOA0 | RGM domain family member K.ITIIFK.S 2533 733.4738 6 32 367.7453 8.33 1427 176 181
AR29 CHAVO B

39 4285 | tr]AOA091U916|A0A091 Calcineurin-like L.VFVSGNHDIGNTPTK.E 24.95 1584.79 15 28.1 793.4243 24.3 4323 98 112
U916_PHORB phosphoesterase domain- 8

containing protein 1

41 4242 | tr]AOA091V887]A0A091 Ovoinhibitor V.IGDHVLVAC(+57.02)PR.I 31.03 1235.644 11 22 618.8308 7 1108 78 88 | Carbamidomethylation
V887 _NIPNI

42 4279 tr[AOA093QEZ4|A0A093 Ovoinhibitor K.SIVIDC(+57.02)SK.Y 27.48 920.4637 8 1 461.2396 5.55 804 65 72 Carbamidomethylation
QEZ4_9PASS

44 4297 | tr]AOAO91XAE4|A0A091 Zona pellucida sperm-binding K.AFAFVSGDK.A 2328 940.4654 9 -51.9 471.2155 6.2 918 565 573
XAE4_OPIHO protein 2

44 4299 | tr|FINNUI|FINNUI_CHI Zona pellucida sperm-binding K.AFAFVSGDK.A 2328 940.4654 9 -51.9 471.2155 6.2 918 574 582
CK protein 2

44 4298 | trlQ2PGY2|Q2PGY2_CHI | Zona pellucida A K.AFAFVSGDK.A 23.28 940.4654 9 -51.9 471.2155 6.2 918 574 582
CK

44 4300 | trlQ5CZI6|Q5CZI6_CHIC Zona pellucida protein K.AFAFVSGDK.A 23.28 940.4654 9 -51.9 471.2155 6.2 918 614 622
K

47 4172 | tr]AOAO9IMIKS5|A0A091 Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 44.09 1261.646 12 -30.4 631.8109 9.87 1770 98 109
MIK5_CARIC
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47 4173 tr/AOAIDSPQM2|A0A1D Neuropilin and tolloid-like R.DGPFGFSPIIGR.F 44.09 1261.646 12 -30.4 631.8109 9.87 1770 105 116
5PQM2_CHICK protein 1 isoform X2

47 4174 tr]/AOAO93FGT3|A0A093 Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 44.09 1261.646 12 -30.4 631.8109 9.87 1770 32 43
FGT3_TYTAL

47 4175 tr[AOAO87QND6|A0A087 Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 44.09 1261.646 12 -30.4 631.8109 9.87 1770 32 43
QND6_APTFO

47 4176 trROLMR2|ROLMR2_AN Neuropilin and tolloid-like R.DGPFGFSPIIGR.F 44.09 1261.646 12 -30.4 631.8109 9.87 1770 79 90
APL protein 1

47 4177 tr[AOAO91JZCY|AOA091) Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 44.09 1261.646 12 -30.4 631.8109 9.87 1770 79 90
ZC9_COLST

47 4196 tr[AOAO93FW41]A0A093 Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 44.09 1261.646 12 -30.4 631.8109 9.87 1770 98 109
FW41_GAVST

47 4195 tr[AOA091SKD1]A0A091 Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 44.09 1261.646 12 -30.4 631.8109 9.87 1770 98 109
SKDI_9GRUI

47 4194 tr{AOA099Z9Q6|A0A099 Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 44.09 1261.646 12 -30.4 631.8109 9.87 1770 98 109
Z9Q6_TINGU

47 4193 tr]AOAO91ICA8|AOA0911T Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 44.09 1261.646 12 -30.4 631.8109 9.87 1770 98 109
CA8_CALAN

47 4192 tr[AOA091JE74|A0A091] Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 44.09 1261.646 12 -30.4 631.8109 9.87 1770 98 109
E74 9AVES

47 4191 tr AOAOAOARNS5|AOAOA Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 44.09 1261.646 12 -30.4 631.8109 9.87 1770 98 109
0ARN5_CHAVO

47 4190 tr[AOA093GYX1|A0A093 Neuropilin and tolloid-like 1 R.DGPFGFSPILGR.F 44.09 1261.646 12 -30.4 631.8109 9.87 1770 98 109
GYXI1_PICPB

47 4189 tr[AOAO93IPZ4|A0A0931 Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 44.09 1261.646 12 -30.4 631.8109 9.87 1770 98 109
PZ4 EURHL

47 4188 tr[AOAO91F3F2|A0A091F Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 44.09 1261.646 12 -30.4 631.8109 9.87 1770 98 109
3F2 CORBR

47 4187 tr[AOAO93QEM7|A0A093 Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 44.09 1261.646 12 -30.4 631.8109 9.87 1770 98 109
QEM7_9PASS

47 4186 tr[HOZFWS8HOZFW8_TA Neuropilin and tolloid-like 1 R.DGPFGFSPILGR.F 44.09 1261.646 12 -30.4 631.8109 9.87 1770 98 109
EGU

47 4185 tr|AOA093BGU1|A0A093 Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 44.09 1261.646 12 -30.4 631.8109 9.87 1770 98 109
BGU1_CHAPE

47 4184 tr[AOAO91WRF1|A0A091 Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 44.09 1261.646 12 -30.4 631.8109 9.87 1770 98 109

249




WRF1_NIPNI

47 4183 tr]/AOAO9 1 WHV3|A0A09 Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 44.09 1261.646 12 -30.4 631.8109 9.87 1770 98 109
1WHV3_OPIHO

47 4182 tr]/AOAO93HHI2|A0A093 Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 44.09 1261.646 12 -30.4 631.8109 9.87 1770 98 109
HHJ2_STRCA

47 4181 tr|/AOAO93NAE4|A0A093 Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 44.09 1261.646 12 -30.4 631.8109 9.87 1770 98 109
NAE4_PYGAD

47 4180 tr]/AOAO91TLDOJAOA091 Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 44.09 1261.646 12 -30.4 631.8109 9.87 1770 97 108
TLDO_9AVES

47 4179 tr[AOA091Q239|A0A091 Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 44.09 1261.646 12 -30.4 631.8109 9.87 1770 97 108
Q239 LEPDC

47 4178 tr]AOA091G4C9|A0A091 Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 44.09 1261.646 12 -30.4 631.8109 9.87 1770 97 108
G4C9_9AVES

47 4199 tr{U3IQMO|U3IQMO_AN Neuropilin and tolloid-like R.DGPFGFSPIIGR.F 44.09 1261.646 12 -30.4 631.8109 9.87 1770 108 119
APL protein 1 isoform X1

47 4198 tr|GIN880|GIN&80_MEL Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 44.09 1261.646 12 -30.4 631.8109 9.87 1770 107 118
GA

47 4197 tr] AOAOQ3TPW3|A0A0Q Neuropilin and tolloid-like R.DGPFGFSPIIGR.F 44.09 1261.646 12 -30.4 631.8109 9.87 1770 105 116
3TPW3_AMAAE protein 1
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Supplementary File 2

Protein Protein Protein Accession Protein Name Peptide Unique -101gP Mass Length ppm m/z RT Scan #Spec Start End PTM
Group ID
4026 trHOZGY9HOZGY9_TA Mucin-5AC R.EC(+57.02)HC(+57.02)TYEGETYAPGASFSSK.C N 70.1 227991 20 0.5 760.9 6.56 986 2 393 412 Carbamidomethylation
EGU 777
4026 trHOZGY9HOZGY9_TA Mucin-5AC K.SLKYTYNVDSC(+57.02)QPTC(+57.02)R.S N 64.5 1990.888 16 0.2 664.6 6.4 949 2 707 722 Carbamidomethylation
EGU 367
4026 trHOZGY9HOZGY9_TA Mucin-5AC K.LC(+57.02)DSNEFTVLGDIHK.C N 63.74 1746.825 15 1.8 583.2 8.26 1396 2 463 477 Carbamidomethylation
EGU 832
4026 trHOZGY9HOZGY9_TA Mucin-5AC K.TTSGVIEGTSAAFGNTWK.T N 59.64 1825.885 18 2.1 913.9 8.77 1509 2 584 601
EGU 515
4026 trHOZGY9HOZGY9_TA Mucin-5AC S.GPNQGDFETYQHIR.A Y 58.8 1660.759 14 1.8 831.3 6.51 974 4 1618 1631
EGU 885
4026 trHOZGY9HOZGY9_TA Mucin-5AC R.VITENIPC(+57.02)GTTGTTC(+57.02)SK.S N 57.19 1837.855 17 2.3 919.9 6.47 965 4 945 961 Carbamidomethylation
EGU 369
4026 trHOZGY9HOZGY9_TA Mucin-5AC R.Q(-17.03)C(+57.02) AHAGGQPLNWR.T N 55.91 1476.668 13 2.5 739.3 6.91 1064 2 317 329 Pyro-glu from Q; Carbamidomethylation
EGU 431
4026 trHOZGY9HOZGY9_TA Mucin-5AC R.VC(+57.02)STWGNFHFK.T N 43.07 1381.624 11 1.2 461.5 7.68 1254 2 78 88 Carbamidomethylation
EGU 491
4026 tr[HOZGY9HOZGY9_TA Mucin-5AC K.QC(+57.02)SIITSEVFAK.C N 39.34 1381.691 12 1.1 691.8 8.16 1370 1 1093 1104 Carbamidomethylation
EGU 536
4026 trHOZGY9HOZGY9_TA Mucin-5AC K.FKMC(+57.02)LNYK(+27.99).1 Y 35.06 1130.525 8 10.4 377.8 7.2 1136 2 1682 1689 Carbamidomethylation; Formylation
EGU 53
4026 tr[HOZGY9|HOZGY9_TA Mucin-5AC K.Q(+41.03)IEC(+57.02)QAEDYPDVAIQQVGQVVQC(+57.02)D Y 32.03 3772.765 32 13.2 1258. 133 2516 2 1643 1674 Amidination of lysines or N-terminal amines with
EGU VHFGLVC(+57.02)K.N 612 8 methyl acetimidate; Carbamidomethylation
4026 tr[HOZGY9|HOZGY9_TA Mucin-5AC N.Q(-17.03)GDFETYQHIR.A N 31.43 1375.616 11 1.8 688.8 7.14 1121 1 1621 1631 Pyro-glu from Q
EGU 163
4026 | trHOZGY9HOZGY9 TA Mucin-5AC S.GPNQ(+.98)GDFETYQHIR.A Y 31.14 1661.743 14 4.6 554.9 6.67 1008 1 1618 1631 Deamidation (NQ)
EGU 243
4026 tr[HOZGY9HOZGY9_TA Mucin-5AC S.GPN(+.98)QGDFETYQHIR.A Y 29.69 1661.743 14 4.4 554.9 6.64 1003 1 1618 1631 Deamidation (NQ)
EGU 242
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4026 | tr|[HOZGY9HOZGY9_TA Mucin-5AC S.GPNQGDFETYQH(+57.02)IR.A 28.69 1717.781 14 0.9 573.6 6.45 959 2 1618 1631 Carbamidomethylation (DHKE X@N-term)
EGU 014
4026 tr[HOZGY9HOZGY9_TA Mucin-5AC R.QPM(+15.99)(sub 28.1 4103.885 35 29 1027. 15.8 3001 3 1640 1674 | Oxidation (M); Carbamidomethylation; Mutation
EGU K)QIEC(+57.02)QAEDYPDVAIQQVGQVVQC(+57.02)DVHFGL 008 4
VC(+57.02)K.N
4026 | tr|[HOZGY9HOZGY9_TA Mucin-5AC P.NQ(+192.06)GDFETYQHIR.A 25.7 1698.749 12 -20.1 425.6 6.52 975 1 1620 1631 Heptose
EGU 859
4026 | tr|[HOZGY9HOZGY9_TA Mucin-5AC K.MPFQIR.S 24.44 790.416 6 1 396.2 7.44 1196 2 990 995
EGU 157
4026 | tr|HOZGY9HOZGY9 TA Mucin-5AC S.GPNQGD(+37.96)FETYQHIR.A 22.02 1698.715 14 -3 425.6 6.49 971 1 1618 1631 Replacement of proton by potassium
EGU 848
4026 trHOZGY9HOZGY9_TA Mucin-5AC R.QPKQIECQF(sub 21 4103.954 35 9.7 1027. 15.7 2976 1 1640 1674 Carbamidomethylation; Mutation
EGU A)EDYPDVAIQQVGQVVQC(+57.02)DVHFGLVC(+57.02)K.N 006 1
4070 | tr|]AOAO93F6E7|AOA093F Acidic mammalian chitinase R.QYQFDGLDIDWEYPGSR.G 64.5 2087.922 17 22 1044. 12.2 2280 4 117 133
6E7_TYTAL 971 4
4070 | tr|]AOAO93F6E7|AOA093F Acidic mammalian chitinase K.GNEWVGYDNIK.S 51.64 1293.599 11 -1.6 647.8 7.32 1163 2 318 328
6E7_TYTAL 057
4070 | tr]AOA093F6E7|AOA093F Acidic mammalian chitinase N.EWVGYDNIK.S 43.23 1122.535 9 0.7 562.2 7.22 1138 2 320 328
6E7_TYTAL 75
4070 | tr]AOA093F6E7|AOA093F Acidic mammalian chitinase K. TLLAIGGWNFGTAK.F 42.63 1447.782 14 0.2 724.8 12 2228 16 80 93
6E7_TYTAL 986
4070 tr|AOAO93F6E7|AOA093F Acidic mammalian chitinase Y.FTNWAQYRPGLGK.F 41.91 1536.784 13 1.9 513.2 7.58 1228 2 16 28
6E7_TYTAL 695
4070 | tr]AOA093F6E7|A0A093F Acidic mammalian chitinase F.TNWAQYRPGLGK.F 34.54 1389.715 12 1.2 695.8 7.03 1094 4 17 28
6E7_TYTAL 658
4070 | tr|AOAO93F6E7|AOA093F Acidic mammalian chitinase K.YPLITTLK.N 32.83 947.5692 8 1 474.7 7.93 1313 2 365 372
6E7_TYTAL 923
4070 | tr|]AOAO93F6E7|AOA093F Acidic mammalian chitinase K.LLVGFPTYGHNFNLQNPAD(+14.02)TAVGAPATGPGPAGPY 25.34 3751.875 37 66.2 939.0 12.4 2313 1 248 284 | Methyl ester
6E7_TYTAL TR.Q 38
4070 | tr|AOAO93F6E7|AOA093F Acidic mammalian chitinase K. TLFTVLVK.E 23.05 919.5742 8 -34.5 460.7 9.63 1713 2 141 148
6E7_TYTAL 785
4070 | tr|]AOAO93F6E7|AOA093F Acidic mammalian chitinase AIGGWNFGTAK.F 21.19 1049.529 10 0.6 525.7 7.69 1256 1 84 93
6E7_TYTAL 723
4070 | tr[AOAO93F6E7|A0A093F Acidic mammalian chitinase N.TGENSPLYK.G 19.12 1007.492 9 3.7 504.7 4.67 675 1 210 218
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6E7_TYTAL 553
4058 trAOAO93BFVI|A0A093 Acidic mammalian chitinase K.EEMVAAFEQEAR.Q 54.98 1279.587 11 -0.6 640.8 7.18 1131 2 143 153
BFV9 _CHAPE 002
4058 trAOAO93BFV9|A0A093 Acidic mammalian chitinase K. TLLAIGGWNFGTAK.F 42.63 1447.782 14 0.2 724.8 12 2228 16 74 87
BFV9 _CHAPE 986
4058 tr|AOA093BFV9|A0A093 Acidic mammalian chitinase Y.FTNWAQYRPGLGK.F 41.91 1536.784 13 1.9 513.2 7.58 1228 2 10 22
BFV9 _CHAPE 695
4058 tr|AOA093BFV9|A0A093 Acidic mammalian chitinase K.LLVGFPTYGR.T 41.63 1121.623 10 42.7 561.8 9.2 1609 4 237 246
BFV9_CHAPE 429
4058 tr|AOA093BFV9|A0A093 Acidic mammalian chitinase F.TNWAQYRPGLGK.F 34.54 1389.715 12 1.2 695.8 7.03 1094 4 11 22
BFV9_CHAPE 658
4058 tr|AOA093BFV9|A0A093 Acidic mammalian chitinase R.GSPPQAKTM(sub L)FTVLVKEMVAAFEQEAR.Q 29.11 2864.456 26 8.4 717.1 17.1 3239 3 128 153 Mutation
BFV9_CHAPE 274 3
4058 trAOAO93BFV9|A0A093 Acidic mammalian chitinase A VAAGLSTIQAGYEIAELGK.Y 25.54 1890.01 19 72.8 946.0 10.8 1986 2 166 184
BFV9_CHAPE 81 6
4058 trAOAO93BFV9|A0A093 Acidic mammalian chitinase K.TLFTVLVK.E 23.05 919.5742 8 -34.5 460.7 9.63 1713 2 135 142
BFV9_CHAPE 785
4058 trAOAO93BFV9|A0A093 Acidic mammalian chitinase AIGGWNFGTAK.F 21.19 1049.529 10 0.6 525.7 7.69 1256 1 78 87
BFV9_CHAPE 723
4024 tr[R7VT28R7VT28_COL Mucin-5AC K. TFDGDIFYFPGIC(+57.02)NYIFASNC(+57.02)K.S 68.83 2648.172 22 0.6 1325. 153 2896 4 93 114 Carbamidomethylation
LI 094
4024 tr[R7VT28R7VT28_COL Mucin-5AC R.SQSVVGNVLEFANSWK.V 67.59 1763.884 16 23 882.9 13.6 2575 4 1064 1079
LI 515 7
4024 tr[R7VT28|R7VT28_COL Mucin-5AC K.TTSGVIEGTSAAFGNTWK.T 59.64 1825.885 18 2.1 913.9 8.77 1509 2 598 615
LI 515
4024 tr[R7VT28|R7VT28_COL Mucin-5AC R.VITENIPC(+57.02)GTTGTTC(+57.02)SK.S 57.19 1837.855 17 2.3 919.9 6.47 965 4 959 975 Carbamidomethylation
LI 369
4024 tr[R7VT28|R7VT28_COL Mucin-5AC R.Q(-17.03)C(+57.02) AHAGGQPLNWR.T 55.91 1476.668 13 2.5 739.3 6.91 1064 2 321 333 Pyro-glu from Q; Carbamidomethylation
LI 431
4024 tr[R7VT28R7VT28_COL Mucin-5AC K.SPYEDFNIQIR.R 51.89 1380.667 11 3.1 691.3 8.68 1489 2 115 125
LI 431
4024 tr[R7VT28R7VT28_COL Mucin-5AC R.THC(+57.02)VSGC(+57.02)VC(+57.02)PHNQVLDGK.G 48.46 2066.908 18 1.9 517.7 5.66 820 2 850 867 Carbamidomethylation
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LI 354
5 4024 tr[R7VT28R7VT28_COL Mucin-5AC K.SNYVSPSILQR.Q 45.65 1262.662 11 0.5 632.3 7.42 1190 36 46
LI 385
5 4024 tr[R7VT28R7VT28_COL Mucin-5AC R.VC(+57.02)STWGNFHFK.T 43.07 1381.624 11 1.2 461.5 7.68 1254 82 92 Carbamidomethylation
LI 491
5 4024 tr[R7VT28R7VT28_COL Mucin-5AC K.QC(+57.02)SIITSEVFAK.C 39.34 1381.691 12 1.1 691.8 8.16 1370 1107 1118 Carbamidomethylation
LI 536
5 4024 tr[R7VT28R7VT28_COL Mucin-5AC K.GVLLTGWR.S 30.19 900.5181 8 3.1 451.2 8.18 1375 700 707
LI 677
5 4024 tr[R7VT28R7VT28_COL Mucin-5AC R.SQSVVGNVLEFAN(+.98)SWK.V 28.32 1764.868 16 65.4 883.4 11.4 2109 1064 1079 Deamidation (NQ)
LI 991 3
5 4024 tr[R7VT28R7VT28_COL Mucin-5AC K.MPFQIR.S 24.44 790.416 6 1 396.2 7.44 1196 1004 1009
LI 157
5 4024 tr[R7VT28R7VT28_COL Mucin-5AC R.GLE(+57.02)GCYPHC(+57.02)PK.N 20.12 1316.564 11 1.8 439.8 5.45 789 1215 1225 Carbamidomethylation (DHKE X@N-term);
LI 628 Carbamidomethylation
11 4025 tr AOAOQ3U2A7|A0A0Q3 Mucin-5AC R.SQSVVGNVLEFANSWK.V 67.59 1763.884 16 2.3 882.9 13.6 2575 854 869
U2A7_AMAAE 515 7
11 4025 | tJAOAOQ3U2AT|A0A0Q3 | Mucin-5AC R.VITENIPC(+57.02)GTTGTTC(+57.02)SK.S 5719 | 1837.855 17 23 | 9199 647 965 749 765 | Carbamidomethylation
U2A7_AMAAE 369
11 4025 trAOAOQ3U2A7|A0A0Q3 Mucin-5AC R.AEKFPNIPLKDLGQK.V 53.24 1696.951 15 4.2 4252 7.89 1306 1195 1209
U2A7_AMAAE 469
11 4025 tr AOAOQ3U2A7|A0A0Q3 Mucin-5AC K.SPYEDFNIQIR.R 51.89 1380.667 11 3.1 691.3 8.68 1489 115 125
U2A7_AMAAE 431
11 4025 tr AOAOQ3U2A7|A0A0Q3 Mucin-5AC K. THC(+57.02)VSGC(+57.02)VC(+57.02)PHNQVLDGK.G 48.46 2066.908 18 1.9 517.7 5.66 820 640 657 Carbamidomethylation
U2A7_AMAAE 354
11 4025 tr AOAOQ3U2A7|A0A0Q3 Mucin-5AC R.VC(+57.02)STWGNFHFK.T 43.07 1381.624 11 1.2 461.5 7.68 1254 82 92 Carbamidomethylation
U2A7_AMAAE 491
11 4025 tr AOAOQ3U2A7|A0A0Q3 Mucin-5AC K.QC(+57.02)SIITSEVFAK.C 39.34 1381.691 12 1.1 691.8 8.16 1370 897 908 Carbamidomethylation
U2A7_AMAAE 536
11 4025 | tr]AOAOQ3U2A7|A0A0Q3 Mucin-5AC K.GVLLTGWR.S 30.19 900.5181 8 3.1 451.2 8.18 1375 490 497
U2A7_AMAAE 677
11 4025 | tJAOAOQ3U2A7|A0A0Q3 | Mucin-5AC R.SQSVVGNVLEFAN(+.98)SWK.V 2832 | 1764.868 16 654 | 883.4 1.4 2109 854 869 | Deamidation (NQ)
U2A7_AMAAE 991 3
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11 4025 tr]AOAOQ3U2A7|A0A0Q3 Mucin-5AC K.MPFQIR.S 24.44 790.416 6 1 396.2 7.44 1196 794 799
U2A7_AMAAE 157

11 4025 tr]AOAOQ3U2A7|A0A0Q3 Mucin-5AC R.GLE(+57.02)GCYPHC(+57.02)PK.N 20.12 1316.564 11 1.8 439.8 5.45 789 1005 1015 Carbamidomethylation (DHKE X@N-term);
U2A7_AMAAE 628 Carbamidomethylation

15 4035 trAOAOAOB371|AOAOAOQ Lysyl oxidase 3 R.IPGFKDSNVIETEQSHVEEVR.L 72.54 2412.192 21 -0.1 805.0 7.63 1241 66 86
B371_CHAVO 712

15 4035 tr AOAOAOB371|AOAOAO Lysyl oxidase 4 R.GWGNSDC(+57.02)SHEEDAGVIC(+57.02)KDER.I 67.54 2419.976 21 1.4 606.0 6.07 886 45 65 Carbamidomethylation
B371_CHAVO 02

15 4035 tr/AOAOAOB371|AOAOAO Lysyl oxidase 5 R.RQLPVTEGIVEVR.Y 64.1 1494.852 13 2.1 499.2 75 1211 96 108
B371_CHAVO 923

15 4035 tr]AOAOAOB371|AOAOAO Lysyl oxidase 6 K.DSNVIETEQSHVEEVR.L 61.72 1869.87 16 0 624.2 6.76 1028 71 86
B371_CHAVO 974

15 4035 tr]AOAOAOB371|AOAOAO Lysyl oxidase 7 R.VVC(+57.02)GMMGFPAEK.K 55.56 1324.598 12 1.1 663.3 7.8 1284 128 139 Carbamidomethylation
B371_CHAVO 069

15 4035 tr]AOAOAOB371|AOAOAO Lysyl oxidase 8 R.QLPVTEGIVEVR.Y 48.73 1338.751 12 -0.1 670.3 8.24 1391 97 108
B371_CHAVO 826

15 4035 tr/AOAOAOB371|AOAOAO Lysyl oxidase 9 R.IWLDNVNC(+57.02)AGGEK.S 46.64 1474.688 13 29 738.3 7.5 1210 24 36 Carbamidomethylation
B371_CHAVO 531

15 4035 tr/AOAOAOB371|AOAOAO Lysyl oxidase 10 R.GWGN(+.98)SDC(+57.02)SHEEDAGVIC(+57.02)KDER.I 45.43 2420.96 21 3.7 606.2 6.2 908 45 65 Deamidation (NQ); Carbamidomethylation
B371_CHAVO 495

17 4108 tr/AOAO91TEI1|AOA091T Acidic mammalian chitinase R.GSPAQDKTLFTVLVK.E 59.82 1602.898 15 -0.8 5353 9.33 1639 138 152
EI1_NESNO 062

17 4108 tr/AOAO91TEI1|AOA091T Acidic mammalian chitinase R.GSPAQDKTLFTVLVKEMVAAFEQEAQ.Q 55.01 2836.432 26 13.6 946.4 17.0 3219 138 163
EI1_NESNO 974 4

17 4108 | trlAOAO91TEI1|AOA091T Acidic mammalian chitinase S.EWVGYDNIK.S 43.23 1122.535 9 0.7 562.2 7.22 1138 319 327
EIl_NESNO 75

17 4108 | trlAOAO91TEI1|AOA091T Acidic mammalian chitinase K.YPLITTLK.N 32.83 947.5692 8 1 474.7 7.93 1313 364 371
EIl_NESNO 923

17 4108 trAOAO91TEI1|AOA091T Acidic mammalian chitinase R.GSPAQDKTLFTVLVKEMVAAFEQEAQ(+28.03).Q 26.44 2864.463 26 6.5 955.8 17.1 3243 138 163 Ethylation
EIl_NESNO 345 6

17 4108 | trlAOAO91TEI1|AOA091T Acidic mammalian chitinase K.TLFTVLVK.E 23.05 919.5742 8 -34.5 460.7 9.63 1713 145 152
EIl_NESNO 785
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18 7544 tr AOAOAOAQXS|AOAOA Acidic mammalian chitinase R.QYQFDGLDLDWEYPGSR.G 64.5 2087.922 17 22 1044. 12.2 2280 117 133
0AQX5_CHAVO 971 4

18 7544 tr AOAOAOAQXS|AOAOA Acidic mammalian chitinase K.EEWVGYDNIK.S 43.23 1122.535 9 0.7 562.2 7.22 1138 320 328
0AQX5_CHAVO 75

18 7544 tr AOAOAOAQXS|AOAOA Acidic mammalian chitinase Y.FTNWAQYRPGLGK.F 41.91 1536.784 13 1.9 513.2 7.58 1228 16 28
0AQX5_CHAVO 695

18 7544 tr AOAOAOAQXS|AOAOA Acidic mammalian chitinase F.TNWAQYRPGLGK.F 34.54 1389.715 12 1.2 695.8 7.03 1094 17 28
0AQX5_CHAVO 658

18 7544 trAOAOAOAQXS|AOAOA Acidic mammalian chitinase K.YPLITTLK.N 32.83 947.5692 8 1 474.7 7.93 1313 365 372
0AQX5_CHAVO 923

18 7544 tr AOAOAOAQXS|AOAOA Acidic mammalian chitinase K.G(+42.01)KEWVGYDNIK.S 22.29 1349.662 11 11.6 450.8 7.14 1119 318 328 Acetylation (N-term)
0AQX5_CHAVO 997

18 7544 tr AOAOAOAQXS|AOAOA Acidic mammalian chitinase K.EWL(sub V)GYDNIK.S 20.62 1136.55 9 0.9 569.2 7.58 1230 320 328 Mutation
0AQX5_CHAVO 829

18 7544 tr AOAOAOAQXS|AOAOA Acidic mammalian chitinase N.TGENSPLYK.G 19.12 1007.492 9 3.7 504.7 4.67 675 210 218
0AQX5_CHAVO 553

19 4037 tr[HOZGZ6/HOZGZ6_TAE Mucin-5AC K.SLKYTYNVDSC(+57.02)QPTC(+57.02)R.S 64.5 1990.888 16 0.2 664.6 6.4 949 370 385 Carbamidomethylation
GU 367

19 4037 tr[HOZGZ6/HOZGZ6_TAE Mucin-5AC K. TTSGVIEGTSAAFGNTWK.T 59.64 1825.885 18 2.1 913.9 8.77 1509 247 264
GU 515

19 4037 tr[HOZGZ6/HOZGZ6_TAE Mucin-5AC R.VITENIPC(+57.02)GTTGTTC(+57.02)SK.S 57.19 1837.855 17 23 919.9 6.47 965 610 626 Carbamidomethylation
GU 369

19 4037 tr[HOZGZ6/HOZGZ6_TAE Mucin-5AC K.QC(+57.02)SIITSEVFAK.C 39.34 1381.691 12 1.1 691.8 8.16 1370 758 769 Carbamidomethylation
GU 536

19 4037 tr[HOZGZ6|HO0ZGZ6_TAE Mucin-5AC K.KIVSFQ(+.98)SVVK.N 26.02 1134.665 10 -15.4 379.2 8.44 1434 164 173 Deamidation (NQ)
GU 231

19 4037 | tr|[HOZGZ6/HOZGZ6_TAE Mucin-5AC K.MPFQIR.S 24.44 790.416 6 1 396.2 7.44 1196 655 660
GU 157

19 4037 tr[HOZGZ6|HO0ZGZ6_TAE Mucin-5AC K.KIVSFQ(+.98)SVVK(+42.01)NSR(+14.02).T 20.85 1547.867 13 16.8 516.9 10.2 1855 164 176 Deamidation (NQ); Acetylation (K); Methyl ester
GU 716 6

22 4036 trAOA093BIT2|A0A093B Lysyl oxidase 3 R.GWGNSDC(+57.02)SHEEDAGVIC(+57.02)KDER.I 67.54 2419.976 21 1.4 606.0 6.07 886 24 44 Carbamidomethylation
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IT2_CHAPE 02

22 4036 | tr|]AOA093BIT2|A0A093B Lysyl oxidase 3 R.VVC(+57.02)GMMGFPAEK.K 55.56 1324.598 12 1.1 663.3 7.8 1284 107 118 | Carbamidomethylation
IT2_CHAPE 069

22 4036 | tr|]AOA093BIT2|A0A093B Lysyl oxidase 3 R.IWLDNVNC(+57.02)AGGEK.S 46.64 1474.688 13 2.9 7383 7.5 1210 3 15 | Carbamidomethylation
IT2_CHAPE 531

22 4036 | tr|]AOA093BIT2|A0A093B Lysyl oxidase 3 R.GWGN(+.98)SDC(+57.02)SHEEDAGVIC(+57.02)KDER.I 4543 2420.96 21 3.7 606.2 6.2 908 24 44 | Deamidation (NQ); Carbamidomethylation
IT2_CHAPE 495

22 4036 | tr|]AOA093BIT2|A0A093B Lysyl oxidase 3 R.YKDGWAQIC(+57.02)DQGWDSH(sub R)NSR.V 34.82 2321.987 19 -2.3 581.5 7.36 1173 88 106 | Carbamidomethylation; Mutation
IT2_CHAPE 027

22 4036 | tr|]AOA093BIT2|A0A093B Lysyl oxidase 3 K.SLWSC(+57.02)PYR.N 21.97 1067.486 8 -0.3 534.7 7.4 1185 270 277 | Carbamidomethylation
IT2_CHAPE 501

25 4132 | tr]AOAO9INMI9|A0A091 Ovoinhibitor R.TEIDGHVLVAC(+57.02)PR.I 66.32 1465.735 13 0.8 489.5 6.99 1084 76 88 | Carbamidomethylation
NM19_APAVI 859

25 4132 | tr]AOAO9INMI9|A0A091 Ovoinhibitor R.YQ(sub R)RTEIDGHVLVAC(+57.02)PR.1 42.9 1912.958 16 1.2 479.2 6.85 1050 73 88 | Carbamidomethylation; Mutation
NM19_APAVI 473

25 4132 | tr]AOAO9INMI9|A0A091 Ovoinhibitor E.IDGHVLVAC(+57.02)PR.I 29.09 1235.644 11 1.5 618.8 7.05 1100 78 88 | Carbamidomethylation
NM19_APAVI 304

25 4132 trAOAO9INMI19|A0A091 Ovoinhibitor L.SPVC(+57.02)GTDGITYDNEC(+57.02)GIC(+57.02) AHNGK(+1 25.71 2810.131 24 4.9 937.7 6.81 1041 154 177 Carbamidomethylation; Benzyl isothiocyanate
NMI19_ APAVI 49.03)H.G 22

26 4072 | tr|[HOZGX3HOZGX3_TA Mucin-5AC R.VYIDNYYC(+57.02)DAK.D 4591 1422.613 11 -0.2 712.3 6.95 1073 92 102 | Carbamidomethylation
EGU 134

26 4072 | tr|[HOZGX3HOZGX3_TA Mucin-5AC T.C(+57.02)QPVIC(+57.02)DTYC(+57.02)P(+15.99) LGYK.Y 34.29 1888.816 15 1.3 630.6 6.76 1030 530 544 | Carbamidomethylation; Hydroxylation
EGU 133

26 4072 | tr[HOZGX3|HOZGX3_TA Mucin-5AC R.GVC(+57.02)IDWR.G 26.67 904.4225 7 -0.4 453.2 7.36 1176 308 314 | Carbamidomethylation
EGU 184

26 4072 tr[HOZGX3|H0ZGX3_TA Mucin-5AC R.N(+42.01)VTLTC(+57.02)SDGTSLD(+21.98)HSYTY VEK.C 23.83 2453.067 21 38.8 491.6 6.59 991 693 713 Acetylation (N-term); Carbamidomethylation;
EGU 397 Sodium adduct

26 4073 tr[HOZGWS8/HOZGWS_TA Mucin-5AC R.VYIDNYYC(+57.02)DAK.D 4591 1422.613 11 -0.2 7123 6.95 1073 92 102 Carbamidomethylation
EGU 134

26 4073 | trlHOZGWS8HOZGWS8_TA Mucin-5AC T.C(+57.02)QPVIC(+57.02)DTYC(+57.02)P(+15.99)LGYK.Y 34.29 1888.816 15 1.3 630.6 6.76 1030 533 547 | Carbamidomethylation; Hydroxylation
EGU 133

26 4073 | trlHOZGWS8HOZGWS8_TA Mucin-5AC R.GVC(+57.02)IDWR.G 26.67 904.4225 7 -0.4 4532 7.36 1176 308 314 | Carbamidomethylation
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EGU 184
26 4073 trlHOZGWS8HOZGWS8_TA Mucin-5AC R.N(+42.01)VTLTC(+57.02)SDGTSLD(+21.98)HSYTY VEK.C 23.83 2453.067 21 38.8 491.6 6.59 991 696 716 | Acetylation (N-term); Carbamidomethylation;
EGU 397 Sodium adduct
27 4048 | tr]AOA093GK45/A0A093 Lysyl oxidase 3 H.VVC(+57.02) GMMGFPAEK.K 55.56 1324.598 12 1.1 663.3 7.8 1284 211 222 | Carbamidomethylation
GK45_PICPB 069
27 4048 | tr]AOA093GK45/A0A093 Lysyl oxidase 3 R.IWLDNVNC(+57.02)AGGEK.S 46.64 1474.688 13 2.9 7383 7.5 1210 107 119 | Carbamidomethylation
GK45_PICPB 531
27 4048 | tr]AOA093GK45/A0A093 Lysyl oxidase 3 R.C(+57.02)NIPYMGYET(+13.03)LIR.L 22.71 1641.801 13 42 821.9 10.1 1828 405 417 | Carbamidomethylation; Michael addition with
GK45_PICPB 421 4 methylamine
28 4071 trAOA0911517|A0A09115 Hypothetical protein R.VYIDNYYC(+57.02)DAK.D 4591 1422.613 11 -0.2 7123 6.95 1073 92 102 Carbamidomethylation
17_CALAN N300_06305 134
28 4071 trAOA0911517|A0A09115 Hypothetical protein K.LIWSEIFADC(+57.02)HS(-2.02) VIPPEPFFK.G 41.14 2529.24 21 16.1 844.1 14.8 2798 258 278 Carbamidomethylation; 2-amino-3-oxo-
17_CALAN N300_06305 009 2 butanoic_acid
28 4071 trAOA0911517|A0A09115 Hypothetical protein R.GVC(+57.02)IDWR.G 26.67 904.4225 7 -0.4 453.2 7.36 1176 308 314 Carbamidomethylation
17_CALAN N300_06305 184
29 4096 | tr[AOAIDSPU28|AOAIDS Mucin-5AC K.SC(+57.02)PAFN(+.98)PDLC(+57.02) EPDN(+.98)IQLSDDGC( 44.38 2841.099 24 6.5 948.0 7.48 1206 929 952 | Carbamidomethylation; Deamidation (NQ)
PU28_CHICK +57.02)C(+57.02)R.V 463
29 4096 | tr]AOAID5PU28|A0AIDS Mucin-5AC S.Q(-17.03)GDFETYQHIR.A 3143 1375.616 11 1.8 688.8 7.14 1121 112 122 Pyro-glu from Q
PU28_CHICK 163
29 4096 | tr]AOAID5PU28|A0AIDS Mucin-5AC MC(+57.02)LNYR.I 29.76 855.3731 6 1 428.6 6.06 883 1 6 | Carbamidomethylation
PU28_CHICK 942
29 4096 trAOA1D5PU28|AOA1DS Mucin-5AC R.AAGKEVC(+57.02)H(sub Q)QPK.Q 27.2 1223.608 11 0.3 408.8 0.81 112 123 133 Carbamidomethylation; Mutation
PU28_CHICK 767
29 4096 | tr]AOAID5PU28|A0AIDS Mucin-5AC R.GVC(+57.02)IDWR.G 26.67 904.4225 7 -0.4 4532 7.36 1176 641 647 | Carbamidomethylation
PU28_CHICK 184
30 7556 | tr]AOA099ZAPS|A0A099Z 78 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 29.09 1835.927 17 -3.7 918.9 8.18 1373 407 423
AP5_TINGU protein/ Heat shock protein 671
70kDa
30 4240 | tr[HOZAB3/HOZAB3_TAE 78 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 29.09 1835.927 17 -3.7 918.9 8.18 1373 448 464
GU protein/ Heat shock protein 671

70kDa
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30 4239 tr]AOPA15|AOPA15_COTJ 78 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 29.09 1835.927 17 -3.7 918.9 8.18 1373 446 462
A protein/ Heat shock protein 671
70kDa
30 4238 tr|AOZT13|A0ZT13_COTJ 78 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 29.09 1835.927 17 -3.7 918.9 8.18 1373 446 462
A protein/ Heat shock protein 671
70kDa
30 4237 tr/AOA091F8D2|AOA091F 78 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 29.09 1835.927 17 -3.7 918.9 8.18 1373 447 463
8D2_CORBR protein/ Heat shock protein 671
70kDa
30 4236 tr/AOA091KVOS|A0A091 78 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 29.09 1835.927 17 -3.7 918.9 8.18 1373 414 430
KV08_9GRUI protein/ Heat shock protein 671
70kDa
30 4235 tr]AOA093QLZ7|A0A093 78 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 29.09 1835.927 17 -3.7 918.9 8.18 1373 407 423
QLZ7_9PASS protein/ Heat shock protein 671
70kDa
30 4234 tr|U31640|U31640_ANAPL 78 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 29.09 1835.927 17 -3.7 918.9 8.18 1373 406 422
protein/ Heat shock protein 671
70kDa
30 4233 trAOAO91VIRE|AOA091 78 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 29.09 1835.927 17 -3.7 918.9 8.18 1373 407 423
VOR8_OPIHO protein/ Heat shock protein 671
70kDa
30 4232 trAOAO91VTRE|AOA091 78 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 29.09 1835.927 17 -3.7 918.9 8.18 1373 407 423
VTRS8_NIPNI protein/ Heat shock protein 671
70kDa
30 4231 trAOAO9THVD4|A0A091 78 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 29.09 1835.927 17 -3.7 918.9 8.18 1373 407 423
HVD4 _CALAN protein/ Heat shock protein 671
70kDa
30 4230 | tr|AOAO87R4J8|AOAO87R 78 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 29.09 1835.927 17 -3.7 918.9 8.18 1373 407 423
4J8_APTFO protein/ Heat shock protein 671
70kDa
30 4229 | trlA0A093J3B2|A0A093]3 78 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 29.09 1835.927 17 -3.7 918.9 8.18 1373 407 423
B2 _PICPB protein/ Heat shock protein 671
70kDa
30 4228 | trlAOAO93EHT4/A0A093E 78 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 29.09 1835.927 17 -3.7 918.9 8.18 1373 407 423
HT4_TYTAL protein/ Heat shock protein 671
70kDa
30 4227 tr/AOAO91LT36/A0A091L 78 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 29.09 1835.927 17 -3.7 918.9 8.18 1373 407 423
T36_CARIC protein/ Heat shock protein 671
70kDa
30 4226 tr/AOA091H8K7|A0A091 78 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 29.09 1835.927 17 -3.7 918.9 8.18 1373 407 423

protein/ Heat shock protein
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H8K7_9AVES 70kDa 671
30 4224 tr/AOA093HULS|A0A093 78 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 29.09 1835.927 17 -3.7 918.9 8.18 1373 407 423
HULS5_STRCA protein/ Heat shock protein 671
70kDa
30 4222 tr]AOA091U752|A0A091U 78 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 29.09 1835.927 17 -3.7 918.9 8.18 1373 396 412
752_PHORB protein/ Heat shock protein 671
70kDa
30 4221 tr/AOA093J4G2|A0A093]4 78 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 29.09 1835.927 17 -3.7 918.9 8.18 1373 393 409
G2_EURHL protein/ Heat shock protein 671
70kDa
30 4220 tr|GINSR5|GINSRS_MEL 78 kDa glucose-regulated K.SQIFSTASDNQPTVTIK.V 29.09 1835.927 17 -3.7 918.9 8.18 1373 407 423
GA protein/ Heat shock protein 671
70kDa
32 7659 tr]AOA1D5PXDO|AOA1DS Selenocysteine-specific T.ITLLFK.R 23.68 733.4738 6 32 367.7 8.2 1380 560 565
PXDO0_CHICK elongation factor isoform X1 453
33 4357 tr|AOAO93BE17|A0A093B Deleted in malignant brain K.SPSVYLK.C 23.79 792.4381 7 0.6 397.2 5.91 860 81 87
E17_CHAPE tumors 1 protein 266
33 4357 | tr]AOA093BE17|A0A093B Deleted in malignant brain R.KSPSVYLK.C 22.78 920.5331 8 -0.3 461.2 5.14 743 80 87
E17_CHAPE tumors 1 protein 737
34 4086 tr/AOAO91JRH3|A0A091] 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 71.1 3392.61 28 0 849.1 14.8 2804 174 201
RH3_9AVES 598 5
34 7551 tr|/AOA091TMSO0|AOA091 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 71.1 3392.61 28 0 849.1 14.8 2804 174 201
TMS0_PHALP 598 5
34 7550 trAOAO9INEXO0]A0A091 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 71.1 3392.61 28 0 849.1 14.8 2804 174 201
NEX0_APAVI 598 5
34 7549 tr[AOAO91PAL6|AOAO91P 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 71.1 3392.61 28 0 849.1 14.8 2804 174 201
AL6_LEPDC 598 5
34 4119 trAOA093C625|A0A093C 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 71.1 3392.61 28 0 849.1 14.8 2804 174 201
625 _9AVES 598 5
34 7552 trAOA091H4Q9|A0A091 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 71.1 3392.61 28 0 849.1 14.8 2804 174 201
H4Q9 BUCRH 598 5
34 7548 tr|AOA099Z957|A0A099Z 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 71.1 3392.61 28 0 849.1 14.8 2804 174 201
957_TINGU 598 5
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34 4126 | uJAOAOAOAQY4/AOAOA | 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 71. 3392.61 28 849.1 148 2804 174 201
0AQY4_CHAVO 598 5

34 4131 | u]AOA091J9Q7|A0A09179 | 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 71 3392.61 28 849.1 148 2804 180 207
Q7_CALAN 598 5

34 4130 | u]AOA093IV46/A0A0931 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 71. 3392.61 28 849.1 148 2804 174 201
V46_EURHL 598 5

34 4129 | t|AOAO9IL3N9[AOAOIL | 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 71 3392.61 28 849.1 148 2804 174 201
3N9_CATAU 598 5

34 4128 | u|AOAO9IM3R6/AOA09T | 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 71 3392.61 28 849.1 148 2804 174 201
M3R6_CARIC 598 5

34 4127 | tu|AOAO9TWMT3|AOAO91 | 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 71 3392.61 28 849.1 148 2804 174 201
WMT3_OPIHO 598 5

34 4125 | tr]AOA09TUV24[A0A091 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 71 3392.61 28 849.1 148 2804 174 201
UV24_NIPNI 598 5

34 4124 | u|AOAO87VPI4[AOAO87V | 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 71. 3392.61 28 849.1 148 2804 174 201
Pl4_BALRE 598 5

34 4123 | u]AOA087QSBOJAOAOS7 | 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 71. 3392.61 28 849.1 148 2804 174 201
QSBO_APTFO 598 5

34 4122 | u]AOA09IN2G3[A0A09T 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 71. 3392.61 28 849.1 148 2804 174 201
N2G3_9PASS 598 5

34 4121 | u|AOA093P6L7|AOA093P | 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 71. 3392.61 28 849.1 148 2804 174 201
6L7_PYGAD 598 5

34 4120 | t]AOA091S825[A0A091S | 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 71 3392.61 28 849.1 148 2804 174 201
825 MERNU 598 5

34 4118 | t]AOA09TFUO9[AOAO9TF | 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 71 3392.61 28 849.1 148 2804 174 201
U09 9AVES 598 5

34 4117 | t]AOA093DI28]A0A093D | 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 71 3392.61 28 849.1 148 2804 174 201
128 TAUER 598 5

34 4116 | t|AOA09IR7C3[AOAQ9IR | 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 71 3392.61 28 849.1 148 2804 174 201
7C3_9GRUI 598 5

34 4115 | t]AOA091KSZ2|A0A091 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 71 3392.61 28 849.1 148 2804 109 136
KSZ2_9GRUI 598 5

34 4114 | u|AOA09IPRV2[AOA09IP | 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 71 3392.61 28 849.1 148 2804 109 136
RV2_HALAL 598 5

34 4113 | t]AOA09TUH75[A0A091 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 71 3392.61 28 849.1 148 2804 104 131
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UH75_PHORB 598 5

34 4112 tr/AOA094KP97|A0A094K 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 71.1 3392.61 28 0 849.1 14.8 2804 102 129
P97_9AVES 598 5

34 4111 tr/AOA094KKK3|A0A094 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 71.1 3392.61 28 0 849.1 14.8 2804 11 38
KKK3_ANTCR 598 5

34 4088 trAOAO93JL69]A0A093JL 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 71.1 3392.61 28 0 849.1 14.8 2804 174 201
69 _STRCA 598 5

34 4087 trAOA093GZTO|AOA093 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 71.1 3392.61 28 0 849.1 14.8 2804 174 201
GZT0_PICPB 598 5

34 4085 trAOA093Q7F3|A0A093Q 45 kDa calcium-binding protein R.WYQADNPPPDLLLNEEEFLSFLHPEHSR.G 71.1 3392.61 28 0 849.1 14.8 2804 174 201
7F3_9PASS 598 5

35 4172 tr/AOA09IM1K5|A0A091 Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 39.08 1261.646 12 -30.9 631.8 9.6 1706 98 109
MIKS5_CARIC 105

35 4173 trAOA1D5SPQM2|AOATD Neuropilin and tolloid-like R.DGPFGFSPIIGR.F 39.08 1261.646 12 -30.9 631.8 9.6 1706 105 116
5PQM2_CHICK protein 1 isoform X2 105

35 4174 tr[AOAO93FGT3|AOA093F Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 39.08 1261.646 12 -30.9 631.8 9.6 1706 32 43
GT3_TYTAL 105

35 4175 trAOAO87QND6|AOA087 Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 39.08 1261.646 12 -30.9 631.8 9.6 1706 32 43
QND6_APTFO 105

35 4176 | trlROLMR2|ROLMR2_AN Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 39.08 1261.646 12 -30.9 631.8 9.6 1706 79 90
APL 105

35 4177 tr|/AOA091JZCY|A0A091] Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 39.08 1261.646 12 -30.9 631.8 9.6 1706 79 90
ZC9_COLST 105

35 4180 tr/AOA091TLDO|AOAO9IT Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 39.08 1261.646 12 -30.9 631.8 9.6 1706 97 108
LDO0_9AVES 105

35 4179 tr]AOA091Q239|A0A091Q Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 39.08 1261.646 12 -30.9 631.8 9.6 1706 97 108
239 _LEPDC 105

35 4178 tr/AOA091G4C9|A0A091 Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 39.08 1261.646 12 -30.9 631.8 9.6 1706 97 108
G4C9_9AVES 105

35 4196 tr[AOAO93FW41|A0A093F Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 39.08 1261.646 12 -30.9 631.8 9.6 1706 98 109
W41_GAVST 105

35 4195 tr[AOA091SKD1|A0OA091S Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR.F 39.08 1261.646 12 -30.9 631.8 9.6 1706 98 109
KDI_9GRUI 105
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35 4194 | u]AOA099Z9Q6/A0A099Z | Neuropilin and tolloid-Tike 1 R.DGPFGFSPIIGR.F 39.08 | 1261.646 12 309 | 6318 9.6 1706 98 109
9Q6_TINGU 105

35 4193 | u]AOAO9IICASJAOA09IT | Neuropilin and tolloid-Tike 1 R.DGPFGFSPIIGR.F 39.08 | 1261.646 12 309 | 63138 9.6 1706 98 109
CA8_CALAN 105

35 4192 | u]AOA091JET4|AOA091JE | Neuropilin and tolloid-Tike 1 R.DGPFGFSPIIGR.F 39.08 | 1261.646 12 309 | 6318 9.6 1706 98 109
74_9AVES 105

35 4191 | tr]AOAOAOARNS|AOAOAOD | Neuropilin and tolloid-Tike 1 R.DGPFGFSPIIGR F 39.08 | 1261.646 12 309 | 63138 96 1706 98 109
ARNS5_CHAVO 105

35 4190 | t]AOA093GYXI|AOA093 | Neuropilin and tolloid-like 1 R DGPFGFSPILGR F 39.08 | 1261.646 12 309 | 6318 96 1706 98 109
GYX1_PICPB 105

35 4189 | tr]AOA093IPZ4|AOA093IP | Neuropilin and tolloid-Tike 1 R.DGPFGFSPIIGR F 39.08 | 1261.646 12 309 | 6318 9.6 1706 98 109
74 EURHL 105

35 4188 | tr]AOAO91F3F2|AOA091F | Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR F 39.08 | 1261.646 12 309 | 6318 9.6 1706 98 109
3F2_CORBR 105

35 4187 | u]AOA093QEM7|A0A093 | Neuropilin and tolloid-Tike 1 R.DGPFGFSPIIGR F 39.08 | 1261.646 12 309 | 6318 9.6 1706 98 109
QEM?7_9PASS 105

35 4186 | u]|HOZFWSJHOZFWS_TA | Neuropilin and tolloid-Tike 1 R.DGPFGFSPILGR F 39.08 | 1261.646 12 309 | 6318 9.6 1706 98 109
EGU 105

35 4185 | u]AOA093BGUI|A0A093 | Neuropilin and tolloid-Tike 1 R.DGPFGFSPIIGR F 39.08 | 1261.646 12 309 | 63138 9.6 1706 98 109
BGUI_CHAPE 105

35 4184 | u]AOAO9TWRFIJAOA091 | Neuropilin and tolloid-Tike 1 R.DGPFGFSPIIGR F 39.08 | 1261.646 12 309 | 6318 9.6 1706 98 109
WRF1_NIPNI 105

35 4183 | tr]AOAO9TWHV3]AOA09T | Neuropilin and tolloid-Tike 1 R.DGPFGFSPIIGR F 39.08 | 1261.646 12 309 | 6318 9.6 1706 98 109
WHV3_OPIHO 105

35 4182 | tr]AOAO93HHI2JAOA093H | Neuropilin and tolloid-Tike 1 R.DGPFGFSPIIGR F 39.08 | 1261.646 12 309 | 6318 9.6 1706 98 109
HJ2_STRCA 105

35 4181 | trJAOAO93NAE4/A0A093 | Neuropilin and tolloid-Tike 1 R.DGPFGFSPIIGR F 39.08 | 1261.646 12 309 | 6318 9.6 1706 98 109
NAE4_PYGAD 105

35 4199 | trJU3IQMO[U3IQMO_AN Neuropilin and tolloid-like 1 R.DGPFGFSPIIGR F 39.08 | 1261.646 12 309 | 6318 9.6 1706 108 119
APL 105

35 4198 | u|GINSBO|GINSSO_MEL | Neuropilin and tolloid-Tike 1 R.DGPFGFSPIIGR F 39.08 | 1261.646 12 309 | 63138 9.6 1706 107 118
GA 105

35 4197 | tu]AOAOQ3TPW3|AOAOQ3 | Neuropilin and tolloid-Tike 1 R.DGPFGFSPIIGR F 39.08 | 1261.646 12 309 | 6318 9.6 1706 105 116
TPW3_AMAAE 105
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36 4245 | tr]AOAO91FRV3|AOA091F Hypothetical protein V.KCKPVVCDTYC(+57.02)PEGYKYTK.Q 28.95 2281.058 19 23 571.2 6.74 1026 523 541 Carbamidomethylation
RV3_9AVES N303_00190 731

36 4245 | tr]AOAO91FRV3|AOAO091F Hypothetical protein R.GVC(+57.02)IDWR.Q 26.67 904.4225 7 -0.4 4532 7.36 1176 308 314 | Carbamidomethylation
RV3_9AVES N303_00190 184

37 4089 | tr]AOAOQ3XB34|A0A0Q3 Lysyl oxidase 3 R.VEVAVGAGAGEQPR.W 39.63 1338.689 14 -0.6 670.3 591 859 222 235
XB34 AMAAE 514

38 4080 | trlAOA091T9Y4/A0A091T Hypothetical protein R.GVC(+57.02)IDWR.G 26.67 904.4225 7 -0.4 4532 7.36 1176 308 314 | Carbamidomethylation
9Y4_PHALP N335_00594 184

38 4080 | trlAOA091T9Y4/A0A091T Hypothetical protein K.LIWSKIFE(sub A)ECHAVIPPEPFFK.G 21.69 2529.313 21 -14.2 844.0 15.4 2916 258 278 | Mutation
9Y4_PHALP N335_00594 996

39 7630 | tr[AOA091SIR2|A0A091SI Hyaluronan mediated motility K.RLEQEIQSQALELAQMEEKLK.G 21.99 2513.316 21 -20.4 629.3 11.9 2208 325 345
R2_9GRUI receptor 234 1

40 4280 tr[HOZM61HOZM61_TAE Deleted in malignant brain E.TITYSNVIK.V 20.32 1037.576 9 1.2 519.7 6.93 1070 180 188
GU tumors 1 protein 957

40 4280 tr[HOZM61HOZM61_TAE Deleted in malignant brain R.NYPD(sub N)NANC(+57.02)VWEIQVK.S 19.58 1848.846 15 19.7 617.3 791 1309 20 34 Carbamidomethylation; Mutation
GU tumors 1 protein 016

40 4280 tr[HOZM61/HOZM61_TAE Deleted in malignant brain Q.SPFYPR.N 19.1 765.3809 6 1.6 383.6 5.75 833 14 19
GU tumors 1 protein 984

41 7554 | tr[U3JPD6|U3JPD6_FICA Collagen alpha-2(V) chain L.DPNQGC(+57.02)VEDAIK.V 28.15 1344.598 12 8.1 673.3 7.99 1329 1120 1131 Carbamidomethylation
L 116

41 7555 | tr[HOZL50HOZL50_TAE Collagen alpha-2(V) chain L.DPNQGC(+57.02)VEDAIK.V 28.15 1344.598 12 8.1 6733 7.99 1329 1278 1289 | Carbamidomethylation
GU 116

41 7557 tr|G3UP25/G3UP25_MEL Collagen alpha-2(V) chain L.DPNQGC(+57.02)VEDAIK.V 28.15 1344.598 12 8.1 673.3 7.99 1329 193 204 | Carbamidomethylation
GA 116

41 7558 trlG3URWI1|G3URWI1_M Collagen alpha-2(V) chain L.DPNQGC(+57.02)VEDAIK.V 28.15 1344.598 12 8.1 673.3 7.99 1329 248 259 Carbamidomethylation
ELGA 116

41 7559 tr[R7VT76|R7VT76_COL Collagen alpha-2(V) chain L.DPNQGC(+57.02)VEDAIK.V 28.15 1344.598 12 8.1 673.3 7.99 1329 1278 1289 Carbamidomethylation
LI 116

41 7560 | tr[ROLNH9/ROLNH9 AN Collagen alpha-2(V) chain L.DPNQGC(+57.02)VEDAIK.V 28.15 1344.598 12 8.1 673.3 7.99 1329 1284 1295 | Carbamidomethylation
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APL 116
41 7561 tr|U3IL67|U3IL67_ANAP Collagen alpha-2(V) chain I.DPNQGC(+57.02)VEDAIK.V 28.15 1344.598 12 8.1 673.3 7.99 1329 1310 1321 Carbamidomethylation
L 116
41 7563 | trlAOAID5SP6WI1|AOAIDS Collagen alpha-2(V) chain I.DPNQGC(+57.02)VEDAIK.V 28.15 1344.598 12 8.1 673.3 7.99 1329 1316 1327 | Carbamidomethylation
P6W1_CHICK isoform X3 116
41 7562 | tr|GIN2W3|GIN2W3_ME Collagen alpha-2(V) chain L.DPNQGC(+57.02)VEDAIK.V 28.15 1344.598 12 8.1 673.3 7.99 1329 1312 1323 | Carbamidomethylation
LGA isoform X3 116
42 7565 | tr[U3IAS51|U3IAS1_ANAP Keratin type II cytoskeletal 75 R.SLDLDSITAEVK.A 25.63 1301.708 12 40.1 651.8 12.5 2335 283 294
L 873
42 7564 | tr[ROJSL6|ROJSL6_ANAP Keratin type II cytoskeletal 75 R.SLDLDSITAEVK.A 25.63 1301.708 12 40.1 651.8 12.5 2335 282 293
L 873
42 7566 | tr[HY9HOB7HOHOB7_MEL Keratin, type II cytoskeletal 4- R.SLDLDSITAEVK.A 25.63 1301.708 12 40.1 651.8 12.5 2335 70 81
GA like 873
42 7567 | tr[HY9HOB6|HOHOB6_MEL Keratin, type II cytoskeletal 4- R.SLDLDSIIAEVK.A 25.63 1301.708 12 40.1 651.8 12.5 2335 118 129
GA like 873
42 7568 | tr]AOA093GRA7|A0A093 Keratin type II cytoskeletal 75 R.SLDLDSIIAEVK.A 25.63 1301.708 12 40.1 651.8 12.5 2335 230 241
GRA7_PICPB 873
42 7569 | tr[AOA091MSU7|A0A091 Keratin type II cytoskeletal 75 R.SLDLDSIIAEVK.A 25.63 1301.708 12 40.1 651.8 12.5 2335 240 251
MSU7_9PASS 873
42 7571 tr|U3JP96/U3JP96_FICAL Keratin, type II cytoskeletal 4- R.SLDLDSIIAEVK.A 25.63 1301.708 12 40.1 651.8 12.5 2335 275 286
like 873
42 7570 | tr[HOZOC5/HOZOC5_TAE Keratin, type II cytoskeletal 4- R.SLDLDSITAEVK.A 25.63 1301.708 12 40.1 651.8 12.5 2335 273 284
GU like 873
42 7572 | tr|U3JP95|U3JP95_FICAL Keratin, type II cytoskeletal 4- R.SLDLDSITAEVK.A 25.63 1301.708 12 40.1 651.8 12.5 2335 300 311
like 873
42 7573 | tr|U3IFQS[U3IFQS_ANAP Keratin, type II cytoskeletal 4- R.SLDLDSITAEVK.A 25.63 1301.708 12 40.1 651.8 12.5 2335 331 342
L like 873
42 7574 | tr[U3JPW5|U3JPWS5_FIC Keratin, type II cytoskeletal R.SLDLDSITAEVK.A 25.63 1301.708 12 40.1 651.8 12.5 2335 347 358
AL cochleal-like 873
43 4429 | tr|U3J1Y3|U3J1Y3_ANAP Protein lin-9 homolog isoform L.QSPITDSDPLLGQSSWK.N 20.6 1857.911 17 -10.6 620.3 8.24 1388 308 324
L X1 043
43 4427 | tr|]AOAO91F4A8|A0A091F Protein lin-9 (Fragment) L.QSPITDSDPLLGQSSWK.N 20.6 1857.911 17 -10.6 620.3 8.24 1388 297 313
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4A8 CORBR 043
43 4426 trAOAO91TE25|A0A0911E Protein lin-9 (Fragment) L.QSPLTDSDPLLGQSSWK.N 20.6 1857.911 17 -10.6 620.3 8.24 1388 297 313
25 _CALAN 043
43 4424 trAOA091MQO5|A0A091 Protein lin-9 (Fragment) L.QSPITDSDPLLGQSSWK.N 20.6 1857.911 17 -10.6 620.3 8.24 1388 297 313
MQO5_9PASS 043
43 4423 tr[HOZ1D7|HOZ1D7_TAE Protein lin-9 L.QSPITDSDPLLGQSSWK.N 20.6 1857.911 17 -10.6 620.3 8.24 1388 297 313
GU 043
43 4422 trAOAO93EQ52|A0A093E Protein lin-9 L.QSPITDSDPLLGQSSWK.N 20.6 1857.911 17 -10.6 620.3 8.24 1388 297 313
Q52 TYTAL 043
43 4414 trAOAO9TH8T7|A0A091H Protein lin-9 L.QSPITDSDPLLGQSSWK.N 20.6 1857.911 17 -10.6 620.3 8.24 1388 297 313
8T7 9AVES 043
43 4413 tr|AOA091VS37|A0A091V Protein lin-9 L.QSPITDSDPLLGQSSWK.N 20.6 1857.911 17 -10.6 620.3 8.24 1388 297 313
S37_NIPNI 043
43 4411 tr|AOA093PYF4|A0A093P Protein lin-9 L.QSPITDSDPLLGQSSWK.S 20.6 1857.911 17 -10.6 620.3 8.24 1388 297 313
YF4_9PASS 043
43 4410 tr[ROK4G2|ROK4G2_ANA Lin-9-like protein L.QSPITDSDPLLGQSSWK.N 20.6 1857.911 17 -10.6 620.3 8.24 1388 287 303
PL 043
43 4409 tr[U3KASO|U3KASO_FIC Protein lin-9 homolog isoform L.QSPITDSDPLLGQSSWK.N 20.6 1857.911 17 -10.6 620.3 8.24 1388 256 272
AL X2 043
43 4408 tr[R7VWM6|R7VWM6_C Lin-9 like protein L.QSPITDSDPLLGQSSWK.S 20.6 1857.911 17 -10.6 620.3 8.24 1388 215 231
OLLI 043
43 4404 trAOA0931ZM7|A0A0931 Protein lin-9 L.QSPITDSDPLLGQSSWK.N 20.6 1857.911 17 -10.6 620.3 8.24 1388 297 313
ZM7_FULGA 043
44 7584 trAOA093GEW7|A0A093 Fibronectin type IIT domain- R.APSLSFLSDAR.V 21.98 1162.598 11 81.2 582.3 10.3 1866 771 781
GEW7_PICPB containing protein 3B 536 1
44 7631 trAOA091VQQS|A0A091 Fibronectin type IIT domain- R.APSLSFLSDAR.V 21.98 1162.598 11 81.2 582.3 10.3 1866 788 798
VQQS8_NIPNI containing protein 3B 536 1
45 7648 tr|L1J368|L1J368_GUITH Hypothetical protein A.QATSVSWNDDWGITTSK. W 20.37 1894.87 17 9.1 948.4 6.35 938 34 50
GUITHDRAFT 110997 335
46 307 tr|[U3K2X6[U3K2X6_FIC Protein bassoon R.HHREYDRHSGSSR.H 21.58 1622.741 13 255 406.7 18.4 3460 3522 3534
AL 029 1
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47 4261 trAOAO931F41|AOA093IF Nucleobindin-2 K.LHDVNNDGFLDEQELEALFTKELEK.V 50.3 2945.429 25 6 737.3 13.8 2621 1 252 276
41_FULGA 69 9

48 7635 trAOA091UL69]A0A091U Putative threonine--tRNA ligase R.NFTEVVSPNIFNSKLWEASGHWQHY SENMFSFEIEK.E 21.65 4331.006 36 355 867.2 27.7 4890 1 318 353
L69_PHALP 2 cytoplasmic 392 8

49 7651 tr AOAO9THMIB|AOA091 Integrator complex subunit 1 R.RDSAETAR.S 20.92 904.4362 8 -15.8 453.2 7.38 1178 1 1239 1246
HMIJ8_BUCRH 182
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7.1 Discussion

7.1.1 Possible links between EBN protein and effects seen in NSC and animal studies
In Chapter 6, some proteins identified from the proteomic analysis of EBN were

suggested to be involved in the neuroprotective effects of EBN on PD neuronal cell model as

studied in Chapter 3. Here, it is speculated that some proteins from the EBN may be

associated with the neurotrophic effects of EBN seen in the study with NSC model (Chapter

4) and neuroprotective effects of EBN seen in the animal studies (Chapter 5).

EBN was found to contain proteins with a variety of neurotrophic functions. Protein
lin-9 regulates cell proliferation by modulating the expression of genes involved in mitosis
and cytokinesis (Esterlechner et al., 2013, Osterloh et al., 2007). The presence of this protein
in EBN might explain the proliferative outcome of EBN-treated NE4C neural stem cell in
Chapter 4. INTS1 protein, discovered only in the water extract of EBN, might play a role in
directing neuronal migration. Knock-down of integrator complex subunit 1 in vivo has been
shown to affect cortical neuronal patterning in mouse embryonic brain. Hence it is
hypothesized that INTS1 may be present in EBN to affect migration behavior of the NSC as
seen in Chapter 4 (van den Berg et al., 2017). Hyaluronan mediated motility receptor is a
protein bound to hyaluronan to coordinate cell migration as well as neurite extension in
neuron, therefore it is likely to have contributed to translocation and neuronal differentiation
in EBN-treated NE4C neural stem cell (Nagy et al., 1995). On top of that, the presence of
RGMB protein in raw EBN powder is likely to contribute to neurogenesis in NE4C cell
model due to its potential in promoting neurite extension and axonal growth through BMP
signalling (Ma, 2011). The sole presence of this protein in S1 (trypsin-treated crude EBN

extract) explains the findings in Chapter 4 whereby S1 promoted neuronal differentiation
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more efficiently than S2 (trypsin-treated water extract of EBN), indicating higher

neurotrophic effect in S1 comparing to S2.

Proteomic analysis of EBN also revealed the exclusive presence of selenocysteine-
specific elongation factor with potential ROS-reducing effect in water extract of EBN.
Selenocysteine-specific elongation factor is an essential mediator in the biosynthesis of
selenoproteins, one of which includes the GPX family (Dubey and Copeland, 2016). In
Chapter 5, it was found that expression of GPX1 protein in substantia nigra of EBN-treated
PD mouse model was elevated as compared to untreated PD mice, which is likely attributed
to enhanced synthesis of selenoprotein glutathione peroxidase in the mice brain via EBN
supplementation. With that, EBN treatment could have led to efficient sequestration of cell-
damaging peroxides and ROS, prevented lipid peroxidation and inflammatory response from
activated microglia, and eventually resulted in preservation of dopaminergic neuron in the
substantia nigra of 6-OHDA-injected mice (Pillai et al., 2014). The presence of
selenocysteine-specific elongation factor in water extract of EBN explains the higher

expression of GPX1 in the substantia nigra of S2-treated mice.

7.1.2 Rationale of using EBN as a nutraceutical option for PD

Current therapies for PD are mostly symptomatic and therefore dopamine-based.
However, long term dopaminergic medication often results in wearing-off phenomenon,
whereas non-motor symptoms appearing in late stage PD are mostly refractory to
dopaminergic therapy (Jenner, 2015). Also, invasive procedures like deep brain stimulation is
not suitable for elderly, associated with risk of surgery complications and development of
neuropsychiatric side effects (Burn and Troster, 2004). Since PD is a disease in the deep

brain and due to its complicated pathogenesis, any of these conventional treatments are still
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far from being a stand-alone approach to PD management and often need to couple to other
therapy to achieve optimum results. They also failed to counteract the progressive
degenerative nature of the disease. The purpose of neuroprotective therapy is to apply
treatment at early stage of the disease to delay disease progression. For instance, it has been
shown in clinical studies that Chinese herb formulas as an adjunct improved both motor and
non-motor complications of PD, and reduced the use of dopaminergic medication and events
of dyskinesia due to its multi-target neuroprotective mechanisms (Zeng, 2017). Currently
many studies are focusing on reducing oxidative stress, inhibiting excitotoxicity, providing
trophic support, enhancing mitochondrial functionality, counteracting inflammation and

preventing apoptosis (Fahn and Sulzer, 2004).

Meanwhile, natural product has raised public’s interest in the treatment of many
health complications, including PD (Mythri et al., 2012). Since EBN contains proteins which
might possess neuroprotective and neurotrophic effects, EBN may be explored as a
nutraceutical for PD treatment and achieve a disease-modifying outcome in PD. Ultimately,
the present study expanded the research on EBN so that evidence-based medicinal value may

be established for this food product in the future.

7.1.3 Protein across blood brain barrier?

Due to hydrophobicity nature and molecular weight, macromolecule like proteins has
limited permeability through the tight junctions on blood-brain-barrier (BBB). In Chapter 6,
proteomics analysis showed that all trypsin-digested peptides from EBN were less than 6kDa,
and 94% of them are smaller than 3kDa. Since EBN samples used in current study were
trypsin-digested to resemble the biological digestion process whereby large proteins are

broken down to smaller peptides, it is not surprising to predict that some of the bioactive
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peptides described above may cross the BBB in the animal model by transmembrane
diffusion as the largest substance found to date to cross the BBB weighed up to 7kDa (Banks,
2009). Assimilation of the peptides into the brain may also be achieved by receptor-mediated
transcytosis (Laterra et al., 1999). For instance, RGMB as part of the plasma membrane
receptor has the highest expression level in the brain (Mouse ENCODE transcriptome data),
implying an active state of RGMB homeostasis, hence RGMB trafficking might be up-
regulated at the BBB. Passage of bioactive proteins in EBN through BBB may be evaluated

in the future for optimization of drug delivery.

7.2 General conclusion of the study

In summary, it has been successfully demonstrated that EBN extracts confer
neuroprotection in 6-OHDA-challenged SH-SYSY cell model. Particularly, S1 demonstrated
neuroprotective potential by improving cell viability while S2 inhibited oxidative stress and
caspase-3 activation. Both the EBN extracts were able to attenuate apoptosis of the neurons
due to 6-OHDA-induced oxidative stress. EBN was also shown to possess neurotrophic
effects on NSCs by regulating proliferation, migration and neuronal differentiation. The
potential of EBN in neurogenesis might be of medical importance in the treatment of aging-
related neurodegenerative disorders. Additionally, oral supplementation of EBN was
demonstrated to be beneficial to PD mouse model by restoring motor function, preserving
dopaminergic neuron, improving expression of antioxidant glutathione peroxidase 1 and
ameliorating expression of activated microglia in the substantia nigra following 6-OHDA
injection. Lipid peroxidation and nitric oxide formation in 6-OHDA-treated SH-SYS5Y cell
were reduced by EBN treatment. Lastly, protein analysis of EBN extracts has identified
bioactive proteins with potential role in immunity, extracellular matrix formation,

neurodevelopment, cell survival and apoptosis, cell proliferation and migration, antioxidation
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as well as common cellular processes. The antioxidant activities of both crude and water
extracts of EBN were studied as well. Some of the proteins found in EBN were speculated to
be linked to the neuroprotective and neurotrophic effects of EBN reported in the Chapter 3 to
6 in this thesis, and mainly attributed to antioxidant and anti-inflammatory properties of EBN,

which might differ following different extraction methods.

7.3 Future works and recommendations
7.3.1 Purification of bioactive compound and characterization of novel compound

Our study has successfully demonstrated the neuroprotective and neurotrophic effects
of EBN in the form of crude extract and water extract, followed by a comprehensive protein
profiling which revealed a list of proteins possessing various functions. It is recommended to
subject the EBN extracts to further fractionation using preparative high-performance liquid
chromatography. The elute may be purified multiple times, cleaned-up and concentrated for

further analyses.

Using the principle of bioassay-guided isolation, fractions may be tested on cell lines
and animal models for direct elucidation of their bioactivities. The methodology used in the
studies in Chapter 3-6 may be repeated with purified sample in order to screen for pure
compound which exerts neuroprotective and neurotrophic effects similar to the current
findings reported in this thesis. Compound which shows peak on the chromatogram may be
identified by comparing its retention time to the literature. Nonetheless, compound
unidentified at this stage may be further characterized with the use of elemental techniques
such as X-ray crystallography, which will be useful for finding out the structure of
crystallisable component in the lyophilized pure compound isolated from EBN (Deschamps,

2010). In case of liquid EBN sample, ultraviolet—visible spectroscopy, nuclear magnetic
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resonance (NMR), Fourier-transform infrared spectroscopy and mass spectrometry may be
employed. In particular, tandem mass spectrometry will generate a wealth of information
about the compound including molecular formula, mass and mass-to-charge ratio
(Kaklamanos et al., 2012). These data may also be correlated with NMR data, which includes
information on number of carbon atoms, hydrogen atoms, nitrogen atoms or phosphorous
atoms, which allows reconstruction of the molecule architecture. These technologies will help
to elucidate the structure, elemental make-up and physical properties of the novel compound

(Forseth and Schroeder, 2011).

Interestingly, a concept known as bioactive molecular networking was recently
proposed to identify candidate molecules directly from fractionated bioactive extracts
(Nothias et al., 2018). Molecular networking is a tandem mass spectrometry (MS/MS) data
organizational method recently introduced in high-throughput drug discovery. This approach
is advantageous in the sense that it avoids repeated discovery of molecules previously
identified by enabling dereplication of molecules using molecular networking prior to
isolation of the compounds. It is also possible to reveal potentially bioactive molecules using
bioactivity score prediction, which is calculated based on the relative abundance of a

molecule in the fraction and the bioactivity level of the fraction (Quinn et al., 2017).

Molecular networking is a versatile algorithm to illustrate chemical relationship
between MS/MS spectra and has contributed extensively towards the development of the
database called Global Natural Products Social Molecular Networking (GNPS) (Wang et al.,
2016). GNPS on the other hand, may be utilized for search of molecules with similar spectral
information in the molecular network, hence allowing the identification of analogues and

novel compounds for potential therapeutic application (Nothias et al., 2018). Using this
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approach, Nothias et al. successfully isolated novel and effective antiviral compound from a
previously investigated extract of Euphorbia dendroides where the bioactive diterpene
esters were not discovered following a classical bioassay-guided fractionation procedure
(Esposito et al., 2016). Novel neuroprotective and neurotrophic compounds in EBN sample
may be predicted using such strategy. Compound identified from this stage may be explored

as drug lead in the treatment of neurodegenerative diseases.

7.3.2 Study on alternative PD model

PD pathology does not only reflect in degeneration of nigrostriatal dopaminergic
neuron but also includes intraneuronal deposition of Lewy bodies inclusion, which results
from aggregation of a-synuclein protein. Neurotoxin-induced models of PD, including those
treated with 6-OHDA, MPTP and rotenone and paraquat were established based on
mechanisms thought to be involved in pathogenesis of PD (Potashkin et al., 2011). However,
the use of these models falls short to absence of Lewy bodies, which renders them a model
that does not sufficiently address Lewy bodies as one of the major pathologies in PD (Lane

and Dunnett, 2008).

Presence of Lewy bodies in neurons is an important pathological hallmark in PD
hence EBN should be tested against Lewy body pathology using various models to broaden
our understanding of its neuroprotective and neurotrophic potentials in counteracting the
formation of Lewy bodies in PD. With the advent of genetic engineering, a-synuclein
transgenesis with either wild-type or A53T mutation has been shown to approximate Lewy
bodies formation in mice (Giasson et al., 2002). The transgenic A53T a-synuclein mouse

model develops progressive motor failure and filamentous Lewy bodies-like inclusions in
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several brain areas (Tsika et al., 2010). Whether EBN is able to restore motor function by

modulating Lewy bodies deposition in the neurons is worth investigating.

Another model that may be used for the study of effect of EBN on PD is the Smad3
deficiency mouse, which features selective postnatal neurodegeneration of midbrain
dopaminergic neurons, MAO-mediated catabolism of dopamine in the striatum, oxidative
stress, and loss of trophic and astrocytic support to dopaminergic neurons (Tapia-Gonzalez et
al., 2011). Notably, it has been suggested that there is a link between a-synuclein aggregates
and cognitive impairment observed in demented PD patients as Lewy bodies are detected in
the hippocampus, the brain region for learning and memory acquisition, of PD patients.
Smad3 deficiency not only induces distribution of a-synuclein inclusions similar to the
human Lewy bodies, but it also abolishes the induction of long-term potentiation in the
dentate gyrus (Tapia-Gonzalez et al., 2013). These characteristics of Smad3 deficiency model
emphasizes that it is a model which combines features such as neurodegeneration, inhibition
of neurogenesis of the dentate gyrus, a-synuclein aggregation, loss of trophic support and
decline of cognitive function (Girdldez-Pérez et al., 2014). It is therefore an alternative PD
animal model that allows us to probe into the effect of EBN in various pathological aspects of

PD hence validating its nutraceutical potential for the treatment of PD.
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Abstract

Background: Parkinson's disease (PD) is the second most common neurodegenerative disorder affecting the senile
population with manifestation of motor disability and cognitive impairment. Reactive oxygen species (ROS) is implicated
in the progression of oxidative stress-related apoptosis and cell death of the midbrain dopaminergic neurons. its
interplay with mitochondrial functionality constitutes an important aspect of neuronal survival in the perspective of PD.
Edible bird's nest (EBN) is an animal-derived natural food product made of saliva secreted by swiftlets from the
Aerodamus genus. It contains bioactive compounds which might confer neurcprotective effects to the neurons. Hence
this study aims to investigate the neuroprotective effect of EBN extracts in the neurotoxin-induced in vitro PD model.

Methods: EBN was first prepared into pancreatin-digested crude extract and water extract. /n vitro PD model was
generated by exposing SH-SY5Y cells to neurotoxin 6-hydroxydopamine (6-OHDA). Cytotoxicity of the extracts on
SH-SY5Y cells was tested using MTT assay. Then, microscopic morphological and nuclear examination, cell viability
test and ROS assay were performed to assess the protective effect of EBN extracts against 6-OHDA-induced cellular
injury. Apoptotic event was later analysed with Annexin V-propidium iodide flow cytometry. To understand whether the
mechanism underlying the neuroprotective effect of EBN was mediated via mitochondrial or caspase-dependent
pathway, mitochondrial membrane potential (MMP) measurement and caspase-3 quantification were carried out.

Results: Cytotoxicity results showed that crude EBN extract did not cause SH-SY5Y cell death at concentrations
up to 75 pg/ml while the maximum non-toxic dose (MNTD) of water extract was double of that of crude extract.
Morphological observation and nuclear staining suggested that EBN treatment reduced the level of 6-OHDA-induced
apoptotic changes in SH-5Y5Y cells. MTT study further confirmed that cell viability was better improved with crude EBN
extract. However, water extract exhibited higher efficacy in ameliorating ROS build up, early apoptotic membrane
phosphatidylserine externalization as well as inhibition of caspase-3 cleavage. None of the EBN treatment had any
effect on MMP.

Conclusions: Current findings suggest that EBN extracts might confer neuroprotective effect against 6-OHDA-nduced
degeneration of dopaminergic neurons, particularly through inhibition of apoptosis. Thus EBN may be a viable
nutraceutical option to protect against oxidative stress-related neurodegenerative disorders such as PD.
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Background
Parkinson’s disease (PD) is an age-related progressive
neurodegenerative disease with estimated worldwide
prevalence approaching 9 million of people over the age of
50 by 2030 [1]. Pathologically, there is loss of dopaminergic
neurons in the substantia nigra which subsequently causes
dopamine depletion in the striatum [2]. Abnormal ag-
gregation of a-synuclein known as Lewy bodies is also
detected in surviving neurons [3]. Dopamine depletion
ultimately leads to deterioration of motor functions
whereby the patients are often manifested with clinical
signs such as tremor, rigidity and slow responsiveness [4].
Several hypotheses including neuroinflammation, mito-
chondrial dysfunction, failure of ubiquitin-proteasome sys-
tem and proteinopathy have been proposed to explain the
neurodegeneration events in PD [5,6]. Amongst those,
oxidative stress-related apoptosis has been implicated
in the pathogenesis of neurodegenerative diseases. Oxida-
tive stress is caused by the production and accumulation of
excessive partially reduced reactive oxygen species (ROS)
within the cell, which attacks electron-rich biological mole-
cules such as DNA, protein and lipid to affect cellular
functions [7]. ROS is generated as a part of normal cellular
metabolism. In the cells with high oxygen-utilizing capacity
such as the neurons, however, greater amount of highly re-
active oxygen radical is being produced which renders
these cells more vulnerable to oxidative damages [8]. In
PD, substantial post-mortem studies noted that impaired
mitochondrial function and ROS build up are two events
linked to apoptotic episode in dopaminergic neurons [6,9].
Experimental models of PD which are generated through
the use of mitochondrial complex I activity-inhibiting and
ROS-inducing neurotoxins are able to recapitulate the
pathological features in PD, further reinforces that ROS
introduction is critically involved in the disease [10].
Therefore the brain requires an effective antioxidant sys-
tem to counteract the impact of ROS, as well as an anti-
apoptotic mechanism to maintain the neuronal integrity.
Edible bird nest (EBN) is natural food product made
from saliva of the swiftlets of the genus Aerodramus (or
Collocalia). Numerous in vitro and in vivo researches
have shown that administration of EBN was able to
boost immunity, promote cell division and proliferation,
neutralize influenza activity as well as improve osteopor-
osis [11-14]. Studies have shown that EBN contains the
bioactive compound sialic acid [15-17]. Furthermore,
EBN may also contain epidermal growth factor (EGF)
because EGE-like activity was detected in protein frac-
tions partially purified from EBN extract In fact, sialic
acid and EGF are neurotrophic factors known to pro-
mote neuron and brain development [18-21]. On the
other hand, animal saliva was previously found to con-
tain vascular endothelial growth factor and melatonin
[22,23]. These compounds are powered with anti-
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apoptotic and antioxidant properties [24,25]. As apop-
tosis and oxidative stress have been suggested as cru-
cial events in neurodegeneration, EBN, the salivary
secretion of swiftlets, may have neuroprotective rele-
vance in the therapeutic context of PD. Nevertheless
no scientific investigation has been conducted thus far
to confirm this. Hence this study aimed to investigate
the neuroprotective effect of EBN.

Methods

Preparation of EBN extracts

Raw EBN from the swiftlet of Aerodamus genus collected
from birds nest farm in Perak, Malaysia was kindly pro-
vided by a local EBN distributor Yew Kee Pte Ltd. Clean-
ing was carried out by first soaking the unprocessed EBN
in ultrapure water until softened and protein strands be-
came slightly loosened. Dirt and feathers were removed
manually by forceps. Cleaned EBN was subsequently oven-
dried at 50°C before being grounded into fine powder. A
portion of cleaned EBN was kept for water extraction
whereby the EBN was first soaked in cold distilled water
for 48 hours followed by boiling at 100°C for 30 minutes.
The solution mixture was filtered and the filtrate was
freeze-dried with freeze dryer (EYELA Freeze Dryer FOU
2100) to obtain EBN water extract powder.

Traditionally, a bird’s nest soup was prepared by double-
boiling the cleaned EBN strands with water until softened,
whereby sugar is often added to enrich the taste. In the
current study, however, both raw EBN and its water ex-
tracts were prepared by enzymatic digestion using method
adopted from Guo ef al. [13]. Pancreatin digestion was
performed as numerous studies have suggested that pro-
teolytic breakdown of EBN produced greater bioactivities
when compared to the undigested EBN [13,14]. This add-
itional step of enzymatic hydrolysis is suggested to enhance
solubilisation of bioactive compounds, which subsequently
leading to cellular assimilation. Briefly, raw EBN and water
extract powder dissolved in ultrapure water at 2.5% (w/v)
were digested with pancreatin (final concentration 0.5 mg/
ml) (Sigma Aldrich, USA) in a 45°C water bath for 4 hours
at pH 8.5- 90. Pancreatin enzyme was then deactivated at
90°C for 5 minutes. The mixtures were then filtered and
freeze-dried to obtain the final crude and water EBN ex-
tracts, which were denoted as 51 and 52 respectively. Fi-
nally, products were dissolved in dimethyl sulphoxide
(DMSO) (Sigma Aldrich, USA) as a stock of 50 mg/ml and
sonicated until the powder was fully solubilized. Then the
EBN solutions were centrifuged at 3000 rpm for 10 minutes
to precipitate the undissolved EBN particles. The super-
natant was collected and stored at -20°C for future use.

Neuronal cell culture

Human neuroblastoma cells SH-SY5Y was purchased
from the American Type Culture Collection (ATCC no.
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CRL-2266) and cultured in complete medium prepared
from Dulbecco’s Modified Eagles Medium (Gibco, UK)
supplemented with 10% fetal bovine serum (Gibco, UK).
The cells were maintained at 37°C humidified incubator
with 5% CO, for 2-3 days until 70% confluent. Cell collec-
tion was carried out by rinsing the cells with phosphate-
buffered saline (PBS) (Biobasic, Canada) followed by
addition of trypsin-EDTA (Gibco, UK) to detach the cells.
The action of trypsin was later neutralized with complete
medium and cells were harvested by centrifugation at
1500 rpm for 5 minutes. The cells were then sub-cultured
into new tissue culture flask or plated for assays.

Determination of maximum non-toxic dose (MNTD) and ef-
fect of the EBN extracts on 6-OHDA-induced cytotoxicity
Cytotoxic test was performed with tetrazolium reduc-
tion assay using 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT) reagent (Sigma
Aldrich, USA). Cells were first seeded onto 96-well plate at
a density of 4x10" cells/well with complete medium,
which then was replaced by serum-free medium for treat-
ment in the next day. Cytotoxic effect of both crude and
water EBN extracts on SH-SY5Y cells was tested across a
wide range of concentrations from 0 to 500 pg/ml DMSO,
which was used to dissolve the extracts, was included as
vehicle control. After 48 hours incubation, MTT solution
was added into the culture to a final concentration of
0.5 mg/ml. After 4 hours incubation at 37°C, the medium
was removed and replaced with equal volume of DMSO to
dissolve the purple formazan crystal. Absorbance of the so-
lution was measured spectrophotometrically with micro-
plate reader (DynexOpsys MR 24100) at 570 nm and was
compared to control to be presented in percentage of cell
viability or toxicity. MN'TD and % MNTD of EBN extracts
were determined from graph plotted.

To determine the effect of EBN extracts on SH-SY5Y
intoxicated with neurotoxin, cells were pre-treated with
EEN extracts at MNTD and % MNTD for 24 hours
followed by co-incubation with 100 pM 6-OHDA for an-
other 24 hours. Upon completion of treatment, MTT
assay was performed to determine the cell viability. All
test assays followed the same treatment whereby DMSO
alone (0.5% v/v) was used as vehicle control.

Morphological examination

Apoptotic cells experiencing damage in the nuclei are
featured by cell shrinkage, membrane blebbing and pres-
ence of apoptotic bodies [26]. In order to perform mor-
phological study, cells were first grown in 60 mm culture
dish and treated accordingly whereby groups such as ve-
hicle control, 6-OHDA, S1 MNTD +6-OHDA and 52
MNTD + 6-OHDA were included. Then, cell morphology
was examined under bright field inverted microscope
(Nikon Eclipse Ti, Japan). In addition to that, nuclear
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staining was performed with Hoechst staining. Treated
cells were fixed with 4% paraformaldehyde for 15 minutes
before stained with Hoechst 33258 (1 pg/ml) (Sigma
Aldrich, USA) for 15-20 minutes. Nuclear changes were
examined under fluorescence excitation using the same
microscope for features such as chromatin condensa-
tion, DNA fragmentation and cell shrinkage. Photomi-
crographs were taken using attaching camera.

Intracellular reactive oxygen species (ROS) level
measurement

Intracellular ROS production was assessed with 2', 7'-
dichlorofluorescein diacetate (DCFH-DA) fluorescent
probe. Cells were seeded into 12-well plate at a density
of 15 x 10° cells/well. Upon completion of treatment,
cells were collected and washed before added with
40 pM DCFH-DA (Sigma Aldrich, USA) working solu-
tion in 96-well black plate. Fluorescence reading was
taken at 0, 10, 20 and 30 minutes with fluorescence mi-
croplate reader using excitation and emission wave-
lengths of 485 nm and 535 nm (Tecan, Austria). The
fluorescence readings were then normalized to the re-
spective cell number to give relative value of DCF fluor-
escence unit. Fold change in ROS production of the
treated groups was determined by comparing to the un-
treated control.

Apoptosis analysis

The procedure was performed with Annexin V-FITC
Apoptosis Detection Kit (BD Pharmingen, USA) using a
modified protocol by Rieger ef al. [27]. Briefly, upon com-
pletion of treatments, cells were harvested and washed
with binding buffer. Cells were counted to obtain a final
concentration of 1x10° cells/ml Then Annexin V and
propidium iodide (PI) were added and incubated in dark
for 15 minutes. After washing, cell suspension was fixed
with 1% formaldehyde for 10 minutes on ice. Subse-
guently, washing was performed twice with binding buffer
followed by addition of RNase (EMD Biosciences, USA)
which then incubated for 15 minutes at 37°C. Finally, sam-
ples were washed and ready for analysis with FACSCalibur
flow cytometer (BD Biosciences, USA) and the software
Cell Quest Pro.

Mitochondrial membrane potential measurement

Mitochondrial membrane potential (MMP or AWm) is
an important indicator of mitochondrial functionality.
Apoptosis through mitochondrial-mediated pathway can
be assessed by performing MMP assay using MitoScreen
kit (BD Pharmingen, USA) according to the protocols
provided. Briefly, cells were collected by trypsinization
and centrifugation. Washing with PBS was carried out
and cells were counted to obtain a final concentration of
1 x 10° cells/ml. Working staining solution was prepared
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from the JC-1 powdered dye and assay buffer at a ratio of
1:99, which was then added to the cells. Incubation was
carried out at 37°C in 5% CO, incubator for 15 minutes.
Cells were washed twice in assay buffer before analyzed
with flow cytometer. Mitochondrial depolarization is indi-
cated by a decrease in the red JC aggregates/green |JC
monomer fluorescence intensity ratio.

Caspase-3 detection

Caspase-3 is a proteolytic enzyme activated during apop-
tosis. It was detected using FITC active caspase-3 apop-
tosis kit (BD Pharmingen, USA) according to the protocol
provided. Cells were first collected by trypsinization and
centrifugation. Then, cells were washed with PBS twice
and resuspended in BD Cytofix/ Cytoperm™ fixation and
permeabilization solution at 1 x 10° cells/0.5 ml. Subse-
guently cells were incubated on ice for 20 minutes. Fix-
ation solution was discarded after centrifugation and cells
were washed twice with 0.5 ml of BD Perm/Wash™ buffer.
A hundred microliters of BD Perm/Wash™ buffer and
20 pl of FITC anti-active caspase-3 antibody were added to
each sample and incubated for 30 minutes at room
temperature. Then, cells were washed with 1 ml of BD
Perm/Wash™ buffer. Finally cells were resuspended in
0.5 ml of the same buffer and transferred to FACS tube for
flow cytometry analysis.

Statistical analysis

Data was collected as triplicate from at least 3 independent
experiments. The results were expressed as mean + stand-
ard deviation. Statistical significance was assessed with
Student’s t-test. P value <0.05 was considered significant.

Results & Discussion
Cytotoxic profile of EBN extracts (S1 and S2)
Toxicity study was first performed with addition of EBN
extracts to SH-SY5Y cells to determine the concentration-
wide effect as well as MNTDs of the extracts on neuronal
culture. MNTD is the maximal dose just below the thresh-
old for cell toxicity that demonstrates no cytotoxic effect.
Half of the MNTD value was also determined in order to
study the effect of EBN treatment at lower concentration.
In the graph of cytotoxicity percentage in SH-SY5Y
cells against EBN extract concentration (Figure 1), it was
found that there was an increasing trend of cytotoxicity
along with the concentration. However, cell death was
not evident at concentration below 100 pg/ml for S1 and
200 pg/ml for S2. MNTDs are the concentrations at
which cytotoxicity starts to become evident (where line
touches x-axis). As determined from the graph, MNTDs
were 76.25+ 16.52 pg/ml for S1 and 150 +36.06 pg/ml
for S2. Meanwhile the ¥ MNTDs were 38.13 pg/ml and
75 pg/ml for S1 and S2, respectively. Overall the cyto-
toxicity of S1 was double as much as the cytotoxicity of
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52. Such discrepancy could be due to varying methods
employed in preparing the two extracts. In fact, com-
pound solubility and stability are major factors that con-
tribute to varied activities in different extracts [28]. S2
was extracted with water thus one might expect the
resulting sample to contain only water-soluble sub-
stances. Also, high temperature applied during the water
extraction process might have affected the potency of
proteins within the EBN, possibly through denaturation.
Based on the observations, it is likely that the water-
soluble substances possess less cytotoxic effect compar-
ing to 51, the crude EBN extract.

EBN extracts prevent 6-OHDA-induced apoptotic changes
in SH-SY5Y cells
A number of cellular morphological changes including
cytoplasmic condensation resulting in reduced cell size,
plasma membrane undulations or blebbing, condensation
of chromatin at nuclear periphery, dilatation of endoplas-
mic reticulum and formation of apoptotic bodies represent
the typical characteristics of apoptosis [29,30]. In the
present study, changes in cellular morphology of SH-SY5Y
upon different treatments were assessed by microscopic
examination. Untreated SH-SY5Y cells had a distinctive
neuronal shape with typical long neurite outgrowth. In
addition, cell membrane was intact and there were min-
imal dead cells (Figure 2A). Nuclear staining with DNA-
binding fluorescent dye Hoechst 33258 showed homo-
genously stained regular rounded nuclei in control cells
(Figure 2E). However, when incubated with 100 pM
6-OHDA (an optimum concentration determined from
our studies earlier; Data not shown), cell death was made
evident by the presence of shiny, floating and round-
shaped cells under bright field microscopy (Figure 2B).
Shrinking cells which gradually lost their elongated neur-
onal shape and have shrunken in size were also detected
(vellow arrow in Figure 2B). Meanwhile, increased number
of bright fluorescent nuclei indicative of chromatin con-
densation (white arrow in Figure 2F), as well as nuclear
fragmentation (red arrow in Figure 2F) were apparent
after Hoechst staining. Smaller asymmetrical nuclei
were also seen as a result of cell shrinkage (green arrow
in Figure 2F). These features altogether suggest that 6-
OHDA-induced SH-SY5Y cell death was likely to be
mediated through apoptosis. This finding is supported
by previous study which concluded that the selective
catecholaminergic neurotoxin induces oxidative stress-
associated cell death primarily through apoptosis [31].
Nonetheless, pre-treatment with S1 or 52 for 24 hours
prior to the addition of 6-OHDA conferred protection to
SH-S5Y5Y cells by reducing cell death in the culture
(Figure 2C-D). In addition, the nuclear apoptotic changes
induced by 6-OHDA were less noted in the cells after pre-
treatment with S1 and S2 (Figure 2G-H), suggesting that
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Figure 1 Cytotoxic effect of EBN extracts on S5H-5Y5Y cells. Cytotoxicity percentage of SH-SYSY cells upon 48 hours treatment with either 51
or 52 was tested across a wide range of concentration from 0 to 500 pg/ml and MTT assay was carried out. Maximum non-toxic dose was then
determined from the graph. The data shown are means +5.0. of three independent experiments performed in triplicates.

EBN may be effective in reversing the cytotoxic effect of 6-
OHDA.

S1 improves cell viability in 6-OHDA-challenged SH-SY5Y
cells
To quantify the cell viability from those observed in the
morphological study, MTT assay was performed. Upon
challenge with 100 pM 6-OHDA for 24 hours, cell viability
decreased significantly to about 40% of that of control
(Figure 3). Pre-treatment with EBN extracts followed by
co-incubation with 6-OHDA generally did not improve
cell viability except in the cells treated with S1 at re-
spective MNTD. About 20% increase in the cell viabil-
ity was observed under that treatment as compared to
the 6-OHDA group. This could be due to mitogenic
property of S1 that promoted cell growth, as made evident
by a study by Zainal Abidin ef al. which shows that EBN
promoted cell division in rabbit corneal keratocytes [32].
Moreover, acid hydrolysates of EBN have been shown to
promote proliferation of human colonic adenocarcinoma
(Caco-2) cells [33]. The same report also pointed out that
sialic acid treatment alone induced significant Caco-2 pro-
liferation. Taken together the finding by Yagi ef al. which
showed that sialic acid was present in EBN, it is suggested
that sialic acid could be the bioactive compound that we
are interested in [17].

On the contrary, S2 in overall did not prevent cell death,
which may be explained by the lower activity associated
with the water extract discussed earlier. Meanwhile, EBN

treatment alone for 48 hours did not affect cell survival, in-
dicating that EBN treatments at MNTDs were non-
cytotoxic to SH-SY5Y cells.

S2 attenuates ROS build up in 6-OHDA-challenged SH-
SY5Y cells

The overall oxidative status in SH-SY5Y cells was
assessed with the DCFH-DA assay. Figure 4 showed that
ROS was maintained at basal level when SH-SY5Y cells
were treated with EBN extracts alone, indicating that
EBN alone did not induce oxidative stress within the
cell. Furthermore, 52 caused significant drop in ROS
production suggesting the protective role of EBN as a
free radical species scavenger.

Intracellular ROS production was augmented by 4 fold
upon 6-OHDA exposure when compared to control
group. Pre-treatment with S1 at high dose (MNTD) did
not restore ROS to the basal level, but instead promoted
intracellular ROS build up twice as much as the level of
that in cell treated with 6-OHDA alone. This could be
due to the presence of reactive compounds in S1 which
prompted the generation of extra free radical in cells on
top of the existing oxidative load, for example a 66 kDa
major allergen protein in EBN [34]. As allergenic im-
mune reaction is often linked to increased intracellular
ROS production, this putative protein possesses homology
to a domain of an ovoinhibitor precursor in chicken could
possibly be the contributor of intracellular ROS load in S1-
treated SH-SY5Y cells [35,36].
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(white arrow in Figure 2F).

100pm

Figure 2 Effect of EBN extracts on morphological and nuclear changes of 6-OHDA-challenged SH-SY5Y cells. Microscopic images were
taken after 48 hours of treatment. Figures A-D are bright field images while Figures E-H are fluorescent images taken after Hoechst 33258 staining.
Figures A and E: control group; Figures B and F: 6-OHDA group; Figures C and G: ST MNTD + 6-OHDA-treated group; Figures D and H: 52
MNTD + 6-OHDA-treated group. Cell shrinkage is indicated by cell losing its distinctive neuronal shape and has becomes smaller in size
(yellow arrow in Figure 2B), DNA fragmentation is indicated by cluster of nuclei fragments (red arrow in Figure 2F), shrunken cell is indicated
by smaller and distorted nuclei (green arrow in Figure 2F) while nuclear chromatin condensation is indicated by brightly fluorescent nuclei

100pm

Meanwhile, ROS production was significantly attenu-
ated to sub-control level by S2 treatment, in which high
dose seemed to suppress ROS production better than
low dose. These findings suggest that the water-soluble
compounds in S2 could be more effective in scavenging
intracellular ROS if present in high dose, whereas in
crude extract high dose would do the opposite effect.
The difference in activities of S1 and S2 can be inferred
from the different methods used in extract preparation.
Although both extracts derived from the same raw

material, solubility and solvent accessibility of bioactive
compounds in crude and water extracts may affect their
chemical properties and hence, the bioactivities. In par-
ticular, water extraction method involves heat treatment
at 100°C and therefore may modify tertiary con-
formational structure of the native EBN protein. This
manipulation could possibly uncover the nucleophilic
amino acid residues that present in the protein core,
such as cysteine’s sulfhydryl groups [37]. These amino
acid residues are free radical scavenger because they are
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Figure 3 Effect of EBN extracts on 6<0HDA-challenged SH-SY5Y cell viability. Cell viability was assessed with MTT assay and data shown are
means + S.0. of three independent experiments performed in triplicates. *F < 0.05; **P < 0.01; **P < 0001 versus untreated control cells while

oxidized preferentially to the membrane phospholipids.
52 may therefore possess higher antioxidant potential
than S1 because of greater solvent exposure of free rad-
ical scavenging amino acid residues as a result of heat-
assisted protein denaturation.

Generally, reduction of ROS level would ameliorate
oxidative stress-related cellular damage and cell death,
but this was not observed in the present study. Results
from ROS measurement when put together with MTT
results raised an intriguing question because 51 had suc-
cessfully improved cell viability although it triggered
ROS generation. One explanation for this is that S1
could have initiated cytoprotective mechanism other
than direct ROS-scavenging, such as the promotion of

antioxidant defense system through nuclear erythroid 2-
related factor 2 - antioxidant responsive element (Nrf2-
ARE) signaling [38]. It has been suggested that exogenous
protein can act through Nrf2-ARE signaling pathway
to induce expression of endogenous antioxidant enzymes
[39]. In fact, ARE activation have been demonstrated to be
protective against in vitro cell death induced by dopamine
and 6-OHDA, likely due to enhanced expression of the
antioxidant proteins such as glutathione S-transferase A2,
heme oxygenase-1 and NAD(P)H quinoneoxidoreductase 1
[40-42]. Interestingly, Nrf2-ARE activation is a redox-
sensitive process thus this process can be triggered in re-
sponse to intracellular oxidative changes, as seen in the ac-
tion of apomorphine whereby ROS produced by the drug
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Figure 4 Effect of EBN extracts on intracellular reactive oxygen species (ROS) production in 6-OHDA-challenged 5H-5Y5Y cells.
Intracellular ROS levels of treated groups were asesed with DCFH-DA assay and data shown are means +50. of three independent experiments
performed in triplicates *P < 0.05; **P < 001; **P < 0001 versus untreated control cells while *P <005, P < 001; ®*P <0001 versus 6-OHDA treated cells.
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itself acts as Nrf2-ARE pathway activator [43,44]. There-
fore, it is possible that 51, in the presence of ROS, generates
signals that initialize molecular changes to result in cyto-
protection and hence improved cell viability. However, fur-
ther works should be done to confirm the role of these
members of the intracellular antioxidant response system
in the neuroprotective mechanism of S1. Investigations on
expression of the antioxidant genes or proteins, and nuclear
translocation of Nrf2 protein could be performed in the
future.

EBN extracts reduce early apoptotic event in 6-OHDA-
challenged SH-5Y5Y cells
Apoptotic event was investigated by Annexin V-PI double
staining method to identify the mode of cell death. Several
previous reports showed that apoptosis of dopaminergic
neurons was found to increase with 6-OHDA-induced oxi-
dative stress [45-48]. In this assay, cells residing at different
stages of apoptosis upon exposure to 6-OHDA were identi-
fied by differential staining of membrane phosphatidylser-
ine and DNA, whereby cells are grouped and represented
in dot plot as healthy (lower left quadrant), early apoptotic
(lower right quadrant), late apoptotic (upper right quad-
rant) and necrotic (upper left quadrant) ones. Early apop-
tosis, represented by cell stained positively with Annexin V
due to phosphatidylserine translocation towards outer
membrane surface followed by loss of membrane integrity,
was found to be the major cell death mechanism in cell
treated with 6-OHDA for 24 hours. It accounted for about
30% of the cell population (Figure 5B, lower right quad-
rant), which is in concordance with other reports [49,50].
Generally EBN treatment alone did not stimulate
apoptotic event (Figure 5D-F), but it effectively reduced
early apoptotic injury in cells challenged with 6-OHDA
(Figure 5H-J). The results suggest that EBN is a potential
neuroprotective agent which acts by inhibiting apoptosis.
However, S1 treatment increased the percentage of
apoptotic population in normal culture (Figure 5C) and
did not reduced the early apoptosis induced by 6-OHDA
(Figure 5G) when given at MNTD. Such findings
imply that high dose of crude extract did not improve
apoptosis and could have itself contributed to apop-
tosis in SH-SY5Y cells, despite the fact that MNTD
used for S1 treatment had been pre-determined as
non-toxic. The apoptosis-inducing nature of 51 at
MNTD may be related to the elevated intracellular
ROS produced as determined from the DCFH-DA
assay previously.

EBN extracts did not improve mitochondrial dysfunction
in 6-0HDA-challenged SH-SY5Y cells

Mitochondrial dysfunction as defined by collapse in
MMP is an early and critical event in cellular apoptosis.
In fact, the opening of mitochondrial transition pore
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upon different stimuli precedes the depolarization of
mitochondrial potential, subsequently leading to in-
creased mitochondrial permeability and thus the efflux
of pro-apoptotic factors such as cytochrome c and pro-
caspases [51]. The MMP in SH-SY5Y cells was measured
in order to study the alteration in mitochondrial activity
during apoptosis. In the present study, MMP of SH-
SY5Y cells dropped drastically to 27% of that in control
when the cell was exposed to 100 pM 6-OHDA for
24 hours (Figure 6). Although the action through which
6-OHDA induces cytotoxicity in neuronal cell lines such
as SH-SY5Y and PC12 has been linked to ROS outburst,
literature is available to show that failure of cellular re-
spiratory complex may be the direct cause of apoptosis.
Gomez- Lazaro ef al. found that mitochondrial fragmen-
tation constitutes early event in mitochondrial dysfunc-
tion and eventually cell death of SH-SY5Y. The author
further revealed that 6-OHDA-induced SH-SY5Y cell
death was reversible by blockage of the mitochondrial
fission activity [51]. Taken together, the findings support
the indispensable role of mitochondrial integrity in SH-
SY5Y cells’ survival. In fact, studies have successfully
demonstrated neuroprotection against apoptosis via res-
toration of mitochondrial functionality by natural prod-
ucts, such as the herbal medicine Chunghyuldan, which
ameliorated PD-like behavioral symptoms by preserving
dopaminergic neurons in the nigrostriatal region of PD
mice model [52].

Yet, mitochondrial functionality in the intoxicated cell
was not improved with EBN treatment in the present study.
There was no significant difference in MMPs between the
EBN-co-treated and 6-OHDA groups. Therefore, the cell-
promoting effect of S1 seen in MTT assay may be not
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related to resuscitation of MMP in 6-OHDA-challenged
SH-SY5Y cells. Although 6-OHDA-induced cytotoxicity is
mainly associated with mitochondrial respiratory dysfunc-
tion, an opposite mitochondrial-independent pathway is as
well indicated in a number of studies [53,54]. As such, in-
volvement of non-mitochondrial mechanism may be impli-
cated in the neuroprotection conferred by the EBN crude
extract.

Notably, EBN treatment alone was shown to bring
down the level of MMP significantly, indicating that the
addition of foreign compound to the SH-SY5Y culture
could affect the mitochondrial status. Still, treatment
with EBN extracts alone for 48 hours did not exhibit any
detrimental effect on the SH-SY5Y’s cell viability and
oxidative status.

52 inhibits cleavage of caspase-3 in 6-OHDA-challenged
SH-SY5Y cells

Caspase-3 is the executioner protein of the apoptotic
process and remains as inactive procaspase until it is be-
ing cleaved by activated initiator caspases such as
caspase-8 or caspase-9. lts activation leads to down-
stream mechanisms which involve poly(ADP-ribose)
polymerase-mediated DNA cleavage and breakdown of
proteins essential for maintenance of cytoskeletal struc-
ture. Eventually, activation of caspase-3 results in DNA
fragmentation and apoptosis [55].

Elevated active caspase-3 level was detected in SH-
SY5Y cells treated with 6-OHDA, which was 7.8% as
compared to 3.5% in control (Figure 7). However, S2 at
= MNTD managed to attenuate caspase-3 activation in
the cell This explains the parallel reduction in early
apoptotic population by 52 at 2 MNTD as seen from
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Annexin V-Pl analysis, thus consolidates the role of
caspase-3 activation in the process of 6-OHDA-induced
SH-SY5Y apoptosis [56].

Caspase-3 can be activated through two machineries,
namely the mitochondria-related apoptosis protease-
activating factor-1/caspase-9/caspase-3 cascade, and Fas-
associated adapter protein/caspase-8/caspase-3 cascade
which is the extrinsic apoptotic pathway [57]. Based on
the observation from MMP assay in which S2 failed to
resuscitate mitochondrial depolarization in SH-SY5Y
cells challenged with 6-OHDA, it is likely that S2 inhibited
caspase-3 through modulation of the extrinsic pathway
which has little relation to the mitochondrial activity.
However, future study is warranted to investigate the in-
volvement of extrinsic pathway in 52-mediated neuropro-
tection. For EBN treatment only, both S1 and 52 when
given at MN'TD induced release of active caspase-3, signi-
fying that high dose of the extracts may trigger early apop-
tosis event and hence lower concentrations should be used
for the treatment.

Remarks on discordance between cytotoxicity and
apoptotic parameters

Current finding showed that S1 treatment at MNTD im-
proved SH-SY5Y cell viability despite being unable to
prevent apoptosis and restore ROS and caspase-3 to
basal level. On the contrary, S2 treatment has success-
fully attenuated ROS development and reduced apoptosis
and caspase-3 release, yet it failed to reverse cytotoxic ef-
fect of 6-OHDA. This is intriguing as cytotoxicity is posi-
tively associated with apoptotic event, oxidative stress and
caspase-3 activation. However, it is worth mentioning that

cytotoxicity can be mediated by several different cell death
mechanisms. Other than apoptosis, cell death can also be
orchestrated by autophagy and necrosis [58]. Under such
circumstances, cells are likely to either slowly sequestrated
and then degraded by autolysomes through autophagy, or
undergo necrosis upon activation of death domain re-
ceptors on cell surface. Cytotoxicity is thus attributed,
but not exclusively, to apoptosis parameters such as exter-
nalization of phosphatidylserine on plasma membrane
and activation of caspase signaling cascade. Meanwhile
caspase-dependent cell death mechanism has often been
described as cardinal to 6-OHDA-induced apoptosis in
SH-SY5Y cells, it is proposed that another caspase-
independent mechanism may also exist in a cell death sce-
nario [59]. Such claim is supported by literatures, stating
that in dying cells, caspase inhibition alone does not neces-
sary grant full resuscitation from apoptosis but may switch
cell death to alternative autophagic or necrotic modes in-
stead [60,61]. In fact, dysregulation of autophagic response
in the neurons has been linked to PD incidence [62] and
autophagic changes in SH-SY5Y cells are inducible with 6-
OHDA treatment [63]. On the other hand, oxidative burst
from 6-OHDA could contribute to membrane rupture and
therefore necrosis in neurons too [64]. Considering that
autophagy or other cell death mechanisms could be acti-
vated and participated in regulating cell death in our PD
cell model, hence it is indefinite that inhibition of apop-
tosis or caspase activation by S2 treatment would see cor-
responding decrease in cell death or cytotoxicity. This may
partly explain the failure of 52 extract to counteract cyto-
toxicity due to 6-OHDA exposure regardless of its ability
to attenuate apoptosis and caspase-3 cleavage.
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Conclusions

It has been successfully demonstrated that EBN extracts
confer neuroprotection in 6-OHDA-challenged SH-
S5Y5Y cell model. Particularly, S1 demonstrated neuro-
protective potential by improving cell viability while 52
inhibited oxidative stress and caspase-3 activation. Both
the EBN extracts shown to inhibit apoptosis. Further in-
vestigation is needed to identify and elaborate the prop-
erties of the bioactive compounds in EBN that are
responsible for the neuroprotective benefits. In sum-
mary, the present study suggests that EBN may be ef-
fective in the treatment of neurodegenerative diseases
where oxidative stress plays a causal role.
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