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Abstract

There have been significant improvements in characterizing glycoproteins and glycans in

the recent years. This dissertation focuses on further expanding the tools for glycan and

glycoprotein characterizations and investigating the biological roles of glycans on immune cells

and antibodies. Chapter | introduces glycans with focus on their biosynthesis, structures, and

biological functions especially in the context of immunity and immunoglobulins. Additionally, the

analytical tools for studying glycans and glycoproteins are presented.

Chapter Il uses analytical methods to unravel changes in glycosylation of immune cell

membrane and their secreted antibodies (lgGl) with glycoenzyme inhibitors, and

monosaccharide supplementations. Furthermore, the interactions of IgG1l glycans with Fc

receptors was explored through molecular modeling. Effects of glycan changes on cell

transcriptome and viability were also assessed by 3’ Tag-RNA-Seq and cell proliferation assay. This

is the first study that explores changes in glycosylation of cell membrane and secreted proteins in

parallel and evaluates changes in transcriptome as the result of induced glycan changes with

glycoenzyme inhibitors.

Chapter Ill probes deeper into the context of glycosylation changes and their effects on

immunity and diseases by identifying antibody glycan biomarkers in a rare autoimmune disease

(n=10, pemphigus vulgaris). Additionally, the enrichment of glycan markers on auto-reactive

antibodies is demonstrated by capturing the disease specific autoantibodies on Desmoglein-3



(Dsg3) target protein using ELISA, and glycoproteome profiling of the captured antibodies using
LC-MS/MS.

Chapter IV presents a novel approach for absolute quantitation of proteins, which
addresses the issues often encountered in determining protein abundances, namely the lack of
protein standards and heterogeneity of PTMs in proteins. This method combines qualitative
analysis (protein identification) and quantification (absolute concentration measurements) of
proteins into a single analysis. The method was applied to a set of bovine milk protein samples (n

= 60) in duplicates, yielding the absolute concentrations of over 600 proteins in bovine milk.
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Chapter |

Introduction to Glycans, Immunoglobulins and Liquid
Chromatography-Mass Spectrometry Methods for Glycomics,

Glycoproteomics and Proteomics



Overview

Glycans are essential biomolecules that play pivotal roles in cell-cell communication,
signaling, structural support and immune system modulations. Comprising of various sugar
monomers with unique glycosidic linkages, branching, and potential modifications, glycans
produce diverse structures. This diversity in structures enables them to perform specialized
functions, making them integral components of glycoproteins, glycolipids, and proteoglycans in

living organisms.

Aberrant glycosylation is observed in diseases as diverse as cancer and auto-immunity.
Deducing glycan structures is especially important for unraveling their roles in these diseases.
Additionally, many antibody therapeutics are also glycosylated. Therefore, deciphering the glycan

structures associated with these drugs are essential steps for optimizing their function.

Advances in analytical instruments, in particularly in Liquid Chromatography-Tandem Mass
Spectrometry (LC-MS/MS), have facilitated the detection and identification of glycans and
glycopeptides. In this research, these instruments were essential tools for detecting glycan
changes in tissue or serum due to diseases. LC-MS/MS techniques were also used for monitoring
changes in glycosylation of cell membrane after treatment with various nutrients, in particular

monosaccharides.



1.1 Glycan Building Blocks

Glycans are composed of monosaccharide that are often covalently bonded to proteins
and lipids. Common glycan building blocks include D-glucose (Glc), N-acetyl-D-glucosamine
(GIcNAc), D-galactose (Gal), N-acetyl-D-galactosamine (GalNAc), D-mannose (Man), L-fucose
(Fuc), N-acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc) (Figure 1.1).}
The monosaccharides are converted into their activated forms (UDP-, GDP- or -CMP) in the

cytoplasm of cells before being incorporated into glycans by a series of glycosyltransferases.?

HO HO OH oH
cos ﬂw‘ o o B |§ & O +Ho oH ®
HO OH HO . HO OH HO&MOH

OH NHAc OH HO
Glucose (Glc) N-Acetylglucosamine (GIcNAc)  Galactose (Gal) Mannose (Man)
< HO OH - HO  ,OH s ol
HOI. .
=1 o™ AcHN Q/ "oH 234:%&7‘\ OH
OH HO HO
Fucose (Fuc) N-Acetylneuraminic (Neu5Ac) N-Glycolylneuraminic acid (Neu5Gc)

Figure 1.1. Common monosaccharides in N-glycans. Adapted from Ref.!

Monosaccharide precursors for glycan biosynthesis are derived externally and from
intracellular sources.® Externally derived monosaccharides are brought into cells using two types
of transporters, namely energy-independent facilitated diffusion and energy-dependent.? In
humans, the most common glucose transporters (GLUT) are the former, while sodium-dependent
glucose transporters (SGLT) in intestinal and kidney epithelial cells are examples of the latter.? In

the cell feeding trials below, these transporters play a significant role for creating the building



blocks necessary for glycan production. Thus, externally derived glucose gets converted to GIcNAc

in a series of enzymatic processes.*

One of the major intracellular sources for building glycans is the salvage of
monosaccharides from degraded glycans in cell lysosomes. Glycan degradation takes places in the
lysosome, and it yields the monosaccharides that upon activation can be directly incorporated in
structures.* Glycan degradation through the salvage pathway and its contribution to glycosylation
are significant. For example, it has been shown that nearly 80% of the GIcNAc from glycoproteins
degraded in liver lysosomes is converted into UDP-GIcNAc, and at least 30% is used again to
synthesize secreted glycoproteins. After degradation, monosaccharides released by the

lysosome into the cytoplasm are generally activated and reused as shown in Figure 1.2.°

Lysosome "\ 0 —> Y.
‘\““\ &

4 u
Oep— )P
. @r— @ P UDP.
: or v Y @
il “‘1

1 = Transporter

oplasm
. P Endoplasmic
< Reticulum
Outside
2 = Transferase

@ Glucose (O Galactose [} N-Acetylglucosamine 3 = Acceptor

Figure 1.2. Glycan degradation produces glycan building blocks which turn into glycans. Adapted

from Ref.”



Another major intracellular source of glycan building blocks is the interconversion
pathway. Interconverting monosaccharides form one to another produces specific
monosaccharides as building blocks. The biosynthesis of these conversions are schematically
shown in Figure 1.3.% Glucose is the most common monosaccharide for use in the interconversion
pathways as it can be converted into all glycan building blocks.* Glucose can even be converted
to monosaccharides such as fucose and NeuAc, which are unique residues often associated with
diseases.®’ Fucose and NeuAc are important residues and can be generated through both
monosaccharide interconversion and salvage pathways.*

Understanding the synthesis of the monosaccharide building blocks and identifying the
regulatory points in the glycosylation process are crucial for enhancing the metabolic engineering
and inducing changes in glycosylation of membrane or secreted proteins. However, predicting the
effects of providing monosaccharides to cells in vitro on cellular glycosylation can be challenging
due to the complex interconversion pathways of monosaccharides. In previous studies, we
demonstrated the diverse effects of different monosaccharides on N-glycans of epithelial cells.?

Mutations affecting regulatory points in glycan biosynthesis have significant
consequences, such as the inability to synthesize and integrate specific monosaccharides into
glycans. For instance, human glycans lack N-Glycolylneuraminic acid (Neu5Gc), a common
mammalian glycan component, due to a mutation in the CMAH gene.? CMAH gene encodes the
hydroxylase enzyme responsible for converting CMP-Neu5Ac to CMP-Neu5Gc.’® Neu5Gc is
typically found in mammals lacking the mutation in CMAH gene. Consequently, many pathogens

target Neu5Gc for invasion.®
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Figure 1.3. The biosynthetic pathways for interconversions of the monosaccharides observed in

eukaryotes. Adapted from Ref.*

Glycans are often covalently bonded to proteins and lipids. Proteins that contain glycan
moieties are known as glycoproteins, while glycan containing lipids are referred to as
glycolipids.'>1? Glycoproteins can be further classified into two main groups based on the glycan
attachment sites into two main groups: N-glycans, which are attached to asparagine amino acids,

and O-glycans, which are attached to serine or threonine amino acids.>14



1.2 N-Glycan Structures

N-Glycans are covalently linked to proteins through asparagine residues (N) within the
consensus sequence Asn-X-Ser/Thr, where X can be any amino acid except proline.'?® Glycans
exhibit significant structural diversity which are influenced by the specific glycoprotein and the
expressing organism.'> A commonality of all N-glycans is their core structure, which consists of
two N-acetylglucosamine (GIcNAc) residues, and three mannose (Man) residues.!® The variability
in N-glycan structures primarily arises from the processing and modifications to its core structure.
These modifications can include branching, fucosylation, sialylation, and galactosylation.'® N-
Glycans can be further classified into three types based on their structures (Figure 1.4).23 High
mannose, also known as oligomannose, are N-glycans that contain mannose residues in
continuation of the N-glycan core. In complex N-glycans, both the a3- and a6-linked mannose
residues are substituted with GIcNAc moieties, whereas hybrid N-glycans have both GIcNAc

substituted and unsubstituted mannose residues (Figure 1.4).13

Oligomannose Complex

Figure 1.4. Three major types of N-glycans. Adapted from Ref.!3



Furthermore, N-glycans can be classified based on containing specific residues (Figure
1.5).1® The glycans that have undergone high mannose trimming and GIcNAc addition are
considered undecorated. The fucosylated glycans contain fucose and the sialylated glycans
contain sialic acid. Lastly, the glycans with both sialic acid and fucose are known as

sialofucosylated N-glycans.

Highmannose Undecorated
(HM) (Undec)

. GleNAc O Man O . NeuAc A Fucose

Sialofucosylated

Fucosylated (F) Sialylated (S) (SF)

Figure 1.5. N-Glycan sub-type classifications based on their decorations.

1.3 N-Glycan Biosynthesis

The biosynthesis of N-glycans is non-template driven, unlike protein biosynthesis.'’ In
eukaryotes, glycosylation occurs inside the endoplasmic reticulum (ER) and Golgi apparatus.'3

Glycosyltransferases carry the activated forms of monosaccharides and transfer the saccharide

moieties to the proteins in this process.®

N-Glycan biosynthesis (Figure 1.6) is initiated by the dolichol pathway. GIcNAc-1-

phosphotransferase, DPAGT1, transfers GIcNAc from uridine diphosphate N-acetylglucosamine



(UDP-GIcNACc) to dolichol phosphate, which leads to formation of N-acetyl-a-D glucosaminyl-
diphosphodolichol.'® Thereafter, an additional GIcNAc, nine mannose residues, and three glucose
residues are added to dolichol to form the N-glycans precursor, Glc3Man9GIcNAc2-P-P-Dol.*3 This
glycan precursor is then placed on an asparagine residue of a peptide. The three glucose residues
of the precursor are then trimmed off and the resulting high-mannose glycoprotein structure gets

moved to Golgi to be further processed by high-mannose glycan trimming enzymes.!3
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Figure 1.6. Biosynthesis of Glc3Man9GIcNAc2-P-P-Dol, which is the precursor for all N-glycans.

Adapted from Ref.13

High-mannose glycans are the foundation of all types of N-glycans and are the least
processed. After mannose residues of high mannose glycans are trimmed in the Golgi apparatus,
GlcNAc, galactose, and other residues such as fucose or NeuAc are added on the glycan to create
the final products (Figure 1.7).13 The step-by-step systematic biosynthesis of N-glycan enables the
use of metabolic engineering tools to induce changes in N-glycans. These changes are produced

by inhibiting certain steps of the process or providing additional glycan building blocks to the cells.
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to Asn-X-Ser/Thr sequences of proteins as they are being translocated into the endoplasmic
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1.4 Metabolic Engineering of N-Glycans

Glycosylation enzymes, or glycoenzymes, are responsible for trimming the mannose
residues on high-mannose structures and adding other monosaccharide building blocks to the
nascent structure. Specific glycoenzymes can be inhibited to induce selective changes in the final
glycan products (figure 1.8). Kifunensine is an alkaloid with a high inhibitory effect on class I-
mannosidases, such as MAN1A1, MAN1A2, MAN1B1, and MAN1C1.18 These mannosidases trim
mannose residues of Man-9, turning it into Man-8, Man-7, Man-6, and subsequently Man-5.%°
Man-8, Man-7, Man-6, and Man-5 have 8, 7, 6, and 5 mannose residues respectively. High
mannose glycans are generally not fucosylated or sialylated, as the respective enzymes act later
in the process. Therefore, inhibiting mannosidases with kifunensine leads to production of mostly

high-mannose glycans with no decorations.?®

Monosaccharide Legend
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OH

® N-Acetylglucosamine
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* e
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Kifunensine
Inhibits Mannose Trimming

Figure 1.8. Induced changes in cell surface N-glycan using glycoenzyme inhibitors. Adapted from

Ref.20
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Like mannosidase enzymes, decorating glycoenzymes may be inhibited to induce glycan
changes as well. Fucosylation may be inhibited by a fluorinated analogue of fucose, such as 2-F-
Fucose.?® 2-F-fucose works by interfering with formation of UDP-fucose in the cells.?! While, a
fluorinated analogue of sialic acid, such as 3-F-Sia, disables the sialylation of N-glycans by binding
to sialytransferases after it is converted to CMP-P-(3-F-Sia).?° Glycosylation inhibitors are useful
because they enable selective changes of cell membrane glycans. After these selective glycan
changes, biological functions of cells and glycoproteins, such as binding, may be assessed to
further understand the roles of specific glycans on these functions. Using these techniques, we
demonstrated sialylated N-glycans affect the binding of Spike RBD protein to the cell surface of

epithelial cells in vitro.?°

2.1 Biological Roles of Glycans on Immune Cells and Antibodies

Glycans are especially important in functionality of immune cells, such as B cells.?? B cells
are a type of white blood cells that are involved in both innate and adaptive immunity.?® Cell
surface glycans of B cells enable their interactions with T cells and antigen-presenting cells.?423
These interactions are essential for coordination of immune responses. Additionally, other
immune cell functions, such as migration to infected sites to cause inflammation, are dependent
on glycan-protein interactions.?® Selectin-mediated adhesion of leukocytes to endothelial cells is

driven by glycan-protein interactions that facilitate lymphoblast trafficking.2®

Immunoglobulins, or antibodies, are glycoproteins produced by B cells. All antibodies are
heavily glycosylated with N-glycans and even O-glycans (Figure 1.9).2” N-Glycans on antibodies

influence their stability, effector functions, and interactions with other immune cells and
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antigens.?82923 These glycans modulate antibody-dependent cellular cytotoxicity (ADCC) and

complement-dependent cytotoxicity (CDC), which are the mechanisms used for clearing

pathogens.3°
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Figure 1.9. Glycans on antibodies (IgG, IgA, IgD, IgE and IgM). Adapted from Ref.?’

CH84.4 is a conserved glycosylation site on IgG and specifically corresponds to Asn-297 of
IgG1. The glycans at this site affect IgG1 binding to Fc receptors, hence IgG1 is classified as pro-
or anti- inflammatory depending on the types of the glycans at this site (Figure 1.10).2° Specific
glycans at this site, such as the ones with core fucose, galactose, and sialic acid have reduced

binding to Fc receptors.?®

13



N-Linked Glycans

N/ -

G1 G2 Sialylated
19G4: 177
pamza7 Fucose
I""“I""""lllllllllll
Proinflammatory Anti-inflammatory
Glycan-Mediated Modulation
of FeyRIIIl Affinity ® Mannose @ SialicAcid
. . Il GlcNAc 4 Fucose
TGO Sialylation ® Galact
Fucosylation ) Galaclose

Figure 1.10. Effects of different N-linked glycans on IgG inflammatory state. Adapted from Ref.?®

2.2 Changes in Antibody Glycans in Diseases

Glycosylation changes of antibodies are observed in various diseases. We have
demonstrated these changes in gastric and lung cancers, and in Alzheimer’s disease.3%3%33
Furthermore, major shifts in antibody glycans are observed with auto-immune diseases.”® The
details of these disease-specific changes are presented in Table 1.1.2° Glycan changes can be used
as biomarkers for early detection of these diseases. Additionally, these changes often contribute
to disease progression.?3 The altered glycan theory of autoimmunity hypothesizes that each auto
immune disease has a unique N-glycan profile due to the importance of N-glycans in antibody
effector functions.?’ To better understand the physiopathology of auto-immune diseases, it is

crucial to characterize the glycosylation profiles of antibodies in all auto-immune diseases,

especially the ones with disease-specific antibodies.
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Table 1.1. Variations in IgG glycans. Adapted from Ref.?°

Disease Glycan Modification

Rheumatoid Arthritis Decreased N-linked galactosylation and sialylation of 1gG3*
Decreased N-linked galactosylation and terminal sialylation
of ACPA-IgG1%

Increased fucosylation of ACPA-1gG1°*

IgA Nephropathy Decreased terminal O-linked galactosylation on the hinge
region of IgA1 heavy chains**°

Gastric Cancer Decreased galactosylation and sialylation of IgG3!
Henoch-Schonlein Purpura Decreased galactosylation and sialylation of 1IgA1%¢
HIV Decreased galactosylation, sialylation, and fucosylation in

HIV-specific antibodies associated with enhanced Fc-
mediated reduction of viral replication and enhanced Fc
receptor binding*

Influenza and Tetanus Increased galactosylation and sialylation of anti-vaccine 1gG
Vaccination Increased number of sialic acid per glucose during
vaccination

Decreased 1gG1 bisecting N-acetylglucosamine*!

Lambert-Eaton Syndrome Decreased galactosylation of 1gG1 and 1gG2
Increased levels of bisecting N-acetylglucosamine on 1gG1
and 1gG2 in patients less than 50 years old*

ANCA Vasculitis Decreased galactosylation of 1gG*
Decreased sialylation of IgG Fab’2*

Myasthenia Gravis Decreased galactosylation of 1gG2+

Ovarian Cancer Increased agalactosylated biantennary glycanson 1gG heavy
chains®

PR3-ANCA Vasculitis Decreased N-glycan 2,6-linked sialylation*¢
Decreased galactosylation of 1gG*

Sjogren's Syndrome Decreased sialylation of 1gG*’
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2.3 Sample Preparation for N-Glycomic Analysis of Cell Membrane

Glycosylation of cell membranes and glycoproteins can be characterized through
glycomics and glycoproteomics.1® In glycomics, N-glycans are released using the enzyme PNGase
F which cleaves off the N-glycans from asparagine residues (Figure 1.11). PNGase F works on all
types of N-glycans except the ones with alpha 1-3 core fucose, which are generally found in
plants.*® Once released, glycans may be cleaned or de-salted using solid-phase extraction (SPE)
with porous graphitic carbon (PGC) as the stationary phase. After clean-up, the samples are
evaporated to dryness and reconstituted in water to a final concentrations before direct injection

into an LC-MS/MS for analysis.®

W OH N-Glycanase
Asn in polypeptide H ?" Asp in polypeptide
| |
\0 0 l:lH ” CH; H_o 9 !'iH
1_NH——C-CH, CH + H:0——0 + OH-CCH,-CH
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H L H c=0 H NH c=0
c:0 ] . I
' ¢ ¢
CH, ;

Oligosaccharide-GIcNAc-[i1-N-Asn-peptide
Oligosaccharide-1-amino-GIcNAc Asp-peptide

+ H0
H ‘-l’"
CH, H o i
\0 + 3
HO
H 'I‘H HOH
H (\::O
CHy

Oligosaccharide-GIcNAc
Figure 1.11. PNGase F (N-Glycanase) cleaves off the N-glycans from Asn residues. Adapted from

Ref.%?

For analysis of cell membrane N-glycans, the cells are initially harvested, and the cell

membrane is enriched. These steps are shown schematically in Figure 1.12. Adherent cells are
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generally scraped from petri dishes in DPBS for harvesting,'®

while suspension cells are
centrifuged. After harvesting the cells, they are lysed by sonication. The cell debris is then
removed through centrifugation. The cell membrane is separated in a second phase with
ultracentrifugation by collecting them at the bottom of the vial away from the cell cytoplasm.®
The membrane proteins need to be denatured prior to N-glycan release. Therefore, the
membrane glycoproteins are treated with a reducing agent, such as DTT, and heated to break
down the disulfide bonds and denature the glycoproteins. Afterwards, PNGase F enzyme is added
with overnight incubation in a 37°C water bath to cleave off the N-glycans. N-glycans are cleaned

or de-salted prior to analysis using LC-MS/MS, as impurities and salts may interfere with the

analysis. N-Glycans are often cleaned using PGC SPE prior to LC-MS/MS analysis.®

17



Sample collection Membrane enrichment

(Step 1-5, timing 5 d) (Step 6-11, timing 5-8 h)

Centrifuge
at 2,000g, 10 min, 4 °C

Tissue sample

Supernatant
(containing, e.g., plasma membrane
or ] and ribosome)
Centrifuge
Pellet at 200,000g,
(nuclei and cell debris) 45min, 4°C
Cell culture
Sample
haresting Supernatant
(containing cytoplasmic fraction)
Pellet

(plasma membrane—enriched fraction)

Wash with
0.2 M Na,CO,4

Centrifuge
Sample suspension at 200,000g,
(in homogenization buffer) l 1 45 min, 4 °C
Supernatant
(containing membrane-
Sample lysis associated proteins)

via sonication

Pellet
(plasma membrane—enriched fraction)

A,
Wash
with H,0
] Centrifuge
at 200,000g,
45 min, 4 °C
Sample homogenate

(containing subcellular components)

Supernatant
(containing, e.g., Na,CO, residue)

Pellet
(cleaned plasma membrane
ready for sample preparation)

Figure 1.12. Schematic workflow for cell membrane extraction from cells or tissues. Adapted

from Ref.16
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2.4 Sample Preparation for N-Glycoproteomic Analysis of Cell Membrane

Glycoproteomic analysis yields the identity of glycoproteins along with the glycosylation
sites and glycan compositions. To perform this analysis on the cell membrane glycoproteins, the
cells are harvested and lysed as with glycomics analysis. After capturing the cell membrane
through ultracentrifugation, the glycoproteins undergo denaturation using DTT reduction to
breakdown the disulfide bonds and IAA alkylation to cap the cysteine residues.>® Then, a protease
is used to break down the glycoproteins into smaller peptides and glycopeptides.® Trypsin is a
commonly used protease and cleaves the peptide backbones at C-terminal of lysine and arginine
residues.>® Glu-C protease is often paired with trypsin for glycoproteomics because it cleaves C-
terminals of aspartic and glutamic acid residues®? and produces smaller glycopeptides and
peptides. After digestion, peptides make up most of the mixture, therefore, glycopeptide
enrichment is crucial for improved identifications. Hydrophilic interaction chromatography (HILIC)
SPE is capable of enriching glycopeptides, as it retains glycopeptides more than peptides. Peptides
may be washed away using HILIC SPE cartridges thereby reducing their abundance to less than

10%.16 After this enrichment step, glycopeptides are analyzed using LC-MS/MS.®

3.1 Fundamentals of Liquid Chromatography (LC) and Mass Spectrometry (MS)

A mass spectrometer is a type of detector on chromatographic instruments that
determines the mass of compounds. The measured masses and fragmentation data obtained by
a mass spectrometer are often compared to mass libraries for identification of compounds. Peak

intensities in a MS output, known as a mass spectrum, are also used for quantification purposes.
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These attributes make mass spectrometry a powerful tool for qualitative and quantitative analysis

of bio-analytes such as glycans and peptides.®

Prior to MS analysis, compounds are typically separated using two major chromatography
techniques: liquid chromatography (LC) and gas chromatography (GC)>3. Gas chromatography
offers fast separation with high efficiency,” but it has limited use because most biologically
derived compounds have high vaporization temperatures. Alternatively, LC is more versatile and

is compatible with almost all water soluble compounds especially biomolecules.>®
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Figure 1.13. The general scheme of a LC-MS.

LC uses a stationary phase and a mobile phase, which interact differently with the
compounds depending on its polarity. Some compounds have stronger affinities for the stationary
phase and will be retained longer in comparison with the compounds that have lower affinities
for the stationary phase. The mobile phase simply carries the compounds through the column
and may have different compositions at different times of analysis. The variations in mobile phase

composition throughout the analysis is known as the gradient.>®
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LC is often operated in the reversed-phase mode, where the stationary phase is made of
a hydrophobic or nonpolar compound, such as porous silica particles linked to alkyl chains (e.g.
C18).%” C18 stationary phase is commonly used for separation of glycopeptides and peptides due
to relatively high hydrophobicity of the peptide moieties.>® In the gradient used for reversed-
phase LC, the mobile initially phase contains a higher percentage of a polar solvent such as water,
but as the separation takes place, a less polar solvent such as acetonitrile makes up a larger
component of the mobile phase in order to elute more hydrophobic compounds that were
retained by the column.>” As shown schematically in Figure 1.13, the compounds of interest are
carried to the column by the mobile phase, and as they exit the column they enter the ionization

source for MS analysis.

The major components of a mass spectrometer are the ion source and the mass analyzer
detector. lonization is an important step in MS analysis because compounds need to be charged
to be detected by MS. For this research, electrospray ionization (ESI) was the main method for
ionization. In ESI, a high voltage is applied to the sample at the nebulizer to induce formation of
charged macro particles (Figure 1.14). This takes place in the presence of gases at elevated
temperatures, nitrogen at 300 °C, which helps with solvent evaporation. As the charged particles
decrease in size, they undergo coulomb explosions to decrease the charge repulsion in the
dropelets.> Eventually, the particles break down into very small particles and eventually charged

analytes, which are then detected by MS.
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Figure 1.14. Soft ionization by electrospray ionization. Adapted from Ref.>®

Mass analyzers apply either magnetic or electric fields or both to manipulate ions through

a specific path in the device. For the work described here, two types of mass analyzers were used.

Time-of-flight (TOF) is a mass analyzer that measures the mass to charge ratio of the ion based

on the travel time.®° Orbitrap mass analyzers are newer and more complicated but have higher

resolution and sensitivity compared to the previous generations of MS. Due to their complexities,

these instruments are described in greater detail here.
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Figure 1.15. Injection of ion packets into orbitrap analyzer. Adapted from Ref.®*

In orbitraps, ions are forced to cycle around a central electrode while simultaneously
oscillating along a horizontal axis.®? Central and outer electrodes of orbitrap are shaped to induce
both the horizontal and oscillating motions of ions. The two electrodes are controlled by
independent voltages. By applying an electric field between the inner and outer electrodes, the
ions are attracted to the inner electrode and those that have sufficient tangential velocity are
forced to cycle around the inner electrode.®! The outer electrode of orbitrap is divided into ion
excitation and detection components with the area between the two electrodes, known as the
measurement chamber, being under ultrahigh vacuum. Coherent movement of ions is required
to receive high resolution signal. Therefore, the ions are injected in short bursts as ion packets
(Figure 1.15).%! To introduce the ions into orbital trapping efficiently, the electric field of the

injection port is continuously modified by a field compressor in the outer electrode.®*
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Mass detection in orbitraps is carried out by measuring the coherent oscillations in axial
direction producing an image current detection.®! A Fourier Transform (FT) is applied to the time
spectrum converting it into a frequency domain spectrum.®! The frequency domain spectrum is
then converted to a mass spectrum using known resonances of standard ions. Orbitrap has
tremendous sensitivity and mass resolving power compared to other MS with mass accuracies

within the order of parts per million (ppm).6!

3.2 LC-MS/MS Analysis of N-Glycans

Advances in high resolution mass spectrometry combined with advances in
chromatography have modernized the field of bioanalytical chemistry by facilitating identification
of proteins, glycoproteins and glycans. Liquid chromatography instruments have been improved
to handle much higher pressures allowing the use of much smaller particles in analytical columns
leading to improved efficiency and better separation resolution of compounds.®® Additionally,
utilization of nanoscale chromatography paired with nanoscale electrospray sources have
significantly improved the ionization efficiencies of compounds and has made LC-MS a highly
sensitive technique. The innovations in MS instrumentations, such as the development of
Orbitrap mass spectrometry has enabled scientists to identify thousands of peptides in an analyte

of interest within a few hours with enhanced sensitivity and mass resolution.

Nanoscale liquid chromatography (nanoLC) instruments coupled to high resolution MS
(HRMS), such as time-of-flight (TOF) mass spectrometers are incredibly useful in characterizing
glycans. Due to the large diversity in the number and types of released glycans from the cell

membrane, enhanced separation of these compounds prior to mass spectrometry analysis is of
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immense importance. Porous graphitic carbon (PGC) is a unique stationary phase used for
separation of oligosaccharides, such as glycans.®* The mechanism of oligosaccharide retention by
PGC is not fully understood, but it has been hypothesized that dipole-induced CH-t interactions
of PGC and saccharides are responsible for their retention.®> Oligosaccharides are eluted from
PGC with acetonitrile as the mobile phase, due to the interruption of the PGC-saccharide

interactions.

There are hundreds of possible N-glycan structures that decorate the cell membrane in
cells such as Caco-2 (Figure 1.16, a) making high mass accuracy essential for confident
identification of these compounds. TOF instruments can measure m/z with less than 20 ppm mass
error, making them an ideal choice for analysis of glycans. Coupling a nanoESI source with these
instruments ensures all compounds are ionized properly and improves sensitivity. Furthermore,
Q-TOF instruments can produce fragmentation spectra for detected ions through collision-
induced dissociation (CID). N-Glycan structures are validated using their fragmentation spectra,
as they commonly produce 204 and 366 m/z fragments corresponding to their core GIcNAc and
GlcNAc-mannose residues, respectively. N-Glycan fragmentation spectra are also used to validate
the presence of fucose and sialic acid residues. A mass shift of 146 m/z is observed when an N-
glycan loses a fucose residue through CID (Figure 1.16, b).1® Additionally, sialylated N-glycans
often lose sialic acid residues though CID, as apparent by the presence of 292 m/z ions in the

fragmentation spectra (Figure 1.16, b).1®
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using a PGC chip yielding identification of more than 500 N-glycans. b) Structural validation of

an N-glycan through fragmentation data. Adapted from Ref.1®

N-Glycans are also quantified using LC-MS/MS. Peak areas of identified N-glycans are used
to calculate their relative abundances.'® Relative abundances show the abundance of a
compound compared to the abundances of all identified compounds in the sample. Pure N-glycan
standards are not commonly commercially available, making it not feasible to obtain absolute

guantification (concentrations) of these compounds.
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3.3 LC-MS/MS Analysis of Peptides and Glycopeptides

As with the identification of glycans, identification of proteins and glycoproteins have
vastly improved with advances in analytical instrumentations. Orbitrap is currently the gold
standard for MS in proteomics.?® Generally, bottom-up proteomics is the chosen method for
identifying proteins in biological samples. In bottom-up proteomics, proteins are digested using
proteases, which break down the protein into peptides.®’ Trypsin is a commonly used protease in
proteomics as it cleaves proteins at C-terminus of lysine (K) and arginine (R) residues®® resulting
in large peptides that are ideal for protein identification. Protein identification is performed by
comparing measured masses using LC-MS/MS with the peptide masses of proteins, in addition to
validation of peptide sequences using the fragmentation spectra. Therefore, this analysis requires
prior knowledge of the protein sequences. Such information may be obtained from protein
libraries (e.g. Uniprot) that contain protein sequences based on human, bovine, etc. genomes. A
designed workflow for proteomics analysis of bovine milk is presented schematically in Figure

1.17.
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Figure 1.17. Workflow for bottom-up proteomics using nLC-MS/MS.

Even with high mass accuracy of Orbitrap MS (<5 ppm), there are still possibilities of
misidentification of peptides because two peptides may have the same amino acid compositions
but different sequences. Therefore, peptide identification requires validation with supporting
tandem MS (MS/MS) data. Under positive ionization, peptides produce b and y fragments by high-

energy collision induced dissociation (HCD),®° and these fragment masses can be used to validate

the peptide sequences (Figure 1.18).
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Figure 1.18. (a) Nomenclature for common peptide fragments. Adapted from Ref.”®
(b) Fragmentation data for 818.3911 m/z precursor mass corresponding to peptide
(TPEVDDEALEKFDK) from beta-lactoglobulin protein in bovine milk.

Quantitation of proteins in proteomics has also improved with advances in LC-MS/MS.
Methods for absolute quantifications often use protein standards and isotopically labeled
peptides as references.’! These methods are costly and limited because protein standards are not
available for most but the most abundant proteins. Additionally, commercial protein standards
often contain unique PTMs, which makes the data analysis more challenging. Another approach
for quantification of proteins in proteomics uses isotope labeled peptides as references. Peptides

have complex isotopic distributions, therefore distinguishing isotope labeled peptides from native
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ones is often challenging. Additionally, most commercial software used for proteomics data

analysis have not been able to fully address this issue.

Glycopeptides are similarly identified using LC-MS/MS. Having optimal resolution and
mass accuracy is of great importance due to the tremendous heterogeneity of glycopeptides.
Glycopeptides contain both an amino acid sequence and a carbohydrate moiety, leading to even
greater complexity in analysis compared to either peptides or glycans alone. With advanced
nanoLC — Orbitrap, these compounds are identified based on both high mass accuracy (<5 ppm)
and full fragmentation. An example of the fragmentation spectrum of a glycopeptide is presented
in Figure 1.19.72 Identification of both the peptide and glycan fragments validate the glycopeptide
structures. Given all glycan fragments are not generally observed in this analysis, compositions of
glycans are often reported as opposed to their exact structures. With the prior knowledge of
glycan biosynthesis, glycan compositions are used to propose putative structures for identified

glycans on glycopeptides.
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Figure 1.19. Fragmentation data for a glycopeptide with HexNAc5Hex5Fuc1NeuAcl glycan
composition and TPLTANITK peptide sequence (1074.4640 m/z, z=3) of slgA2 in human milk.
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Abstract

Cell surface and secreted antibody glycans play vital roles in biological functions of immune
cells, but the link between their cell surface glycosylation and secreted glycoprotein glycosylation
from the same cells remains unexplored. In this study we demonstrated the effects of different
glycosylation inhibitors on the glycosylation of the cell surface of immune cells (CESS) and the
secreted antibodies (1gG1) from the same cells using nano LC-MS/MS based glycomics and
glycoproteomics. Cell surface glycans and secreted IgG1 glycans were changed drastically after a
5-day treatment with enzyme inhibitors, such as those inhibiting fucosylation, sialyation and
other structural features. Changes observed in glycosylation of cell surface mirrored the changes
observed in glycosylation of secreted antibodies, as they were both selectively modified with the
inhibitors. Additionally, proliferation assays and transcriptomics analysis were performed on the
cells to assess viability and functionality of the cells after the treatments. The induced changes in
glycans had no significant impact on viability and overall transcriptomics of the cells. Additions
of galactose, fucose and fructose monosaccharides, which can act as precursors or building blocks
for glycans, were also tested for induced changes in glycan structures. Supplementation of the
cell medium with monosaccharides caused minor but significant changes in both cell surface and
secreted antibody glycosylation. A sialylated glycan structure was only observed on secreted IgG1
at Asn 297 with supplementation of any of three monosaccharides. In conclusion, metabolic
engineering tools for glycosylation are effective at changing both cell surface and secreted
antibody glycans and provide promising potentials for immune cell targeting or antibody-based

therapeutics.
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1. Introduction

The glycocalyx is a protective and functional layer of carbohydrates that covers the surface
of many types of cells, including blood cells.! One of the major components of the glycocalyx are
N-glycans. N-Glycans are essential PTMs of glycoproteins that exert profound influences on
protein function and, in turn, the respective biological processes.? N-Glycans are attached to
asparagine residues on glycoproteins and consist of a common core of N-acetylglucosamine
(GlcNAc) and mannose residues.? Functional and structural diversity of N-glycans arise from their
non-template driven biosynthesis involving various enzymes that assemble the monosaccharide
building blocks into precise structures with unique compositions and branching.

N-Glycans are often classified into the three major groups corresponding to high-mannose,
complex, and hybrid-type structures.® High mannose structures are synthesized at an earlier
stage in the process in the ER, whereas complex and hybrid-type N-glycans are formed
subsequently by further processing with glycoenzymes in the Golgi.6 These enzymes are involved
in trimming and extending the nascent glycans in process such as galactosylation, fucosylation,
and sialylation. Galactosylation, the addition of galactose, contributes to glycoprotein stability’
and modulation of immune responses.? On the other hand, fucosylation, the addition of fucose,
plays a crucial role in cell adhesion,® inflammation,'® and immune recognition.!! Sialyation, the
addition of sialic acid residues, regulates glycoprotein interactions with other proteins, impacting
cellular signaling,*? immune evasion,*? and clearance.'* These diverse glycan features underscore
the importance of N-glycan structures in orchestrating a wide range of biological processes and
cellular functions. Therefore, inhibition of any of these steps would contribute to changes in

structure and hence biological functions of the respective proteins. A clear example of this was
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demonstrated in our previous study where cell-cell adhesion of Caco-2 cells was reduced with
inhibition of fucosylation.’

Glycans on the immune cell surface similarly affect the function of immune cells and greatly
influence secreted immunoglobulins, which are antibodies produced by the immune cells.® For
example, the presence (or absence) of fucose residues on the N-glycans of the Fc region of
antibodies greatly affect their ability to bind to the Fc receptors on immune cells.'® Altered
glycosylation can also enhance or inhibit antibody-dependent cellular cytotoxicity (ADCC) and
antibody-dependent cellular phagocytosis (ADCP).Y” Previous studies from our laboratory and
elsewhere have demonstrated that changes in IgG glycosylation in sera is associated with gastric
cancer,'® lung cancer,’ and Alzheimer’s disease patients.?? Similarly, 1gG glycosylation changes
have also been observed in COVID-19 patients.?%22

Despite the significant roles of N-glycans on cell surface and secreted antibodies, the link
between cell surface glycosylation of immune cells and their secreted antibodies remains
unexplored. The ability to selectively modify these glycans has significant therapeutic
applications and may be used in production of the most efficient proteoforms of therapeutic
antibodies. As the modification of the glycans involve the addition of monosaccharide to the cells,
the use of selective monosaccharide supplements would also provide a greater understanding of
the effects of supplements and diet treatments on the immune system. Indeed, we have
previously explored this concept by incorporating intact C13 labeled monosaccharides, such as
fucose, into the membrane glycans of epithelial cell in vitro.?*

The tools for studying the impact of specific glycan structures are often limited to genetic?>

and metabolic engineering,?® however it has generally been difficult to characterize the induced
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changes in specific structures. Advances in nanoflow liquid chromatography (nanolLC) and
tandem mass spectrometry have paved the way for further advances in glycomics and
glycoproteomics.?” We have demonstrated the utility of these advances by developing methods
that enable the analysis of released N-glycans from the cell surfaces while providing both
identifications and abundances of individual glycan structures.?® Additionally, we have developed
methods that allow the identification and quantitation of glycopeptides on antibodies in a site-
specific manner.?° The combined use of these methods allows us to link the glycosylation of cell
surface membrane proteins to secreted antibodies. Membrane glycoproteins and secreted
antibodies are glycosylated in the same cellular organelles, but the glycoprotein transfers are
performed after glycan biosynthesis, and changes in glycosylation can potentially alter the
glycoprotein transfer in their respective pathways.

In this study, we aim to unravel the link between cell surface glycosylation and secreted
antibody glycosylation and demonstrate how metabolic altering techniques such as glycosylation
inhibition or monosaccharide supplementations can be used to modulate or alter glycosylation
on the cell membrane and on secreted proteins. We further examine how glycans produced on
secreted IgG1 are affected and whether the glycoprotein functions are altered. Additionally, we
monitored the effects of glycosylation inhibitors on the cell transcriptome through 3’-tag poly tail

RNA analysis.
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2. Materials and Methods

2.1. Cell Culture and Treatments

CESS cells were cultured according to the protocols provided by the American Type Culture
Collection (ATCC) using RPMI-1640 (ATCC, cat. 30-2001) growth medium supplemented with
10% (v/v) FBS (GIBCO, cat. 26140095) and 1% (v/v) penicillin—streptomycin (GIBCO, cat. 15140-
1220) in a cell culture incubator with a humidified atmosphere containing 5% CO2 at 37 °C. The
cells were maintained at a population of less than 1 x 10° cells/mL and were used after 5
passages. Glycosylation inhibitor treatments with kifunensine (mannosidase inhibitor), 2-deoxy-
2-fluoro-I-fucose (2-F-Fucose, fucosylation inhibitor), and 2,4,7,8,9-Penta-O-acetyl-N-acetyl-3-
fluoro-b-d-neuraminic acid methyl ester (3-F-Sia, sialylation inhibitor) (Carbosynth, San Diego,
CA, USA) were initiated at 2 x 10° cells/mL confluency. Thereafter, the medium was changed to
AIM-V (GIBCO, cat. 12055083) with continuation of the treatments for an additional two days
when the cells had reached 9 x 10° cells/mL confluency. The cells were harvested afterwards,

and the media was stored in -80 °C prior to IgG purification.

2.2 Cell Surface Glycomics

The Glycomics analysis was performed based on a previously published protocol.?8 Briefly,
the cells were centrifuged at 1,000 g for 3 min at 4 °C and they were washed with 20 mL of D-
PBS twice prior to reconstitution in 1.2 mL of 0.25 M sucrose (MilliporeSigma, cat. $7903),
20mM HEPES (Thermo Fisher Scientific, cat. 15630080) adjusted to pH 7.4 with KOH
(MilliporeSigma, cat. P5958) and a 1:100 protease inhibitor cocktail (Calbio-chem, cat. 539137).
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The cells were lysed by sonication for 1 minute using probe-tip (QSonica, cat. Q700-110), which
was set to the amplitude of 25 with 5 s ‘on” and 10 s ‘off’ cycle. The cells were then centrifuged
at 2,000 g for 10 minutes at 4 °C to remove the cell debris, and the supernatant was
ultracentrifuged at 200,000 g for 45 minutes at 4°C to pull down the cell membrane. The
membrane was resuspended in 0.5 mL of 0.2 M Na2CO3 (MilliporeSigma, cat. P5958) and
ultracentrifuged again to remove membrane-associated proteins. The last ultracentrifugation

was performed in 0.5 mL of water to remove the salts.

2.3. Sample Preparation for N-Glycan Analysis

The enriched membrane fraction was resuspended in 200 pL of 100 mM of ammonium
bicarbonate (Sigma-Aldrich, cat. A6141) and 5 mM Dithiothreitol (Promega, cat. V3151) to
denature the protein. The samples were placed in a 100°C water bath for two minutes with 10
second heating and cooling intervals to further denature the membrane proteins. After cooling
the samples to room temperature, 2 pL of PNGase F (New England Biolabs, cat. PO705L) was
added and the sample mixtures were incubated at 37°C for 18 hours to release the N-glycans.
Samples were quenched with 350 uL of water and ultracentrifuged to remove the proteins from
released N-glycans in solution. The supernatant containing the released N-glycans were cleaned
using a porous graphitic carbon solid phase extraction plate (Glygen, cat. FNSCAR800). The
wells were first washed with 80% (v/v) acetonitrile and 0.1% (v/v) trifluoracetic acid in water
and then conditioned with pure water. Samples were loaded onto the plate wells and washed

with 600 pL of water three times. N-Glycans were then eluted with 600 uL of 80% (v/v)
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acetonitrile and 0.1% (v/v) trifluoracetic acid in water. Eluted N-glycans were dried and

reconstituted in 30 pL of pure water prior to analysis.

2.4 N-Glycan Analysis

N-Glycan analysis was performed on an Agilent 1200 series ChipCube system in positive ion
mode and a 6520 Q-TOF mass spectrometer. N-Glycans were separated on a PGC-Chip Il with
40 nL enrichment column (5 um, 75 mm x 43 mm, Agilent Technologies cat. G4240-62003). A
binary gradient was applied using (A) 0.1% (v/v) formic acid and 3% (v/v) acetonitrile in water
and (B) 1% formic acid and 90% (v/v) acetonitrile in water: 0—2 min, 0—-0% (B); 2—20 min, 0-16%
(B); 20—40 min, 16%—72% (B); 40—42 min, 72—100% (B); 42—52 min, 100-100% (B); 52—54 min,
100-0% (B); 54—65 min, 0—0% (B). 5uL of each sample was injected, loaded onto the
enrichment column, and washed for 10 minutes with 100% mobile phase B at 3 puL/min. Next,
the chip valve switched to analysis mode to move the enrichment column in line and the
analytical gradient began with a flow rate of 0.33 pL/min. Source conditions included the use of
nitrogen as the drying gas with a temperature of 325°C flowing at 5 L/min and a capillary
voltage of 1800 V. Auto MS/MS acquisition mode allowed four precursors per cycle with a
threshold of 2000 counts and quadrupole filtering with a narrow isolation width for the 600-
2000 m/z range. Collision-induced disassociation with nitrogen gas used a precursor-dependent
formula y=1.8*%(m/z)/100-3.6 to determine individual collision energies with a range of 100-
2000 m/z. Continual mass correction with a reference calibration standard of 1221.990637 m/z

was used (Agilent Technologies, cat. HP-1221). N-Glycan compound verification used
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MassHunter Qual B08.00 software with the ‘Find by Molecular Feature’ algorithm and an in-

house database containing N-glycan monoisotopic masses and descriptive information.

2.5 1gG Purification

The media was filtered using 100 K Da spin column (Amicon, cat. UFC910008), then the
filtrant was subjected to IgG extraction using protein A/G magnetic beads (Pierce, cat. 88802)
per manufacturer protocol. The extraction utilized 0.05% (v/v) Tween-20 for 20-fold dilution of
the media and washing the beads, 0.1 M glycine (pH 2.0) solution for eluting the extracted IgG
from the beads and 1 M Tris (pH 7.5) solution to neutralize the eluted IgG containing solution.
The resulting extracted IgG solution was then buffer exchanged into 50 pL of 50 mM
ammonium bicarbonate (Sigma-Aldrich, cat. A6141) using 100 K Da spin column (Amicon, cat.
UFC510008) to remove salts and prepare the protein for digestion in ammonium bicarbonate

buffer.

2.6 1gG Digestion

Details of protein digestion for the glycoproteomics analysis have been described
previously?®. The proteins were reduced with 2 pl of 550 mM dithiothreitol (Promega, cat.
V3151) for 1 hour at 60 °C and alkylated with 4 pl of 450 mM iodoacetamide (Sigma-Aldrich,
cat. 16125) in the dark for 30 minutes. The samples were incubated with 2 ug of sequencing-
grade trypsin (Promega, cat. V5111) at 37°C for 18 hours. The resulting peptides and
glycopeptides were dried using a miVac (SP Scientific, PA, United States) prior to mass

spectrometry analysis.
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2.7 Glycoproteomic Analysis With LC-MS/MS

The digested samples were reconstituted with nanopure water and directly characterized
using UltiMate™ WPS-3000RS nanoLC 980 system coupled to the Nanospray Flex ion source of
an Orbitrap Fusion Lumos Tribrid Mass Spectrometer system (Thermo Fisher Scientific, MA,
United States). The analytes were separated on an Acclaim™ PepMap™ 100 C18 LC Column (3
pm, 0.075 mm x 150 mm, ThermoFisher Scientific, cat. 164946). A binary gradient was applied
using 0.1% (v/v) formic acid in (A) water and (B) 80% (v/v) acetonitrile in water: 0-5 min, 4-4%
(B); 5-133 min, 4—32% (B); 133—-152 min, 32%—48% (B); 152—155 min, 48-100% (B); 155-170
min, 100—-100% (B); 170—171 min, 100-4% (B); 171-180 min, 4—4% (B). The instrument was run
in data-dependent mode with 1.8 kV spray voltage, 275°C ion transfer capillary temperature,
and the acquisition was performed with the full MS scanned from 700 to 2000 m/z in positive
ionization mode. Stepped higher-energy C-trap dissociation (HCD) at 30 + 10% was applied to

obtain tandem MS/MS spectra with m/z values starting from 120.

2.8 Glycoproteomic Data Analysis

Glycopeptide fragmentation spectra were annotated using Byonic software (Protein
Metrics, CA, United States) against the UniProt human proteome sequences. Common
modifications, including cysteine carbamidomethyl, methionine oxidation, asparagine
deamidation and glutamine deamidation were assigned. A published in-house N-glycan library
was utilized for the glycopeptide identification, and relative abundance values were calculated

based on the glycopeptide precursor peak areas.?® Identified glycopeptides were filtered by 10
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ppm mass filter accuracy and MS/MS spectra for every glycopeptide was checked manually to

ensure accurate identification.

2.9 IgG1 Molecular Modeling and Molecular Dynamics

IgG1 in complex with the FCIIIR receptor (PDB ID: 3SGJ) was modeled to include N-glycans
at FCIIIR receptor (3200) and IgG1-Asn 297 reflecting the structures observed in the inhibitor
treatments: 4510 (control and sialic acid inhibitor), 9200 (kifunensine), 4500 (fucose inhibitor),
and 5411 (monosaccharide supplemented). N-Glycan structures were added to the structure,
and the resulting structure minimized using CHARMM-GUI Glycan modeler. The system was
solvated using the TIP3P model, and 150 mM KCl was added. The CHARMM36mm force field
was used for both the protein and glycans. Simulations were visualized, and the number of
interacting hydrogen bonds between the glycans and proteins was analyzed using

DiscoveryStudio (Dessault Systemes).

2.10 RNA extraction and 3’-TagSeq RNAseq analysis

Total RNA was extracted from cultured cells following the RNeasy Mini kit (Qiagen, cat.
74104) manufacturer instructions. Cells were harvested by trypsinization, then resuspended in
buffer RLT to obtain cell lysates. These samples were further homogenized using the
QiAshredder spin columns (Qiagen, cat. 79656), which were centrifuged at 21,000 xg for 2
minutes. To the flow-through, 70% ethanol solution was added, which were then transferred to
the RNeasy spin column, centrifuging afterward at 8000 xg for 30 s. The spin columns were
further washed with buffer RW1. To the spin columns, DNAse | incubation mix (1:7 DNAse |
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solution in buffer RDD) was added, followed by incubation at room temperature for 15 minutes.
The spin-columns were further washed with buffer RW1 by centrifuging at 8000 xg for 30 s. This
was followed by twice centrifugation with buffer RPE at 8000 xg for 30 s and then 2 minutes.
Finally, cleaned-up RNA samples were collected by adding sterile RNAse-free H20 to the spin-
columns and centrifuging for 8000 xg for 1 minute. The samples were stored in -80 °C until
submission to the UC Davis DNAtech Core Facility. The samples were analyzed using Batch 3’
Tag-Seq analysis, with a read number of 4 M. Upon receipt of RNAseq data, raw reads were
processed using a custom script based on the Tag-seq script (https://github.com/ben-
laufer/Tag-seq) using the High-Performance Computing (HPC) cluster of the Philippine
Department of Science and Technology. Data was processed using quantification mode to

obtain normalized and annotated gene counts.

3. Results

Workflows for the cell surface glycomics and secreted IgG1 glycoproteomics of the CESS
cell line are shown schematically in Figure 2.1. Cell surface glycomics analysis involved
harvesting the cells via centrifugation, lysing and ultracentrifugation to enrich the cell
membrane. The enriched membrane fractions were then subjected to N-glycan release using
the enzyme PNGase F. The released oligosaccharides were enriched and analyzed using
nanoLC—MS/MS with a PGC stationary phase and Q-TOF mass analyzer producing N-glycan

chromatograms with isomer separation. Over 300 N-glycan structures are generally obtained
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and identified with some cells having many more structures. The cell media after the growth
were used for analysis of secreted antibodies. This glycoproteomic analysis involved
concentrating the medium and enriching for IgG1 using protein A/G on magnetic beads,
followed by tryptic digestion and nanoLC-MS/MS analysis using a C18 stationary phase coupled

to an Orbitrap mass analyzer.
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Figure 2.1. Schematics of Cell Surface Glycomics and Secreted Antibody Glycoproteomics

workflow using nanoLC-MS/MS.

3.1. N-Glycomics of the Cell Membrane
3.1.1. The Effects of Glycosyl Transferase Inhibitors on the N-Glycome of the Cell Membrane

Cell surface glycomic analysis of CESS cell lines yielded identification of 607 glycan
structures with the majority being sialofucosylated (60.1% total relative abundances,

Supplementary Figure 2.1) containing both fucose and sialic acid residues. In addition to the
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sialofucosylated N-glycans, other complex- or hybrid-type structures including fucosylated
(17.0% relative abundance), sialylated (8.6% relative abundance), and undecorated or
containing neither (3.3% relative abundance) and high-mannose (11.0% relative abundance)
structures were observed (Supplementary Figure 2.1). Di-, tri- and tetra- antennary glycans as
well as those containing bisecting GIcNAc (B-1,4 linked to core mannose) were among the

identified structures (Figure 2.2a).

The effects of sialic acid inhibition were probed with the addition of 3-F-Sia (a fluorinated
analogue of sialic acid) to the cell media. As the cell membrane of CESS contained mostly
sialofucosylated glycans, treatment with the sialic acid inhibitor reduced the abundances of
sialofucosylated species by 72% (p=0.0007, Figure 2.2b) while the nonsialylated but fucosylated
glycan abundances increased by 570% (P<0.0001, Figure 2.2b). The results show that the
structures that were previously sialofucosylated, were converted mainly to the corresponding

asialylated fucosylated structures (Figure 2.2b).

The effects of inhibiting fucosylation were examined by adding 2-F-Fucose (a fluorinated
analogue of fucose) to the cell media. The fucosylation inhibitor treatment reduced the
abundances of sialofucosylated species by 82% (p<0.0001, Figure 2.2b), while the sialylated and
undecorated glycan abundances increased by 1143% and 1639% respectively (p<0.0001 and
p=0.0012, Figure 2.2b). The results indicate that the structures that were previously
sialofucosylated, were converted to the corresponding afucosylated sialylated and undecorated

structures (Figure 2.2b).
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Kifunensine is an alkaloid with a high inhibitory effect on class I-mannosidases, such as
MAN1A1, MAN1A2, MAN1B1, and MAN1C1.2 These mannosidases trim mannose residues of
Man-9, turning it into Man-8, Man-7, Man-6, and subsequently Man-5.2° Man-8, Man-7, Man-6,
and Man-5 have 8, 7, 6, and 5 mannose residues respectively. High mannose glycans are
generally not fucosylated or sialylated, as the respective enzymes act later in the process.
Therefore, inhibiting mannosidases with kifunensine often leads to production of mostly high-
mannose glycans with no decorations.3? Kifunensine treatment reduced the sialofucosylation
glycan abundances by 91% (p<0.0001, Figure 2.2b), and increased the abundances of high-
mannose species by 1997% (p<0.0001, Figure 2.2b). The results showed the glycans remained
mostly high mannose type structures with 5 to 9 mannose residues (Figure 2.2a) without any

GlcNAc, fucose and sialic acid residues.
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Figure 2.2. N-Glycome of cell membrane with glycosyl transferase inhibitors a) Chromatograms
representing the separation and identification of the released cell membrane N-glycans in
absence (control), and presence of the three inhibitors on a reversed phase nLC-MS/MS
instrument. B) Bar graph of total abundances of types of identified structures based on their

peak areas normalized to the membrane protein amounts.

3.1.2. The Effects of Monosaccharide Supplementations on the N-glycome of the Cell

Membrane

Monosaccharides are a major constituent of human diet. It is therefore important to know
how monosaccharides affect the glycosylation of immune cells and secreted glycoproteins. We
sought to decipher these effects by supplementing the cells with additional monosaccharides,
such as galactose, fructose and fucose. Upon transportation into cells via membrane
transporters, monosaccharides undergo activation and direct incorporation into glycans.
Alternatively, they may be converted into other monosaccharides via interconversion pathways.

Supplementation of cell media with galactose increased the abundances of sialofucosylated
N-glycans by 96% (p=0.0002, Figure 2.3). While fructose supplementation increased both
sialofucosylated and fucosylated type N-glycans abundances by 107% and 170% respectively
(p<0.0001 and p=0.03 respectively, Figure 2.3). Furthermore, relative abundance comparisons of
all identified N-glycans showed galactose supplementation increased the relative abundances of
three N-glycans compared to the control, and two of these N-glycans were sialofucosylated type

N-glycans (Supplementary Table 2.1).
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There were no significant changes in specific glycan groups with the supplementation of cells
with fucose (Figure 2.3). This may be due to multiple factors, such as the inability of the cells to
import fucose from media into cytoplasm effectively. Additionally, there were no significant
changes in relative abundances of the top 25 most abundant glycans observed in the samples,
when compared to the control (Supplementary Figure 2.5). However, relative abundance
comparisons of all identified N-glycans showed fucose supplementation increased the relative
abundances of ten N-glycans compared to the control, and these ten N-glycans all contained
fucose residues (Supplementary Table 2.1).

There was a significant increase in abundances of sialofucosylated glycans with
supplementation of cells with fructose (Figure 2.3). This shows the cells utilized fructose to build
and incorporate monosaccharides into the N-glycan structures. Additionally, an increase in
fucosylated glycans was observed as well (p=0.03, Figure 2.3). Furthermore, relative abundance
comparisons of all identified N-glycans showed fructose supplementation increased the relative
abundances of four N-glycans and reduced the relative abundances of two N-glycans compared
to the control (Supplementary Table 2.1). Two of the N-glycans that had increased relative
abundances were fucosylated type N-glycans, while the other two with increased relative
abundances were sialofucosylated type N-glycans (Supplementary Table 2.1).

Although the changes in abundances of glycan-types were significant in the supplementation
of cells with galactose and fructose, they did not appear to heavily affect the production of top

25 most abundant glycans, as there was no significant change in relative abundances of the top
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25 most abundant glycans observed in the control with respect to all identified glycans

(Supplementary Figure 2.5).
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Figure 2.3. Bar graph representing the normalized peak areas or abundances of different glycan
groups observed in LC-MS/MS analysis of cell surface glycans with different monosaccharide

supplementations. The peak area integrated for every structure was normalized to the amounts
of proteins it was extracted from so that it is not affected by changes in protein abundance, and

it is based on the glycan abundance.

3.2. Glycoproteomics Analysis of the Secreted 1gG1

Placing cells in serum free media allowed for extraction of antibodies that were secreted
from the cell line. The purification process involved spin filtration and using magnetic protein
A/G beads to extract IgG1 antibodies. The only observed glycopeptides from IgG1, were from
the conserved site of Asn 297. N-Glycan at this site affect the biological functions of IgG1.

Analysis of the control samples yielded the identification of 6 N-glycan structures at Asn 297,
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and all of these structures were complex-type fucosylated N-glycans (Figure 2.5). Overall, the N-
glycan structures observed on secreted IgG were not as diverse as the ones observed in the cell
membrane. Additionally, the most prominent IgG1 N-glycan contained a bisceting GIcNAc in
controls. Bisceting GIcNAc on Asn 297 N-glycans of IgG1 are coonsidered to have pro-

inflammatory effects.?®
3.2.1. The Effects of Glycosylation Inhibitors on Secreted IgG1 Glycosylation

Glycoproteomics of IgG1 showed the changes in 1gG1 N-glycans were similar to the ones
observed in the cell membrane N-glycans with glycosylation inhibitors. This is the first report that
shows the changes in glycosylation of cell membrane glycoproteins and secreted glycoproteins
follow similar trends with metabolic engineering techniques. As the most abundant glycan
structures observed at Asn 297 in control samples did not include sialic acid decorations,
inhibition of sialylation did not affect the glycosylation at this site and the three most abundant
structures at this site remained the same fucosylated structures (4510, 4410 and 3410), which
were observed in the control (Figure 2.4). With the utilization of the fucosylation inhibitor, only
afucosylated glycans were observed at this site, and the two most abundant structures at Asn
297 were 4500 and 4400, which are the afucosylated versions of the structures (4510 and 4410)
observed in the control (Figure 2.4).

As the result of the kifunensine treatment, mostly high-mannose structures were observed
at Asn 297 of IgG1, and Man-9 (9200) was the highest abundant glycan at this site with 92.2%
relative abundance (Figure 2.4). Man-9 containing IgG1 is not commonly observed in human

serum, and it may certainly exhibit unique structural and functional properties as it will be
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presented in the modeling section below. As opposed to the cell membrane glycosylation, in
which Man-5, Man-6, Man-7, and Man-8 (5200, 6200, 7200 and 8200) were among the most
prominent glycans with kifunensine treatment (supplementary Figure 2.2), these high mannose
glycans were not observed on IgG1, and the highest abundant glycans following Man-9 were 3410
and 4410 with 3% and 4% relative abundances respectively (Figure 2.4). 3410 and 4410 glycans
were the second and third most prominent N-glycans on IgG1 in the control samples with 18%
and 9% relative abundances respectively (Figure 2.4). This indicates the inhibitors are not
affecting all glycoproteins in an identical manner, although overall changes in membrane and
secreted 1gG1 glycans are consistent in the context of the glycan types, the most abundant
structures on IgG1 do not match with the ones observed in cell membrane glycomics after

treatments.
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Figure 2.4. (Left) Bar graph representing the relative abundances of different glycans on Asn
297 of 1gG using LC-MS/MS based glycoproteomics analysis of the secreted 1gG1 from cells

treated with different glycosylation inhibitors. The relative abundances were calculated based
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on the precursor peak areas of every identified structure. The four-letter codes show the
number of the building monosaccharides of the structures as follows HexHexNAcFucoseNeuAc.
(Right) Representing most abundant glycan observed in control on the Asn (N) 297 of IgG1 with

REEQYNSTYR tryptic digest sequence.

3.2.2. The Effects of Monosaccharide Supplementations on Secreted IgG1 Glycosylation

Monosaccharide supplementations also caused significant changes in IgG1 glycosylation.
Although the cell surface glycomics results showed no significant changes with the fucose
treatment, secreted IgG1 glycoproteomics showed all monosaccharide treatments (galactose,
fructose and fucose) caused significant changes on glycosylation of IgG1. The changes included
significant reductions in relative abundances of the most prominent structure (4510) with all
three treatments, p=0.0026 for galactose and p<0.0001 for fructose and p<0.0001 for fucose,
compared to the control (Figure 2.5). In addition to the significant decreases in the most
prominent structure observed in the control, a new sialofucosylated N-glycan structure (5411)
was observed in all monosaccharide treated samples, which was not observed in the control
(Figure 2.5). Sialofucosylated IgG1 are known to have a higher half-life in serum compared to
their un-sialyated counterparts.3® Therefore, addition of monosaccharides to the cell stock for

antibody production may certainly affect the biotherapeutic efficacy of the final product.

Glycosylation is heavily influenced by the abundances and activities of glycosylation-
related enzymes, as well as the presence of the monosaccharide building blocks. These results

show monosaccharides can affect abundances of glycan building blocks and cause changes in
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glycosylation of glycoproteins. It appears the induced changes in N-glycans are glycoprotein
specific, meaning the induced changes depend on the glycan structures that are ‘default’ or
commonly built on a specific glycoprotein. An example of these structures is the fucosylated
4510 N-glycan structure on the secreted 1gG1 from the CESS cells which makes up 72% of the N-

glycan relative abundance in the controls (Figure 2.5)
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Figure 2.5. (Left) Bar graph representing the relative abundances of different glycans on Asn
297 of 1gG using LC-MS/MS based glycoproteomics analysis of the secreted IgG1 from cells
supplemented with different monosaccharides. The relative abundances were calculated based
on the precursor peak areas of every identified structure. The four-letter codes show the
number of the building monosaccharides of the structures as follows HexHexNAcFucoseNeuAc.
(Right) Representing most abundant glycan observed in control on the Asn (N) 297 of 1IgG1 with

REEQYNSTYR tryptic digest sequence.
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3.3 Modeling IgG1 Fc interaction with 1gG1 Fc Receptor

One of the major IgG1 functions is its binding to Fc binding receptors on the cell surface
which leads to initiation of ADCC pathway and apoptosis. Studies have shown the binding
affinity of 1gG1 towards FCIIIR receptor is heavily affected by its glycosylation profile3!. Absence
of a single fucose residue has been shown to increase the binding affinity of IgG to the receptor
by and increase ADCC by 50 folds.3? In this study, we observed a unique high mannose glycan
structure (Man-9) which has not been reported previously in the literature. This glycan at Asn
297 of IgG may lead to exhibition of unique characteristics of the antibody. We modeled the
binding of differentially glycosylated IgG1 to the FCIIIR receptor, with the most abundant
structures observed in the control and sialic acid inhibitor treatment (4510), kifunensine
treatment (9200), fucose inhibitor treatment (4500), and monosaccharide supplemented
samples (5411) (Figure 2.6A). Our results show these three different glycans will certainly affect
the 1gG binding to Fc receptor differently. In particular, we observed the core-fucosylated
structure 4510 in I1gG1 contributed the most interactions with FCIIIR receptor, providing unique
glycan-glycan interactions with the FCIIIR N-glycan (Figure 2.6B). Without the core-fucose in
IgG1, the glycan-glycan interaction with FCIIIR is absent, potentially leading to reduced binding.
Glycan-glycan interactions between IgG1 and FCIIIR have been reported to contribute to high
binding affinity between IgG1 and FCIIIR receptor. Thus, directly modifying the IgG1
glycosylation with glyco-engineering provides an avenue for directly modulating functional

activities of IgG1 antibodies.
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Figure 2.6. (A) The IgG1-FCIIIR complex were modeled with varying 1gG1 glycosylation: control

and sialylation inhibitor (4510), kifunensine treatment (9200), fucose inhibitor (4500), and

monosaccharide supplemented (5411). (B) Glycan-glycan interactions between 1gG1-4510

glycan and FCIIIR-3200 structures.
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3.4 Transcriptomics Analysis of Glycosylation Inhibitor Treated Cells

Although changes in glycosylation are not expected to directly affect the transcriptomics of
the cells, there has been no published study that has monitored the transcriptomics of cells
through glycan changes induced by glycoenzyme inhibitors. Changes in glycosylation may
potentially contribute to changes in the transcriptome. It is essential to monitor the viability of
cells and changes in their macromolecular composition, as it has been shown certain glycan
decorations, such as fucosylation, are essential for functions of certain cells with their inhibition
being lethal in vivo.3® The viability assay showed no significant changes in viability of cells in
presence of the three inhibitors used in this experiment (supplementary Figure 2.6) signifying the
CESS cell line can proliferate and operate with reduction in fucosylation, sialyation and
undecoration of its N-glycan structures. The RNA data provided more intel into the induced
changes in the cells. Based on the transcriptomics results, there were no significant changes
(Pa¢j<0.05) in abundances of any of the observed RNA with the FDR corrections to P values (Figure
2.7). This shows the induced changes in glycosylation did not have severe impacts on the
transcriptomics of the cells overall. This aligns with our previous data where we monitored
changes in protein expressions via proteomics of glycosylation inhibitor treated epithelial cells.’
Un-adjusted P values (without FDR corrections) showed 3-3.5% of transcriptomes were
expressed significantly different in the glycosylation inhibited samples compared to the controls
(Supplementary Figure 2.9). IGLC3 (immunoglobulin lambda constant 3) transcript expression
was reduced significantly with the kifunensine treatment (Supplementary Figure 2.8). IGLC3 is a
building block of the IgG1 light chain region. As mentioned previously, 1IgG1 with high mannose

N-glycans are not generally observed in human body. The reduced expression of the IGLC3 RNA
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with inhibition of glycan trimming enzymes may indicate signs of IgG1 mis-folding due to the
absence of an untrimmed glycan at Asn 297, and the cells utilizing a feedback loop to reduce the

expression of the glycoprotein due to misfolding.

Figure 2.7. Volcano plots showing no drastic changes (fold change >2 and Pagj-value <0.05) in
RNA expressions of cells after inhibitor treatments with FDR correction. Treatments of glycan
trimming inhibitor (Top-Left), sialylation inhibitor (Top-Right) and fucosylation inhibitor

(Bottom) are presented in the three plots with Log2(FC) as the X-axis and -Log 10(P) as the Y-

axis.

4, Discussion

The result of this study showed how glycosylation inhibitors alter both the cell surface
glycans on the immune cells, and the glycan on the secreted IgG1. As expected, the inhibitors

changed the glycan structures selectively by inhibiting a specific step in the glycosylation
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pathway. With that said, the resulting structures on the cell membrane are not identical to the
ones observed on the secreted antibody from the cell, signifying the glycoprotein specificity of
glycosylation. A single glycoprotein, such as IgG1, may only contain a select group of glycans. The
combination of the different glycans on different membrane glycoproteins leads to the
heterogeneity and diversity of the N-glycan observed in the cell membrane.

The ability to glycoengineer both cell surface glycan structures and the secreted antibody
glycans of the immune cells in parallel has significant therapeutic applications.?* Immune cell and
secreted antibody N-glycans undergo changes in diseases such as Asthma3* and Rheumatoid
arthritis,> and these changes often contribute to disease progression. The disease induced
changes may potentially be reversed by the methods presented in this study, such as
monosaccharide supplementations.

IgG1 is often utilized as a drug, targeting disease-inducing bacteria, proteins or even cancer
cells, therefore being able to optimize IgG1 glycosylation is an essential step in developing its
most efficient proteoform for optimal functionality. The types of glycans at Asn 297 of IgG affect
its clearance rate in serum, for example IgG1 with sialylated N-glycans at Asn 297 have been
shown to have a longer half-life than the ones with un-sialylated N-glycans at the same site,3®
therefore the glycan engineering methods demonstrated in this study can be used to produce
therapeutic IgG1 antibodies with optimal clearance rate in serum.

Monitoring both the cell surface N-glycans and secreted antibody N-glycans of the immune
cells in this study allowed for comparison of a single glycoprotein glycosylation with the overall
cell membrane glycosylation. It is important to note glycosylation cannot be generalized for all

glycoproteins and every glycoprotein may react differently to presence or absence of
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monosaccharides substrates for glycosylations. For 1gGl, presence of additional
monosaccharides resulted in sialylation, indicating the cells favored incorporating sialic acids into
the structures, perhaps due to increased structural stability of the glycoprotein with sialic acid
incorporation. The same overall trend was observed with the cell surface glycans but with a

broader number of N-glycan structures.

5. Conclusion

Glycosylation inhibitors induce selective changes in glycosylation of cell surface and secreted
antibodies of immune cells. Changes in glycosylation did not cause drastic changes in RNA or
viability of the cells. Additionally, a new Man-9 containing IgG1 was observed which exhibited

unique structural characteristics based on the molecular dynamics modeling.
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Supplementary Figure 2.1. Relative abundances of N-glycan types observed in CESS cell

membrane.
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Supplementary Figure 2.2. Relative abundances of membrane N-glycan compositions with

greater than 1% abundances in kifunensine treated cells.
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Supplementary Figure 2.3. Relative abundances of membrane N-glycan compositions with

greater than 1% abundances in sialylation inhibitor treated cells.
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greater than 1% abundances in fucosylation inhibitor treated cells.
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Supplementary Table 2.1. N-Glycan with significant changes in their relative abundances due to
monosaccharide supplementations. The four-letter codes show the number of the building
monosaccharides of the structures as follows HexHexNAcFucoseNeuAc. FC represents the fold
change (abundances in treatment over abundances in control). P values are determined based

on the T-test.

Treatment Glycan FC Praw Glycan Type
Galactose 6623 2.4009 0.013396 SF
7412 6.7336 0.014448 SF
7601 3.4641 0.049415 S
Fucose 7502 6.1709 0.0012194 S
6620 4.4128 0.0029998 F
9920 5.9904 0.0032585 F
8821 6.1755 0.023964 SF
11210 4.316 0.027219 F
6310 2.3793 0.032038 F
6521 3.2286 0.033454 SF
7621 7.0076 0.036994 SF
8820 14.213 0.04812 F
6641 2.4125 0.048786 F
Fructose 5522 2.0815 0.020192 SF
6520 3.2386 0.027485 F
6622 0.53355 0.037836 SF
5310 2.7998 0.040122 F
6612 0.61104 0.042859 SF
9813 14.64 0.047719 SF
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Supplementary Figure 2.7. Cell viability of monosaccharide supplemented cells showing a

significant increase in cell viability with fructose treatment.
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Supplementary Figure 2.8. (Left) Normalized RNA expression of IgG1 building block (IGLC3)
abundance in inhibitor treated samples. (Right) Peak areas of identified IGLC3 peptides in
glycoproteomic analysis of extracted IgG1l after inhibitor treatments showing a potential

reduction (p=0.056) in IGLC3 production with kifunensine/mannosidase inhibitor.
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Supplementary Figure 9. Volcano plots showing changes (fold change >2 and P-value <0.05) in
RNA expressions of cells after inhibitor treatments without FDR corrections. Treatments of
kifunensine (Left), sialylation inhibitor (Right) and fucosylation inhibitor (Bottom) are presented

in the three plots with Log2(FC) as the X-axis and -Log 10(P) as the Y-axis.
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Abstract:

Aberrant glycosylation of antibodies is observed in various diseases, such as Rheumatoid
Arthritis. ldentifying glycosylation changes in diseases allows for development of glycan
biomarkers. By characterizing these glycan changes, contribution of glycans to disease
progression can also be further understood. This is especially important in auto-immune diseases
because the glycans on immunoglobulins affect their functions. In this study, we identified and
guantified total immunoglobulin glycosylation changes in control and Pemphigus Vulgaris
patients (PV, n=10) sera, then further analyzed the glycosylation of disease specific antibodies
using ELISA and LC-MS/MS methods. The total immunoglobulin glycosylation analysis revealed
the upregulation of an agalactosylated glycan structure (3410) on all classes of IgG in PV.
Similarly, the glycoproteme analysis of disease specific IgG1 and IgG4 validated the presence of
the same glycan on both antibodies. Furthermore, the abundance of a sialylated N-glycan (4411)
on IgG1 negatively correlated with skin-specific autoantibody titers, thought to be a surrogate

for disease activity.
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Introduction:

Aberrant glycan modifications have been hypothesized to drive autoimmune
pathogenesis, especially those at the conserved immunoglobulin constant heavy chain domain 2
(CH2)-84.4 site of IgG.! Glycans at this site dictate Ig effector function, with agalactosylated
glycans (lacking galactose residues) being linked to antibody-mediated autoimmune conditions
such as rheumatoid arthritis.> Pemphigus vulgaris is an autoimmune blistering disease
characterized by autoantibodies directed against desmosomal cadherins. The glycosylation of
these disease specific antibodies is not well understood.

We have previously demonstrated the use of dynamic multiple reaction monitoring LC-
MS/MS methods for characterization of site-specific changes in glycosylation of
immunoglobulins.3= These methods have been used to identify glycan changes in sera of gastric
and lung cancer,®’ as well as Alzheimer’s disease patients.® Given the importance of glycans on
antibody functions, it is crucial to characterize the glycan changes in auto immune disease.
Identifying the glycan changes unravels their contributions to disease pathology and provides
addition insights for diagnosis and therapeutic developments.

Although the use of total immunoglobulin glycosylation characterization methods
(dMRM) has been demonstrated previously, identifying glycosylation of disease specific
antibodies is more challenging. IgG glycoproteins have a conserved N-glycan site in the Fc region,
therefore tryptic digests of total and auto-reactive IgG yield indistinguishable glycopeptides that
have the same amino acid sequence. To characterize the auto-reactive antibody glycans, auto-

reactive antibodies need to be isolated from the rest of serum antibodies first. ELISA plates
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coated with disease target proteins, such as DSG-3 in pemphigus vulgaris, are used to isolate
disease specific antibodies.

To identify Ig glycan alterations in pemphigus, we obtained de-identified serum samples
from patients with pemphigus vulgaris and healthy controls. DSG-specific autoantibody titers
were determined by standardized ELISA assay. Skin-directed autoantibody titers were
determined by indirect immunofluorescence (lIF), using monkey esophagus and normal skin as
substrate. Glycoproteomic profiling was performed by Multiple Reaction Monitoring (MRM)
mass spectrometry (MS) and orbitrap MS.3>219 To our knowledge, this is the first study which
identifies both total immunoglobulin glycosylation changes and auto-reactive antibody
glycosylation changes of a disease. Having both sets of glycosylation data allows us to confirm
the glycan biomarker observed in total serum correspond to the one observed in autoantibodies

of PV.

Materials and Methods:

Serum sample preparation

Serum sample preparation procedure was adapted from a previous publication.? Briefly,
100 pL of 50 mM NH4HCO3 (Millipore Sigma, cat. no. 09830) was added to 2 L of each serum
sample prior to digestion. Serum proteins were reduced using 2 uL of 550 mM DTT (Promega, cat.
no. V3151) in a 60°C water bath for 50 min and alkylated using 4 pL of 450 mM IAA
(MilliporeSigma, cat. no. 144-48-9) at room temperature for 30 min in the dark. Afterwards, 1 g

of trypsin (Promega, cat. no. V5111) in 2 puL of 50 mM NH4HCOs was added and proteins were
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digested in a 37 °C water bath for 18 h. For absolute quantification, 100 ug of 1gG, IgA and IgM
(Sigma-Aldrich, St. Louis, MO) was digested according to the same described protocol and a

dilution series was made prior to sample injection.

Indirect Immunofluorescence (lIF)

Patient serum was progressively diluted beginning at 1:5 in four two-fold screening
dilutions, layered on sections of intact human skin, and monkey esophagus substrates and
reacted with fluorescin isothiocynate (FITC) - conjugated antibodies to IgG and IgA. When
positive, the serum is further diluted in two-fold reductions to the limiting dilution of antibody
detection or to a maximum dilution of 1:40,960. The limiting- dilution, end point titer is reported

for each substrate.

Desmoglein ELISA

Desmoglein 1 and desmoglein 3antibody levels determined by FDA-approved enzyme
linked immunosorbent assays (ELISA) (DSG 1 & DSG 3 ELISA Test System, MBL BION) according

to the manufacturer’s instructions.

UPLC-ESI-QqQ-MS analysis of Pemphigus serum samples

The MRM MS method used for this study requires predetermined knowledge of the
peptide or glycopeptide’s LC retention time and its collision induced dissociation (CID) behavior,
which we have previously determined for all the non-glycosylated peptides and glycopeptides

used in this study.3 The specific method used herein has been highly validated and the
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monitored transitions have been described in detail previously.*> The list of monitored

transitions are presented in Supplemental Table S3.

The neat enzymatically prepared samples containing both peptides and glycopeptides
were then directly analyzed without further hands-on sample cleanup or dilution using an Agilent
1290 infinity liquid chromatography (LC) system coupled to an Agilent 6490 triple quadrupole
(QgQ) mass spectrometer (Agilent Technologies, Santa Clara, CA), as previously described.31!
Briefly, an Agilent Eclipse plus C18 (RRHD 1.8 um, 2.1 x 100 mm) coupled with an Agilent Eclipse
plus C18 pre-column (RRHD 1.8 um, 2.1 x 5 mm) was used for UPLC separation. 1.0 pL of the
digested serum samples was injected and analyzed using a 25-min binary gradient consisting of
solvent A of 3% acetonitrile, 0.1% formic acid, solvent B of 90% acetonitrile, 0.1% formic acid in

nano-pure water (v/v) at a flow rate of 0.5 mL/min.

Results were integrated using Agilent MassHunter Quantitative Analysis B.5.0 software.
Protein concentrations were determined based on calibration curves and glycopeptide relative
responses were calculated using the area under the curves of the glycopeptide and a non-

glycosylated reference peptide from the same protein.

Enrichment of DSG 3-specific Antibodies

DSG 3-specific antibodies were enriched using DSG 3-coated ELISA plates (MBL Bion, IL,
USA). Pooled sera of the patient (n=11) and control group (n=6) were prepared. Each pooled sera
sample (5 pL) were diluted to 100 plL using the sample diluent solution from the ELISA kit and
applied to the ELISA plate wells. After a one-hour incubation at room temperature, the wells were

washed 4 times (300 pL each) with the wash buffer solution from the ELISA kit, 3 times (300 pL
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each) with DPBS (GIBCO, MA, USA) and 3 times (300 uL each) with 50 mM ammonium

bicarbonate solution.

Digestion of DSG 3-bound proteins

In-plate digestion was performed according to Li et al.'? with slight modifications. Briefly,
30 uL of 50 mM ammonium bicarbonate solution was added to each well. The proteins were
reduced with 2 uL of 550 mM dithiothreitol (DTT) and incubated at 55° C for 50 min, then they
were alkylated with 4 uL of 450 mM iodoacetamide (IAA) and incubated at room temperature for
20 min. The samples were digested with 2 pg of trypsin (Promega, MI, USA) and incubated at 37

°C for 18 hours. The digested samples were dried using vacuum centrifugation.

Glycoproteomic analysis with Orbitrap LC-MS/MS

The method for untargeted glycoproteomics analysis was adapted from Li et al.'? Briefly,
the peptide and glycopeptide samples were reconstituted with nanopure water and directly
characterized using UltiMate™ WPS-3000RS nanolLC 980 system coupled to the Nanospray Flex
ion source of an Orbitrap Fusion Lumos Tribrid Mass Spectrometer system (Thermo Fisher
Scientific, MA, United States). The analytes were separated on an Acclaim™ PepMap™ 100 C18
LC Column (3 um, 0.075 mm x 150 mm, ThermoFisher Scientific). A binary gradient was applied
using 0.1% (v/v) formic acid in (A) water and (B) 80% acetonitrile: 0-5 min, 4-4% (B); 5—133 min,
4-32% (B); 133-152 min, 32%—48% (B); 152—155 min, 48—100% (B); 155—-170 min, 100—-100% (B);
170-171 min, 100-4% (B); 171-180 min, 4-4% (B). The instrument was run in data-dependent
mode with 1.8 kV spray voltage, 275°Cion transfer capillary temperature, and the acquisition was

performed with the full MS scanned from 700 to 2000 m/z in positive ionization mode. Stepped
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higher-energy C-trap dissociation (HCD) at 30 + 10% was applied to obtain tandem MS/MS spectra

with m/z values starting from 120.

Analysis of Orbitrap LC-MS/MS data

Glycopeptide fragmentation spectra were annotated using Byonic software (Protein
Metrics, CA, United States) against the protein sequences. Common modifications, including
cysteine carbamidomethyl, methionine oxidation, asparagine deamidation and glutamine
deamidation were assigned. A published in-house N-glycan library!> was utilized for the
glycopeptide identification, and relative abundance values were calculated based on the

glycopeptide precursor peak areas.

Statistical analysis

Datasets related to this article can be found at

https://data.mendeley.com/datasets/cvyhwh6d65/2, hosted at Mendeley Data. All statistical

analyses were done using R software.’® For each glycovariant, a robustly quantified non-
glycosylated peptide was used as an internal reference for calculating each glycovariant’s relative
abundance. Trypsin-digested protein standards were used to calculate each protein’s absolute
abundance. For each analyte, skewedness was calculated, and data was log transformed when
necessary to remove excessive skewness. Outliers were identified using “extremevalues” R
package, * and when present, were winsorized from the analysis, so that the outliers were set
equal to the nearest non-outlier value. Analytes could be detected in all samples, thus, there was
no need for imputation of missing data. ANCOVA and linear regression assumptions about the

normality of residuals were examined by use of the Shapiro—Wilk test. Collinearity of variables in
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the multivariate models was examined by calculating variance inflation factor (excessive if > 2.5)
with “car” R package.

Data sharing

The mass spectrometry proteomics data have been deposited to the ProteomeXchange

Consortium via the PRIDE partner repository with the dataset identifier PXD04.

Results:
1. Glycoproteomics of antibodies in pemphigus vulgaris patients using MRM LC-MS/MS

MRM MS (Figure 3.1a) was used to monitor the abundances of 52 glycopeptides and 10
non-glycosylated peptides (Supplemental Figure S1) in serum samples obtained from pemphigus
vulgaris patients (n=10, Supplemental Table 3.1) and age- and sex-matched healthy controls
(n=30, Supplemental Figure 3.2). To identify disease-specific glycan alterations, multiple linear
regression was performed, with glycopeptides and non-glycosylated peptides as dependent
variables in the models. After correcting for multiple comparisons, seven glycopeptides were
found to be differentially expressed (Supplemental Table 3.2). Of these, the agalactosylated IgG
CH2-84.4-modifying glycan g:3410 was strongly upregulated in pemphigus across all 1gG
subclasses, 1gG1, 1gG2, and 1gG3/4 (q = 7.7e-11, 6.7e-10, 1.0e-05, respectively; Supplemental
Table 3.2 and Figure 3.1b). In fact, the singleton classifier, IgG1 g:3410, was highly accurate in
discriminating pemphigus vulgaris patients from healthy controls (area under respective Receiver

Operating Characteristic (ROC) curve = 1, Figure 3.1c).
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Figure 3.1. Multiple Reaction Monitoring (MRM) mass spectrometry identifies differentially
expressed glycovariants in pemphigus vulgaris. (a) MRM method. (b) The relative abundance of
IgG-modifying glycans g:3410 is increased in pemphigus. The Y-axis represents log relative
abundance of the glycopeptide. Glycans modifications are presented as a 4-digit number where
the number of hexose, N-acetylglucosamine, fucose, and sialic acid residues is indicated
sequentially. (c) Receiver operating characteristic curve demonstrating the ability of IgG1 g:3410
to distinguish individuals with pepmphigus vulgaris from healthy controls. (d) Orbitrap MS
profiling of trypsin-treated DSG3-coated wells incubated with either pooled healthy control or
pooled pemphigus vulgaris serum. DEG3 and trypsin detected fragments removed prior to

analysis. (e) glycoprofiling of DSG3-specific IgG1 and 1gG4 autoantibodies detected in “d”. CTRL,
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control; PV, pemphigus vulgaris; g = false discovery rate (FDR) corrected p value; AUC, area under

the curve.

2. Comparison of glycosylation changes in antibodies of pemphigus vulgaris (PV) and
primary biliary cirrhosis (PBC) patients
To determine if these results were specific to pemphigus, results were compared to
primary biliary cirrhosis (PBC), a disease characterized by autoreactive antibodies directed
against mitochondria (Supplementary Figure 3.3). Both PBC and pemphigus had increases in the
relative abundance of IgG1 g:3510 and decreases in the relative abundances of IgM 209 g:5511
and IgM 209 g:5512. However, IgG1 g:3410 was not significantly elevated in PBC and 1gG4 g:3410
was downregulated in PBC, the latter being opposite to that observed in pemphigus. Finally, IgM

and J Chain were increased in PBC, but not in pemphigus (Supplementary Figure 3.3).

3. Glycoproteomics of disease specific autoantibodies in pemphigus vulgaris patients
using ELISA and LC-MS/MS
To determine if the g:3410 glycan modification was relevant to pemphigus
pathophysiology, an additional independently acquired pemphigus serum set (n=11) was
collected for glycoprofiling of autoreactive DSG-specific IgG [University of Utah samples (whole
serum glycoprofiling), Emory University samples (DSG-specific Ig glycoprofiling)]. DSG3-coated
plates were then incubated with either pooled pemphigus serum or healthy control serum. After

washing, the remaining bound proteins were treated with trypsin and the resulting mixture of
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peptides and glycopetides was analyzed by orbitrap MS. Immunoglobulin fragments were not
detected after DSG plates were incubated with control healthy serum, indicating that healthy
controls do not have DSG-specific autoreactive Ig. In contrast, abundant IgG1 and 1gG4 peptides,
at roughly a 1:1 ratio, were detected after DSG3-coated plates were incubated with pooled
pemphigus serum. Thus, across a population of pemphigus patients, DSG-specific 1gG is
predominantly of the IgG1 and IgG4 subclasses (Figure 3.1d). Consistent with the targeted MRM
glycoprofiling of pemphigus serum, orbitrap MS glycoprofiling of DSG-specific Ig revealed that
100% of DSG3-specific IgG1 and the majority of DSG3-specific 1gG4 was modified by g:3410

(Figure 3.1e).

4. Correlation of sialylated Ig glycans with autoantibody titers in pemphigus vulgaris

Pemphigus disease severity has been reported to correlate with autoantibody titers.6:1
In the current dataset, both anti-DSG titers (determined by ELISA) and anti-monkey esophagus
titers (determined by IIF) positively correlated with human skin-specific autoantibody IIF titers
(Supplemental Figure 3.4), which demonstrates that these putative measures of disease activity
had strong concordance. We then sought to determine if the relative abundance of any of the
differentially expressed Ig glycopeptides correlated with autoantibody titers to normal skin. This
revealed a strong negative correlation between skin-specific IgG and the relative abundance of
sialylated 1gG1 g:4411 and 1gG3/4 g:4411 (rs = -0.89, false discovery rate (FDR) = 8.5e-3; rs = -0.76,

p = 1.2e-2, respectively Figure 3.2a).
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relationship between age and serum IgM. IIF, indirect immunofluorescence antibody titers;
esoph, esophagus; DSG1, antibody titers against desmoglein-1 detected by ELISA; Ig,

immunoglobulin; FDR, false discovery rate.

In addition to disease-specific glycan alterations, linear regression analysis also identified
age-associated glycopeptides (e.g. 1gG2 G:5410, Figure 3.2b). An age prediction model (Age =
42(1gG2g:3510) -30(lgG1g:5410) +60) also performed well (r = 0.72, p = 1.8e-3) (Figure 3.2c).
Further interrogation of the model revealed low multicollinearity among its variables (average
variance inflation factor [VIF] = 1.11) and diagnostic plots of the model revealed good linearity, a
lack of overly influential cases, and homoscedastic data, respectively (Supplementary Figure 3.5).
Also, similar to previous studies,®'® a negative association between serum IgM and age was

observed (rs =-0.41, p = 2.4e-2, Figure 3.2e).

Discussion

Our findings can be summarized as follows: 1) in pemphigus, the agalactosylated CH2-84.4
g:3410 N-glycan modification was increased across all 1gG subclasses; 2) 1gG1 g:3410 titers can
identify pemphigus vulgaris patients from healthy controls; 3) the g:3410 glycan modification is
present at the CH2-84.4 glycosylation of virtually all DSG3-specific 1gG1; 4) the abundance of
sialylated 1gG1 g:4411 negatively correlates with skin-specific autoantibody titers, thought to be
a surrogate for disease activity; 5) only a subset of pemphigus-associated glycan alterations can
be detected in PBC; and 6) similar to previous reports, there is a well-defined set of Ig glycans

that are associated with age. It is highly likely that the agalactosylated g:3410 glycan modification
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of DSG3-specific 1gG1 contributes to its pathogenicity, as Ig CH2-84.4 glycan modifications
terminating in N-acetylglucosamine residues facilitate Ig-mediated complement activation and Ig
Fc receptor binding®. Also, the elevation of agalactosylated g:3410 across all IgG (i.e. DSG-specific
and non-skin-specific IgG) maybe one reason why patients with pemphigus are predisposed to
other antibody-mediated autoimmune diseases. Specifically, sialylated glycan modifications at
CH2-84.4 bestow IgG with anti-inflammatory properties,® which is likely why sialylated 1gG1
g:4411 negatively correlates with skin-specific autoantibody titers, a surrogate for disease

severity.

Conclusion:

The utility of the glycan alterations described herein as predictive biomarkers can be
explored in future studies, e.g. to determine their ability to identify patients with a low likelihood
of disease recurrence following discontinuation of immunosuppressive therapy. Finally, our
findings linking glycan alterations to skin-specific autoantibodies raises the possibility of targeting
glycosylation pathways to treat pemphigus vulgaris and other antibody-mediated autoimmune
diseases. The lack of pemphigus disease severity scores and other clinical data metrics are
limitations of our current study, preventing us from firmly establishing a direct link between Ig

glycan titers and disease severity.
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Supplementary Figures
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Supplemental Figure 3.1. Structures and peptide sequences of site-specific glycans monitored,
including all IgG subclasses, IgA, IgM and J chain. 1gG3 and IgG4 subclasses are combined
because the amino acid sequence of their trypsin-generated CH2 84.4 glycopeptide are
identical. Likewise, IgA1 and IgA2 are also combined. The bolded sequences represent non-
glycosylated reference peptides used to calculate the relative abundance of each glycopeptide.
These non-glycosylated reference peptides are constant across all Ig subclasses of the same

class.
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Supplemental Figure 3.2. Age distribution of control group and pemphigus vulgaris patients.

CTRL, control; PV, pemphigus vulgaris.
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Supplemental Figure 3.3. Similarities and Differences in the Pemphigus and Primary Biliary

Cirrhosis (PBC) Serum Glycome. MRM glycoproteomic profiling was performed on serum

samples from PBC (n = 20) and pemphigus (n = 10). Differentially expressed peptides and

glycopeptides are shown.
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Supplemental Figure 3.4. Surrogate markers of disease severity correlate with each other.

Indirect immunofluorescence (lIF) autoantibody titers to normal skin positively correlate with IIF

antibody titers to monkey esophagus and desmoglein-1-specific autoantibody titers.
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Supplemental Figure 3.5. Diagnostic plots for age prediction linear regression model. (a)

Residuals vs. fitted model, assessing linearity; residuals vs. leverage model, assessing overly
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influential points; scale-location model, assessing homoscedastic data. (b) Variance inflation

factors assessing severity of the multicollinearity of the model.

SUPPLEMENTAL TABLES

Supplemental Table 3.1. Ig glycovariants associated with the pemphigus vulgaris. Sera from
pemphigus vulgaris patients was compared to healthy controls. Multiple linear regression, p-

values and false discovery rates (FDRs) are shown.

Immunoglobulin Disease Age Gender Disease Age FDR Gender
p-value p-value p-value FDR FDR
1gG1 g:3410 8.4e-13 5.9e-01 7.9e-02 7.7e-11 1.0 1.0
18G2 g:3410 7.5e-12 2.8e-01  3.9e-01 6.7e-10 1.0 1.0
1gG3/4 g3410 1.3e-07 6.3e-01 7.4e-01 1.0e-05 1.0 1.0
1gG1 g:4410 9.9e-12 8.6e-01  1.9e-02 8.7e-10 1.0 1.0
IgG1 g:4411 7.4e-11 3.4e-01 1.7e-03 6.4e-09 1.0 1.3e-01
IgG1 g:4500 4.6e-12 7.6e-01  2.6e-02 4.2e-10 1.0 1.0
IgA2_205 g:5411 7.2e-12 1.5e-01 5.4e-01 6.5e-10 1.0 1.0
IgA1/IgA2 ratio 9.2e-11 5.9e-01 6.0e-02 7.9e-09 1.0 1.0

Supplemental Table 3.2. Pemphigus vulgaris samples set (age, sex, and autoantibody titers).

DSG 1 and DSG 3- DSG-specific autoantibody titers determined by ELISA Monkey esophagus (ME) and

normal skin (NS) autoantibody titers determined by indirect immunofluorescence.

Sex Age DSG 1 DSG 3 ME NS
M 67 660 1 2560 1280
F 58 85 275 1280 160
M 56 4000 1 40960 10240
F 21 670 1 2560 1280
F 45 120 800 20480 640
F 41 0 76 640 40

F 72 1300 5 5120 2560
M 54 2 820 10240 1280
M 53 53 1500 5120 1280
F 59 2 310 5120 640
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Supplemental Table 3.3. List of monitored transitions in MRM method based on the previously
validated methods (Hong et al., 2013, Hong et al., 2015). Glycan IDs correspond to nhumbers of

Hex-HexNAc-Fuc-Neu5Ac residues.

Product
Precursor lon RT
Protein Glycopeptide/Peptide Glycan lon (m/z) (m/z) (min) CE (eV)
IgA2 TPLTAN205ITK 5410 909.8 366.1 6.22 19
IgA2 TPLTAN205ITK 5510 977.5 366.1 6.36 25
IgA2 TPLTAN205ITK 4510 923.5 366.1 6.48 18
IgA2 TPLTAN205ITK 5411 1006.8 366.1 6.9 25
IgA2 TPLTAN205ITK 5511 1074.5 366.1 6.94 25
IgA2 TPLTAN205ITK 5412 1103.8 366.1 7.52 25
IgAl, 2 LSLHRPALEDLLLGSEAN144/131LTCTLTGLR 5512 878.9 366.1 7.66 17
I1gA1, 2 LSLHRPALEDLLLGSEAN144/131LTCTLTGLR 5501 1016.9 366.1 15.95 25
I1gA1, 2 LSLHRPALEDLLLGSEAN144/131LTCTLTGLR 5401 976.3 366.1 15.96 25
IgAl, 2 LSLHRPALEDLLLGSEAN144/131LTCTLTGLR 3500 1117.1 366.1 16 25
I1gA1, 2 LSLHRPALEDLLLGSEAN144/131LTCTLTGLR 4500 1157.6 366.1 16 25
I1gA1, 2 LSLHRPALEDLLLGSEAN144/131LTCTLTGLR 5400 1147.3 366.1 16 25
IgA1, 2 LSLHRPALEDLLLGSEAN144/131LTCTLTGLR 5500 1198.1 366.1 16 25
IgAl, 2 LSLHRPALEDLLLGSEAN144/131LTCTLTGLR 4401 943.9 366.1 16.01 20
I1gA1, 2 LSLHRPALEDLLLGSEAN144/131LTCTLTGLR 4501 1230.4 366.1 16.01 30
I1gA1, 2 LSLHRPALEDLLLGSEAN144/131LTCTLTGLR 5402 1292.9 366.1 16.19 30
IgA1, 2 LSLHRPALEDLLLGSEAN144/131LTCTLTGLR 5502 1075.1 366.1 16.4 25
IgA1 213TPLTATLSK221 — 466.3 415.8 9.03 15
IgA1 154DASGVTFTWTPSSGK168 — 770.9 475.3 12.73 20
IgA2 141DASGATFTWTPSSGK155 — 756.9 475.3 11.91 25
IgA1, 2 276YLTWASR282 — 448.7 620.3 10.78 12
IgA1, 2 264WLQGSELPR273 — 607.4 914.5 11.37 18
IgM YKN46NSDISSTR 5501 851.1 366.1 2.18 14
IgM YKN46NSDISSTR 4401 1012.8 366.1 2.19 25
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ABSTRACT

Proteins are a known nutritional factor in human health affecting major cellular processes,
transport of nutrients, and immunity. It is essential to determine the proteome composition of
common food products. Furthermore, commonly used methods, such as kjeldahl, only measure
total protein contents crudely. While recent advances in food proteomics have enabled
comprehensive protein identification, absolute quantification of the vast number of proteins
remains challenging due to methodological limitations and the absence of commercial standards.
Here, we employed untargeted bottom-up proteomic analysis with LC-MS/MS for the absolute
guantification of proteins. This approach requires only minimal protein standards, but it can be
used to determine absolute protein concentration values for every detected protein with good
accuracy. We demonstrated the use of this method on 60 bovine milk samples collected from
different brands, regions, and timepoints. Additionally, a small number of protein standards were
used to validate the accuracy of calculated values. Overall, the present method produces absolute

guantitation of proteins identified in a proteomic analysis.
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INTRODUCTION

The quality of proteins in diet is important because they play key roles in growth and
nutrition. Proteins are involved in all cellular processes, including transporting nutrients and
fighting diseases (1,2). Traditional protein quantification methods such as bicinchoninic acid (BCA)
and Bradford assays yield total protein concentration, but fail to measure abundances of
individual proteins (3,4). Specifically, for dairy, the common method used measures total
nitrogen, such as the Kjeldahl method, (1,2,5) which produces crude values that have been used

to defraud consumers (6).

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) instruments have
improved significantly in recent years. Development of nanoscale liquid chromatography
(nanoLC) and electrospray ionization sources (nano-ESI) are among major contributors to these
advances. Additionally, new mass analyzers, such as orbitraps, are more sensitive and have better
resolution than previous generations such as time of flight (TOF). These advancements have
resulted in improved protein identifications and sequence coverages in bottom-up proteomics
(7,8). New techniques for relative quantification of proteins using LC-MS/MS have also expanded.
These methods use isotope or isobaric tags to mark the proteins/peptides in different samples
for comparison purposes. Tandem mass tag (TMT) and isobaric tags for relative and absolute

guantitation (iTRAQ) are examples of these labels (9,10).

Different dairy products contain a diverse range of proteins, with bovine milk alone
containing over 900 proteins (11). Absolute quantification of all milk proteins has significant

implications in understanding the functional properties of milk (6,7,12). However, current
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methods for absolute quantification of proteins are resource demanding and have major
limitations. Furthermore, they require high-purity protein standards and costly isotope labeled
homologs. Commercial protein standards are not available for every single milk protein, thereby

severely limiting the number of proteins that can be quantified (6,8-10).

Here, we propose a new approach for absolute quantification of proteins using nanoscale
LC-MS/MS-based bottom-up proteomics. This approach uses a total protein concentration assay,
such as BCA, as opposed to using protein standards and calibration curves for every protein. This
method takes advantage of the high resolution and sensitivity of nanoscale LC-MS/MS for
comprehensive proteome and sequence coverages of proteins. For quantitation, peptide peak
areas of a protein are integrated and normalized to peptide peak areas of all proteins, yielding
the relative abundances of the protein. The relative abundances inherently take the protein size
into account, because larger proteins yield more peptides with protease digestion. Multiplying
the relative abundances with the total protein concentrations yield the absolute concentration of
that protein in the sample. Molarity measurements of proteins are eliminated with this approach.
This method is advantageous, because there is no “true” molecular weight number for a given
protein due to the tremendous heterogeneity in proteoforms. The heterogeneity in proteoforms
is due to variations any of dozens of types of post-translational modifications (PTMs) on the

proteins.
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METHODS AND MATERIALS
Bovine Milk Total Protein Concentration Measurements with BCA

BCA analysis was performed on all Bovine milk samples (n=60, collected from different
regions) in triplicates using Pierce BCA Protein Assay Kit (Thermo Scientific, cat. 23225) per
instructions from the manufacturer. A 10-puL aliquot of each milk sample was diluted to 400 pL
with water prior to BCA assay. This dilution lowers the protein concentration to the working

range of BCA assay and further reduces the potential matrix effects.

Bovine Milk Protein Digestion Protocol

The protein digestion protocol was adapted from a previously described publication (13).
Briefly, a 7-pL aliquot of each milk sample (n=60) was diluted in 193 pL of 50 mM ammonium
bicarbonate in duplicates. The diluted sample was then reduced with 2 uL of 550 mM
dithiothreitol (DTT) in a water bath at 60 °C for 60 min and alkylated with 4 uL of 450 mM
iodoacetamide (IAA) at room temperature for 30 min in the dark. Proteins were digested by
adding 2 ug of trypsin (sequencing grade, Promega) and incubation for 18 hours in a 37 °C water

bath. The samples were then placed in a 4 °C fridge for 1 hour after the digestion.

Bovine Milk Protein Standards Digestion Protocol

A 10 pg/uL solution of a-casein (Sigma cat. C6780), B-casein (Sigma cat. C6905), k-casein
(Sigma cat. C0406), a-lactalbumin (Supelco cat. L-045), B-lactoglobulin (Supelco cat. L3908) and
lactotransferrin (Supelco cat. L-047) protein standards were prepared in 50 mM ammonium

bicarbonate. a-Casein, B-casein, k-casein, B-lactoglobulin, a-lactalbumin and lactotransferrin
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were mixed at 0.45, 0.19, 0.15, 0.15, 0.05 and 0.01 mass fractions with the final protein amount
of 420 pg. The protein standards were digested, cleaned, and dried using the same protocol as
the bovine milk samples. The final sample was reconstituted and diluted to different
concentrations to obtain calibration curve points for absolute quantitation of a-casein, B-casein,

K-casein, B-lactoglobulin, a-lactalbumin and lactotransferrin.

Tryptic Digest Clean-up Protocol

The protein digest clean-up protocol was adapted from a previously described publication
(14) with a few minor changes in solution volumes and centrifugation speeds. The digests were
purified on 25 mg C18 96-well cartridge plates (Thermofisher Scientific) by centrifugation
(Eppendorf 5810) at 1300 RPM in room temperature. The C18 plate was washed successively with
three volumes (200 uL for each volume) of 100% acetonitrile (ACN) in 0.1% TFA and equilibrated
with four volumes of pure water in 0.1 % TFA., The tryptic digests were loaded on the plate wells,
and then washed with three volumes of pure water in 0.1 % TFA, prior to eluting with two volumes
of 40 % ACN in 0.1 % TFA and two volumes of 80 % ACN in 0.1 % TFA. The eluted solutions were
dried and stored at -20 °C. The samples were reconstituted in 560 pL of pure water prior to LC-

MS/MS analysis.

LC-MS/MS Analysis

The LC-MS/MS method was adapted from a previous publication (15) with minor changes
in LC and MS parameters. The cleaned tryptic peptide samples were analyzed on an UltiMate™
WPS-3000RS nanolLC system coupled to an Orbitrap Fusion Lumos MS system (ThermoFisher

Scientific). A 1 L aliquot of each sample was injected, and the peptides were separated on an
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Acclaim™ PepMap™ 100 C18 LC Column (75 um x 150 mm, particle size 2 um; ThermoFisher
Scientific) at a flow rate of 300 nL/min. Water in 0.1% formic acid, and 80% acetonitrile in 0.1%
formic acid were used as solvents A and B, respectively. The gradient for separation started with
4% B and followed by 0-3 min (4- 9% B), 3-6 min (9-12% B), 6-80 min (12-24% B), 80-95 min (24-
50 % B), 95-99 min (50-99% B), 99-103 min (99% B) and 103-103.5 min (99-2% B). MS spectra
were collected with a mass range of 375-1500 m/z, resolution of 120000, and scan rate of 1.5
sec/spectrum in positive ionization mode. The filtered precursor ions in each MS spectrum were

subjected to fragmentation via 30% higher-energy C-trap dissociation (HCD) using nitrogen gas.

Proteomics Identification and Quantitation

The data analysis was adapted from a previous publication (16). Mass spectrometry data
were analyzed using the Byos workflow (Protein Metrics). Proteins were identified on the Byonic
software (Protein Metrics) based on the Uniprot Bovine proteome database (Swiss-Prot and
TrEMBL combined) with a precursor mass tolerance of 20 ppm and fragment mass tolerance of
20 ppm. The parameters used data analysis included C-terminal cleavage by trypsin (K and R
cleavage sites) with up to three missed cleavages, and the following peptide modifications:
carbamidomethyl at cysteine, oxidation at methionine, deamidation at asparagine and glutamine,
acetylation at protein N- terminal, glutamine to pyro-glutamate at N- terminal, glutamate to pyro-
glutamate at N-terminal. Protein IDs were filtered at 1% FDR. Each protein was quantified using
the Byologic software (Protein Metrics). Relative abundances of proteins were calculated based
on their peptides peak areas. For each protein, the peptides peak areas of that protein were

divided by peptides peak areas of all identified proteins. Additional protein information
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(Molecular Weight, GO (ID), etc.) were extracted from the Uniprot database. Relative abundances
of each protein from every sample were multiplied by the total protein concentration value

obtained from the BCA assays.

GO Enrichment Analysis

Gene Ontology (GO) enrichment of the identified bovine milk proteins was performed
using G:Profiler (https://biit.cs.ut.ee/gprofiler) for the Bos taurus (cow). Three categories
including cellular component (CC), molecular function (MF) and biological process (BP) were used
to classify the bovine milk proteins. While focusing on driver terms in the GO analysis, the
hypergeometric p-values were recalculated using ‘greedy algorithm’ search strategy resulting in
at least one function being highlighted from every connected component, which ensured that
leading terms are presented rather than just the highest significance level. The top 30 pathways
focusing on the leading terms related to bovine milk proteins were determined and visualized
using Graphpad Prism. The protein bioactivities were classified to be under 5 categories:
metabolism, coagulation, system process, response to stimulus and transport using the ancestor

chart for GO terms in EMBL-EBI (https://www.ebi.ac.uk/QuickGO/term).

RESULTS AND DISCUSSION

Conventional vs Novel Bovine Milk Protein Quantification

In this study, we developed an untargeted bottom-up LC-MS/MS proteomics method to

determine absolute quantification of proteins in bovine milk samples from various commercial
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brands, regions and timepoints (Figure 4.1A). Every detectable protein was quantified with
absolute abundances using BCA assays combined with only a few protein standards (Figure 4.1B).
This approach eliminated the issues resulting from the lack of availability of protein standards for
every detected protein. Protein standards often contain different PTMs compared to the proteins
in analytes. These inconsistencies in PTMs often result in inaccurate concentration
measurements, because generally only one or two peptides are used for protein quantification,

and these peptides may contain PTMs.
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Figure 4.1. (A) Bottom-up proteomics workflow used for protein identification (B) Protein

quantification using LC/MS with protein standards.

Total protein concentrations were measured in triplicates using the standard BCA assay

(Figure 4.2). The total protein abundances in conjunction with the relative abundances of

individual proteins, as obtained by LC-MS/MS, were then used to calculate absolute

concentrations of individual proteins as described in greater detail below. The total protein

concentrations measured by BCA ranged from 38 mg/mL to 59 mg/mL, with an average of 49

mg/mL and a coefficient of variation (CV) of 8.8% (Figure 4.2). In terms of nutrition, average value

is 11.6 g of protein per cup, which is just slightly greater than the commonly reported value of 8

g/cup on the commercial milk labels obtained commonly through the Kjeldahl method.
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Figure 4.2. BCA Protein Concentration Measurements of Bovine Milk samples (n=60). Total
protein concentrations were measured in triplicates (average: 49 mg/mL; range: 38 - 59 mg/mL;

value on the labels: 34 - 38 mg/mL); R=region, B=brand, T=timepoint.

After measuring total protein concentration using BCA, the samples were subjected to the
proteomics workflow starting with digestion using trypsin. LC-MS/MS analysis of the samples
yielded identification of over 600 bovine proteins. To obtain absolute abundance for each protein,
the relative abundances of individual proteins were first determined. The relative abundance of
a protein was calculated by summing the peak areas of every peptide from that protein and
dividing it by the sum of the peak areas of peptides from all identified proteins. The full proteome
coverage was obtained by bottom-up proteomics with the sum of the corresponding peptide peak
areas for each protein used to determine a relative protein abundance (RPA). By multiplying the

RPA of a protein with the total protein concentration (TPC), obtained from BCA, the absolute
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concentration of that protein is determined (Eq. 4.1). Using this equation the concentration of
each protein was determined in grams per volume rather than moles per volume. The size of the
protein scales with the number of peptides. Thus, large proteins represented by more peptides

gives larger peak areas compared to smaller proteins with less peptides.

Relative Protein Abundance (RPA)
Sum of Peak Areas of Peptides from One Protein

~ Sum of Peak Areas of Peptides from All Identified Proteins

Absolute Concentration (

)

volume
= Relative Protein Abundance (RPA) X Total Protein Concentration (TPC)
Eqg. 4.1. Equations for relative protein abundance (RPA) and absolute concentration calculations

of proteins.

Proteomic analyses of the bovine milk samples in duplicates yielded over 600 bovine
proteins, which were quantified using this method (summarized in Table 4.1). Absolute
concentrations for these proteins are reported in pg/cup to provide the amount of each protein
in one serving (one cup or 236.5 mL). Concentrations of individual proteins ranged from 0.002 to
4,000,000 pg/cup. Of over 600 proteins, the absolute concentrations of only 19 were previously
reported (17). The most abundant six proteins corresponded to 94.3% of the total protein
abundances. The most abundant and the next most abundant (6+49 proteins) represented 99.7%
of the total abundance. A large fraction of the quantified proteins (327+252 proteins) makes up

less than 0.29% of the total abundance.
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Table 4.1. Absolute quantification of 634 proteins from 60 bovine milk

concentrations ranging from 0.002 to 4,000,000 pg/cup.

samples with

Number of Proteins

Concentration Range (pg/cup)

6

49

327

252

500,000 - 4,000,000

1,000 - 120,000

5-1,000

0.002 -5
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Validation of Absolute Protein Concentrations

To validate the accuracy of the absolute abundances obtained by above method, a milk protein
standard mixture of a-casein, [-casein, k-casein, pB-lactoglobulin, a-lactalboumin and
lactotransferrin was prepared with 45, 19, 15, 15, 5 and 1 mg/mL concentrations, respectively. This
mixture was analyzed using the same proteomic method as the milk samples. Over 150 proteins were
identified in this mixture of six protein standards, highlighting a major issue with gravimetric
measurements of protein standards for absolute quantification. Protein standards may contain protein
impurities that cause inaccuracies in the mass measurements and thus protein concentrations. For
relative protein abundance (RPA) calculations, the peptide peak areas of each protein standard were
divided by the total peptide peak areas of all six protein standards. The relative protein abundances
obtained through this analysis yielded absolute concentrations of 45, 8.4, 15.6, 22.1, 6.4 and 2.4
mg/mL for a-casein, B-casein, k-casein, B-lactoglobulin, a-lactaloumin, and lactotransferrin,
respectively. The obtained concentrations for a-casein, k-casein, a-lactalbumin are in close agreements
with the actual values based on gravimetric measurements with minor differences of 0%, 4% and 29%
respectively (Figure 4.3). Furthermore, the differences observed in protein concentrations of 3-casein,
B-lactoglobulin, and lactotransferrin were 56%, 48% and 138%, respectively (Figure 4.3). These
differences may be due to the presence of protein impurities in each of the standards and inaccuracies
in gravimetric measurements as the result. Additionally, the number of lysine and arginine amino acids
of each protein may have also contributed to these differences, as those are the cleavage sites for

trypsin protease. Furthermore, greater numbers of lysine and arginine residues in peptides may result
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in greater ionization efficiencies and better detection of peptides as they get positively charged

through electrospray ionization.

| B Proteomics M Actual
| 'I II II I ..

a-casein B-casein K-casein B-lactoglobulin a-lactalbumin lactotransferrin

Absolute Concentrations (mg/mL)
= = N N w w H H (%))
o (¥, ] o [§,] o [¢,] o [V,] o [, ] o

Protein Name

Figure 4.3. Bar graph representing the concentrations of proteins standards obtained by RPA

and TPC (proteomics) vs. actual (gravimetric method).

The reproducibility of relative proteomic abundance measurements was assessed by injecting
different amounts of peptides digests into the instrument and comparing the proteomic abundances
of protein standards with different injection amounts of peptides. The digested protein standards
mixture went through dilutions and different amounts of peptides ranging from 0.08 ug to 0.67 pg
were injected and analyzed by LC-MS/MS. With different injection amounts, the coefficient of
variations in relative protein abundances (RPA) of a-S1-casein, a-S2-casein, B-casein, k-casein, B-
lactoglobulin, a-lactalbumin and lactotransferrin were 3.7%, 5.6%, 14.6%, 4.9%, 1.9%, 7.4% and 9.4%,
respectively (Figure 4.4). These CV values are relatively small considering different amounts of peptides

were injected in each run. Often injections of less peptides may skew the proteomic abundances due
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to lack of detection of peptides from lower abundance proteins, but that is not the case with this

method.

N W W B
v O u1 O

=
o u

Relative Protein Abundances (%)
o S

0.25 0.17

Amounts of Analyzed Peptides (ug)
W a-Sl-casein M a-S2-casein M B-casein M k-casein M 3-lactoglobulin ® a-lactalbumin M lactotransferrin

0.67 0.5 0.33 0.2 0.13 0.1 0.08

Figure 4.4. Bar graph representing the measured RPA of protein standards by LC-MS/MS with

injection of different peptide amounts (0.08 — 0.67 ug).

The linearity of peptides peak areas for each protein standard was also demonstrated with
different injection amounts, and external calibration curves were made for the protein standards
(Supplementary Figure 4.1). These calibration curves were used to determine concentrations of a-
casein, B-casein, k-casein, B-lactoglobulin, a-lactalbumin, and lactotransferrin in the actual milk
samples. Calculated concentrations using the calibration curves were compared to the ones obtained
by RPA combined with TPC method, as well as the concentrations reported in the literature (17) (Table
4.2). RPA combined with TPC method yielded absolute concentrations of 13.8, 3.8, 2.0 and 0.27 (g/L)
for a-S1-casein, k-casein, a-lactalbumin and lactotransferrin, respectively. These concentrations fell

within the range of concentrations reported in the literature for a-S1-casein (10-15 g/L), k-casein (2.5-
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4 g/L), a-lactaloumin (0.74-2.06 g/L) and lactotransferrin (0.09-0.33 g/L) (17) (Table 4.2). Additionally,
RPA combined with TPC method yielded absolute concentrations of 6.4, 5.8 and 7.5 for a-S2-casein, B-
casein and B-lactoglobulin, respectively, and these values fell outside of the concentration ranges
reported in the literature for a-S2-casein (2.6-4.02 g/L), B-casein (9.3-11.33 g/L) and B-lactoglobulin
(3.2-4.12 g/L) (17) (Table 4.2). It is important to note these slight differences may be due to the

differences in sources of milk samples and the standards used in other studies.

External calibration curve method yielded the concentration of 2.6 g/L for a-S2-casein, which
fell within the literature concentration range of 2.6—4.02 g/L (17) (Table 4.2). However, the calibration
curve method also yielded concentrations of 5.4, 8, 2.3, 2.2, 0.62 and 0.062 g/L for a-S1-casein, B-
casein, k-casein, B-lactoglobulin, a-lactalbumin and lactotransferrin, respectively, and these values
were slightly outside of the concentration ranges reported in the literature for a-S1-casein (10-15 g/L),
B-casein (9.3-11.33 g/L), k-casein (2.5-4 g/L), B-lactoglobulin (3.2-4.12 g/L), a-lactalbumin (0.74-2.06
g/L) and lactotransferrin (0.09-0.33 g/L) (17) (Table 4.2). Although these values appear to not agree
with the literature concentrations as well as the concentrations obtained by RPA and TPC, majority of
the differences are within 10% of the literature reported values, which is an acceptable confidence
interval range for absolute concentration measurements. The differences may be due to the

differences in methods, as well as the sample sources and the purity of the standards (17) (Table 4.2).
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Table 4.2. Comparisons of concentrations of major milk proteins obtained by Calibration Curve

Method, Relative Protein Abundance (RPA) combined with Total protein Concentration (TPC)

Method, and the concentrations reported in the literature.

Protein Name Protein ID Calibration RPA and TPC (g/L) Literature
Curve Method Values (17)
(g/L) (/L)
ALPHA-S1-CASEIN P02662 5.4 13.8 10-15
ALPHA-S2-CASEIN P02663 2.6 6.4 2.6-4.02
BETA-CASEIN P02666 8 5.8 9.3-11.33
KAPPA-CASEIN P02668 2.3 3.8 25-4
BETA-LACTOGLOBULIN | P02754 2.2 7.5 3.2-4.12
ALPHA-LACTALBUMIN P00711 0.62 2.0 0.74-2.06
LACTOTRANSFERRIN P24627 0.062 0.27 0.09 - 0.33

Total protein concentration (TPC) measurements by BCA were also validated by the standard

addition method. BCA assay may yield inaccurate total protein concentrations due to matrix effects,

such as presence of lactose and fats in milk. For standard addition, known amounts of the protein

standard mixture were spiked in a milk sample (Figure S2). Standard addition method yielded a total

protein concentration of 37.7 mg/mL for the milk sample pool, while the conventional BCA, which uses

an external calibration curve, yielded 48.5 mg/mL. Conventional BCA may be overestimating the total

protein concentrations by 29% based on the standard addition results. The protein standard mixture

used for standard additions only contained 6 protein standards, and that may have also contributed to

the minor inconsistencies in measured concentrations by conventional BCA and standard addition

methods.
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Absolute Concentrations of Bovine Proteins in Milk

The proteins with their average absolute concentrations are organized from the most
abundant to the least in Figure 4.5, and concentrations of top 55 most abundant proteins in each
milk sample are presented in Figure 4.6. Absolute concentration comparisons of these 55 high
abundant proteins show the milk proteome composition is conserved across different milk samples
(Figure 4.6). Each sample is composed mostly of prominent milk proteins (a-S1-Casein, B-
Lactoglobulin, a-S2-Casein, B-Casein, k-Casein, a-Lactalbumin), which make up about 95% of milk
proteome in terms of the quantity, and the concentrations of these proteins ranged from 500,000 to
4,000,000 pg/cup (Figure 4.5A). The remaining 628 quantified milk proteins in this study make up
about 5% of milk proteome in terms of the quantity and the concentrations of these proteins ranged
from 0.002 to 120,000 ug/cup (Figure 4.5B-G). Among this group of proteins, there were 579 proteins
with relatively low concentrations of 0.002-1,000 ug/cup (Figure 4.5D-G). These low abundant

proteins are typically overlooked in bovine milk protein absolute quantification studies.
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Figure 4.5. Absolute quantification of 634 proteins from 60 bovine milk samples with concentrations ranging from (A) 500,000

- 4,000,000 pg/cup — 6 proteins, (B) 5,000 - 120,000 ug/cup — 18 proteins, (C) 1,000 - 5,000 pg/cup — 31 proteins, (D) 200 -

1,000 pg/cup — 52 proteins, (E) 5 - 200 pug/cup — 275 proteins, (F) 1 - 5 pg/cup — 99 proteins, (G) 0.002 - 1 ug/cup — 153

proteins.
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H Alpha-S2-casein
M Alpha-lactalbumin
M Tyrosine-protein kinase
M Butyrophilin subfamily 1 member Al
 Progestagen-associated endometrial protein
H Complement C3
M Cathepsin D
H Osteopontin
Ig-like domain-containing protein 4
Beta-2-microglobulin
M Ig-like domain-containing protein 6
B Alpha-2-glycoprotein 1, zinc-binding
Sodium-dependent phosphate transport protein 2B
 HHIP like 2
M ATP binding cassette subfamily G member 2
H Nucleobindin 1
Polybromo 1
Histone H2B

Figure 4.6. Absolute concentrations comparisons of 55 high-abundant proteins in all bovine milk samples (n=60).



Many of the quantified bovine milk proteins have biological activities, which are described
in greater details below. Osteopontin (5,600 pg/cup) and lactotransferrin (64,500 pg/cup) are
among these biologically active proteins. Osteopontin (P31096) is a phosphoprotein that belongs
to the small integrin-binding ligand N-linked glycoprotein (SIBLING) family. Studies have linked
osteopontin with bone remodeling, as its expression correlates with cartilage-to-bone transitions
during chondrocyte maturation (18,20). Also, osteopontin is a potential biomarker for early
diagnosis of postmenopausal osteoporosis (20). Osteopontin concentration in all samples is
presented in Figure 4.7. The concentration ranged from 1,500 to 8,300 pg/cup in the samples with
an average of 5,600 pg/cup. Lactotransferrin, also known as lactoferrin (P24627), is a major iron-
binding glycoprotein that belongs to the transferrin (TF) family. Lactotransferrin is abundant in exocrine
fluids such as breast milk and mucosal secretions, and it has antimicrobial properties against E. coli and
P. aeruginosa (18,19,21). Lactotransferrin concentrations ranged from 33,000 to 107,000 ug/cup

in samples with an average of 64,500 pg/cup (Figure 4.8).
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Figure 4.7. Absolute concentrations of Osteopontin in bovine milk samples (n=60) ranged from 1,500 to 8,300 ug/cup.
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Figure 4.8. Absolute concentrations of Lactotransferrin in bovine milk samples (n=60) ranged from 33,000 to 107,000 ug/cup



Quantified Bovine Milk Proteins Have Potential Health Benefits

Bioactivity and potential health benefits of quantified proteins are summarized in Table
4.3. Many of the proteins have antioxidant and antibacterial properties. Biological roles of
guantified proteins were further explored through gene ontology analysis (GO). The proteins
were classified based on the three GO categories of cellular component (CC), molecular function
(MF) and biological process (BP) (Figure 4.9A). Most of the proteins belong to the endomembrane
system, cytoplasmic vesicle, and endoplasmic reticulum (ER) cellular components, and they affect
many molecular functions, such as peptidase regulator activity, GTPase activity, signal receptor
binding, antioxidant activity, immunoglobulin receptor binding, and G-protein beta/gamma-

subunit complex binding.

Milk proteins are involved in many biological processes, most notably immune system
process, immune response, humoral immune response, defense response, transport, immune
effector process, inflammatory response, response to wounding and wound healing (Figure 4.9A).
Based on the GO, bovine milk proteins appear to be heavily involved with immunity. The top 30
pathways focusing on the leading terms related to bovine milk proteins are presented in Figure
4.9B. The five categories of metabolism, coagulation, system process, response to stimulus and

transport were among the most prominent bioactivities of bovine milk proteins.
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Table 4.3. Select quantified bovine proteins with known health benefits.

Protein Name Protein ID Concentration Health Benefits Reference
Range (ug/cup)

ALPHA-S1-CASEIN P02662 2,639,809 Antioxidant, antimicrobial, (19,22-25)
apoptosis/anticarcinogenic, bone growth, anti-
inflammatory and growth

BETA-LACTOGLOBULIN P02754 1,438,606 Antioxidant, anti-inflammatory, antidiabetic, (19,22,23,26,27)
antimicrobial and anticarcinogenic

ALPHA-S2-CASEIN P02663 1,233,197 Antioxidant, antimicrobial, anticarcinogenic, (19,22,23,28—
antihypertensive, antidiabetic 30)

BETA-CASEIN P02666 570,573 Bone growth, antioxidant, antihypertensive, and (19,22,23,31-
anti-inflammatory 34)

KAPPA-CASEIN P02668 388,589 Antioxidant, cytotoxic, antimicrobial, anti- (19,22,23,35,36)
carcinogenic, anti-Inflammatory, anticarcinogenic

ALPHA-LACTALBUMIN P00711 383,037 Antioxidant (19)

GLYCOSYLATION-DEPENDENT CELL P80195 75,733 Antimicrobial (19)

ADHESION MOLECULE 1

TYROSINE-PROTEIN KINASE AOA3Q1MYA3 | 54,691 Maternal/Prenatal Challenges, Energy for Everyday (37)
Living/Work and Immunity

LACTOTRANSFERRIN P24627 64,500 Inflammation (19)

ALBUMIN P02769, 38,450 Antioxidant (19)

AOA140T897

LACTADHERIN Q95114 23,990 Immunity (19)

GTPASE, IMAP FAMILY MEMBER 7 18,183 Cancer Prevention (38)

POLYMERIC IMMUNOGLOBULIN P81265 12,415 Inflammation, antimicrobial and immunity (19)

RECEPTOR

BUTYROPHILIN SUBFAMILY 1 F1MZQ4, 11,273 Antimicrobial (39)

MEMBER Al P18892

XANTHINE P80457, 10,269 Antimicrobial (19)

DEHYDROGENASE/OXIDASE FIMUT3

COMPLEMENT C3 Q2UVX4 10,047 Anti-sepsis (19)

PROGESTAGEN-ASSOCIATED AOA3Q1LYE8 6,073 Reproduction/Fertility Challenges (19)

ENDOMETRIAL PROTEIN

LACTOPEROXIDASE P80025 5,380 Inflammation and Antimicrobial (19)

INTERLEUKIN 17 RECEPTOR E LIKE G3NOX3 4,999 Antimicrobial and Immunity (40)

OSTEOPONTIN P31096 5,600 Bone growth and Fraction repair (19,20)

ANGIOGENIN-1 P10152 1,668 Immunity (19)

ALPHA-2-GLYCOPROTEIN 1, ZINC- AOA452DK44 1,466 Immunity (19)

BINDING

RIBONUCLEASE 4 P15467 886 Antimicrobial and immunity (19)

CLUSTERIN P17697 853 Inflammation and antimicrobial (19)

IMMUNOGLOBULIN J CHAIN Q3SYR8 684 Immunity (19)

HISTATHERIN C6KGD8 581 Antimicrobial (19)

ALPHA-1-ACID GLYCOPROTEIN Q3SZR3 571 Inflammation (19)

APOLIPOPROTEIN A-1 P15497 487 Inflammation (19)

ACETYL-COA CARBOXYLASE 1 Q9TTS3 455 Energy (19)

NUCLEOBINDIN 2 F6Q8A8 380 Bone growth (19)

RAS-RELATED PROTEIN RAP-1A P62833 366 Growth (19)

LONG-CHAIN-FATTY-ACID--COA AOA3Q1LWT4 | 366 Energy (19)

LIGASE

MONOCYTE DIFFERENTIATION Q95122 340 Immunity (19)

ANTIGEN CD14

CATHELICIDIN-1 P22226 339 Antimicrobial and immunity (19)

SERPIN FAMILY G MEMBER 1 E1BMJO 252 Inflammation, immunity and antioxidant (19)
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Figure 4.9. GO Enrichment Analysis of 634 quantified bovine milk proteins (A) with highlighted

driver terms (B).
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CONCLUSION

Absolute concentrations of 634 bovine milk proteins were measured in bovine milk using
LC-MS/MS bottom-up proteomics and BCA assays. Our study provided in-depth insights into the
biological functions of bovine milk proteins and expanded the options for absolute quantification of
proteins. This study bridges the gap between qualitative and quantitative bottom-up proteomics and
paves the way for absolute quantification of every protein in food products. The proposed method is
less resource-demanding than the conventional approaches, as it requires minimal proteins standards

for absolute quantification of every protein.
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Supplementary Figure 4.1. Constructed calibration curves for quantification of bovine milk proteins based

on peak areas of all peptides.

143



Kappa-Casein Alpha-Lactalbumin

18E+14 | V.=-2,054,156,920,961.31x% +40,530,678,716,332.00x - 1,908,052,050,469.53 12E+14
R?=0.99 ..
16E+14
1E+14
1.4E+14
[+ ©
@ 126414 Qo 8EI3
< <
N 1EHA ¢ 6E+I3
[+ ©
O 8E+13 o
a B 4E413
6E+13
.
4413 26413 *
4V =-14,606,808,545,693.70¢" + 82,827,872,450,293.10x- 2,522,585,915,459.79
2E+13 o ’ R? = 1.00
0 0 05 1 15 2 25
7 2E+13
g/L
Lactotransferrin
35E+14 3E+13
SEA4 25E+13
@ @
2.5E+14
I L opa3
< <
o 2EH14 -
® @ 156413
a. 15E+14 o
1E+13
1E414
’.
5E+13 y=-4,052,397,662,747.31x% + 75,436,034,227,768.00x + 14,806,605,855,990.60 SE+12 R
e =-66,439,337,329,328.00x + 91,191,026,415,549.80x - 483,325,651,120.39
=~ y® R? = 1.00
0 o o
0 1 2 3 4 5 6 7 0 005 01 015 02 025 03 035 04 045
g/L g/L

Supplementary Figure 4.1 Continued. Constructed calibration curves for quantification of bovine milk

proteins based on peak areas of all peptides.
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