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Principle of the glycopeptide signal boosting for secreted
glycoprotein analysis. Enriched glycopeptides from
secreted glycoproteins in the cell culture media (shown in
the deglycosylated form) are labeled with the TMT
reagents. When the boosting sample is added, the signal of
the deglycosylated peptide in MSI1 is increased, thus
facilitating the precursor ion selection for MS/MS
fragmentation. Higher intensities of the fragments also
allow for confident identification of the glycopeptide.

Comparison of glycoproteins and deglycosylated peptides
from different boosting samples. The number of
glycoproteins (A) or deglycosylated peptides (B) detected
from the cells or the media from serum-free or serum-
containing conditions. The number in parentheses is the
number of glycoproteins or unique deglycosylated peptides
identified.

Analysis of secreted glycoproteins from different boosting
samples. (A) The number of glycoproteins from Figure 2
that contain the transmembrane region, have a signal
peptide sequence, does not contain the transmembrane
region, but contain a signal peptide sequence, and are
annotated as the keywords “signal” or “secreted” from
UniProt. (B) The percentage of glycoproteins from (A) to
the total number of detected glycoproteins for each
sample. (C) Gene ontology (GO)-based clustering of
glycoproteins related to integral component of membrane
or extracellular vesicle in different samples based on
cellular components.

Experimental procedure for quantitative analysis of
secreted glycoproteins using a boosting channel. The cells
are pre-labeled with AcsGalNAz for glycoprotein
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Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

enrichment in either SCM (quantification channels) or
SFM (boosting channel). The media are collected, and the
glycoproteins are tagged with DBCO-sulfo-biotin. The
enriched glycopeptides are labeled with the TMT 6-plex
reagents, deglycosylated with PNGase F, and analyzed
with LC-MS/MS.

Optimizing the boosting-to-sample ratio. (A) The number
of secreted glycoproteins or deglycosylated peptides from
the experiments without the boosting channel, boosted at
the 2-to-1 ratio, or boosted at the 10-to-1 ratio. (B) and (C)
Example tandem mass spectra of the deglycosylated
peptide KLPPGLLAN#FTLLR from LRGI from the
experiments boosted at the 2-to-1 ratio (B) or boosted at
the 10-to-1 ratio (C). The TMT reporter ion region is
highlighted and shown in the inset.

Quantification of secreted glycoproteins from THP-1
monocytes and M0 macrophages treated with LPS. (A-B)
Correlation of deglycosylated peptides (A) and
glycoproteins (B) quantified from THP-1 monocytes. (C)
The abundance changes of secreted glycoproteins from
THP-1 monocytes stimulated with LPS. The cutoff for up-
or down-regulation is the fold change of 1.5. (D) GO
clustering of up-regulated secreted glycoproteins from
THP-1 monocytes after the LPS treatment based on
biological process. (E) The abundance changes of secreted
glycoproteins from M0 macrophages stimulated with LPS.
(F) GO clustering of up-regulated secreted glycoproteins
from MO macrophages after the LPS treatment based on
biological process.

Quantification deglycosylated peptides from THP-1
monocytes and M0 macrophages treated with LPS. (A and
B) Abundance changes at the deglycosylated peptide level
from THP-1 monocytes (A) or MO macrophages (B).

Quantification of glycoproteins and deglycosylated
peptides from THP-1 MO macrophages treated with LPS.
Correlation of deglycosylated peptides (A) and
glycoproteins (B) quantified from THP-1 MO
macrophages.

Quantification of secreted glycoproteins from Hep G2
cells treated with TGF-f. (A) Experimental scheme using
the TMT 10-plex platform. (B) Glycoprotein abundance
changes after the TGF-3 treatment from the triplicate
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Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

experiments. A t test was used to determine the
significance (shown with P<0.05 and the ratio cutoff of
1.5). (C) GO clustering of secreted glycoproteins that are
up-regulated after the TGF-3 treatment based on biological
process.

Experimental procedure. CDX and PDX models were
generated in mice from IMRS cell line and COG424X
tumor, respectively. The tumors were either treated with a
five-day regimen of TOPO/CTX or used as a control. The
proteins were extracted from the tumors and digested into
peptides, which were subsequently labeled with
TMT10plex reagents, fractionated with high-pH, reverse-
phase chromatography, and analyzed with LC-MS/MS.
Phosphopeptides were also enriched with TiO2 beads.

Proteins and peptides identified from the experiments. (A)
Overlap of proteins identified from the proteomic and
phosphoproteomic experiments. (B) An example tandem
mass spectrum of a phosphopeptide. The insets show the
region where TMT reporter ions are used for the
quantification. (C) and (D) Reproducibility of changes in
protein abundance (C) or phosphopeptide abundance (D)
from replicate experiment.

Volcano plots show proteins and phosphopeptides that
were differently expressed in the control IMRS (A) or
COG424X (B) tumors. The cutoff for significant
regulation was P<0.05 and protein ratio change of 1.5.
There enriched GO terms based on biological functions are
also shown. FD means fold difference.

(A), (B), and (C) Protein abundance changes under the
TOPO/CTX treatment including DNA topoisomerase 1
(TOP1) (A), DNA topoisomerase 2-alpha (TOP2A) (B),
and retinal dehydrogenase 1 (ALDH1A1) (C). P-values
were calculated by unpaired t-tests. The error bars
represent one standard deviation. (D) and (E) Volcano
plots show proteins that were up- and down-regulated in
IMRS5 (D) or COG424X (E). The cutoff for significant
regulation was P<0.05 and protein ratio change of 1.5. FD
means fold difference.

Hierarchical clustering and heat map of protein
abundances from the proteome experiment. TMT signals
were logz- and Z-score-transformed. Differential
expression of proteins from each part of the heat map were
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Figure 6.6

Figure 6.7

Figure 7.1

Figure 7.2

Figure 7.3

Figure 7.4

Figure 7.5

clustered and the GO enriched terms based on biological
process are shown in the plot.

(A) and (B) Volcano plots show phosphopeptides that
were up- and down-regulated in IMRS5 (A) or COG424X
(B) tumors. FD means fold difference. (C) Some enriched
motifs of up- and down-regulated phosphorylation sites
from both tumors. (D) and (E) The abundance distribution
of phosphopeptides with motif SP (D) or R..S.E (E).

The PI3K signaling pathway extracted from KEGG
database. Changes in protein abundance and
phosphorylation in IMRS (A) and COG424X (B) are
mapped on the pathway and color-coded based on the
regulation. Some are shown as a family of proteins and the
color-coded up- and down-regulation may not reflect all
proteins in that family. For ECM, one protein was up-
regulated while the other was down-regulated.

Experimental procedure to compare different reducing and
alkylating reagents. (A) Comparison of the reduction with
DTT, 2-ME, TCEP, or THPP. (B) Comparison of the
alkylation with iodoacetamide, acrylamide, N-EM, or 4-
VP. The reduction and alkylation were performed at the
peptide level.

Comparison of the reducing reagents. The number of
proteins and total peptides identified from each reducing
reagent were compared.

Possible alkylation reactions with iodoacetamide. Ideal
alkylation is on the sulthydryl group of cysteine (A). Side
reactions may occur, and the alkylation reactions at the
peptide N-terminus and the side chains of lysine and
aspartic acid are shown here as examples (B).

Examples of MS/MS spectra from peptides with (A) the
alkylated N-terminus, as shown by the “]” sign and (B)
alkylated lysine, as shown by the “#” sign.

Comparison of the alkylating reagents. (A) Effects of
different alkylating reagents on the identification of
proteins and peptides. (B) Comparison of identified
peptides with alkylated cysteine, free cysteine (due to
incomplete reaction), or the side reactions on the peptide
N-terminus and the side chains of lysine and aspartic acid.
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Figure 7.6

Figure 7.7

Figure 7.8

Figure 7.9

Figure 7.10

Figure 7.11

Comparison of alkylating reagents: other side reactions on
the side chains of histidine, glutamic acid, tyrosine, and the

peptide C-termini.

Optimization of alkylation conditions. (A) Effects of the
iodoacetamide concentration on the identification of
proteins and peptides. (B) The number of identified
peptides with alkylated cysteine, free cysteine (due to
incomplete reaction), or the side reactions on the peptide
N-terminus and the side chains of lysine and aspartic acid
as a function of the iodoacetamide concentration. (C)
Effects of the alkylation temperature on the identification
of proteins and peptides. (D) The number of identified
peptides with alkylated cysteine, free cysteine, or the side

reactions on the peptide N-terminus and the side chains of

lysine and aspartic acid at different alkylation
temperatures.

Other side reactions from the alkylation with
iodoacetamide at different concentrations (A) and
temperatures (B).

Optimization of alkylation conditions. (A) Effects of
alkylation time on the identification of proteins and
peptides. (B) The number of identified peptides with
alkylated cysteine, free cysteine (due to incomplete
reaction), or the side reactions on the N-terminus and the
side chains of lysine and aspartic acid from different
alkylation times. (C) Other side reactions from the
alkylation with iodoacetamide at different reaction times.

Enrichment of peptides containing cysteine using
Thiopropyl Sepharose 6B resin. Peptides from the yeast
whole-cell lysate are incubated with the resin. Peptides
containing cysteine are bound to the resin through
disulfide bonds while unbound peptides are removed.
Enriched peptides are cleaved with DTT, and then
alkylated with iodoacetamide prior to LC-MS/MS
analysis.

Comparison of peptides containing cysteine identified in
yeast cells with or without the enrichment. Overlap of
unique peptides containing cysteine (both alkylated and
non-alkylated) identified from the experiments without
enrichment nor reduction/alkylation (No
reduction/alkylation), the experiments with only
reduction/alkylation (Reduction/alkylation), and the
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Figure 7.12

experiments with both the enrichment and
reduction/alkylation (Enrichment).

Comparison results of the enrichment at protein level. (A)
Clustering of proteins with cysteine from the enrichment
experiment according to the biological process. (B)
Overlap of identified proteins containing cysteine from the
experiments without the enrichment nor
reduction/alkylation (No reduction/alkylation), the
experiments with only the reduction/alkylation
(Reduction/alkylation), and the experiments with both the
enrichment and reduction/alkylation (Enrichment).
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SUMMARY

Extracellular proteins, including cell-surface and secreted proteins, play crucial
roles in cell-cell communication, cell-matrix interactions, and the regulation of most
extracellular biological processes. The majority of these proteins, if not all, are
glycosylated, which affects their functions, properties, stability, and dynamics. Cell-
surface glycoproteins function as receptors, transporters, and adhesion molecules, while
secreted glycoproteins, including cytokines, chemokines, and growth factors, serve as
signaling molecules that mediate the communication between cells. The abundance of
extracellular glycoproteins reflects the disease or developmental states of the cells and,
hence, can be used as biomarkers for disease diagnosis. Despite their importance,
extracellular glycoproteins cannot be easily studied on a large-scale due to their naturally
low abundance compared with cytosolic proteins. Several enrichment methods are not
specific for glycoproteins or do not target all glycan types. Others lack extracellular
specificity or require the harsh, oxidative conditions that may lead to cell death. Traditional
antibody-based methods such as flow cytometry or ELISA do not allow for large-scale
analysis. Furthermore, the glycosylation information, especially the glycosylation sites,
cannot be obtained through these traditional methods. As a result, the knowledge of
extracellular glycoproteins, including their presence, distribution, abundance, and

dynamics in different cell types and biological settings, is not widely available.

This thesis work is focused on the study of extracellular glycoproteins, including
surface and secreted glycoproteins, through mass spectrometry (MS)-based proteomics.
First, an enrichment method based on metabolic labeling with a sugar analog, copper-free

click chemistry, and MS-based proteomics is employed to target cell-surface glycoproteins
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from multiple cell lines. The method is universal for all glycan types, targets surface
glycoproteins only on the extracellular side, works under physiological conditions, and
reveals site-specific glycosylation information. The occurrence and distribution of cell-
surface glycoproteins across eight cell types are investigated. Both the relative abundance
across the cells and the absolute abundance within the cells are quantified to generate a
useful resource for surface glycoprotein distribution. Additionally, the glycosylation sites,
non-canonical glycosylation motifs, protein secondary structure, and solvent accessibility
of these sites are determined through several bioinformatics tools. The approach to study
surface glycoproteins is then combined with multiplexed proteomics quantification using
the tandem mass tag (TMT) reagents to determine the dynamics of cell-surface
glycoproteins in the innate immune response to bacterial infection. Apart from surface
glycoproteins that increase or decrease their abundance during the immune process,
transient changes of several glycoproteins that may not be easily observed are captured.
The dynamics of surface glycoproteins on monocytes and macrophages are determined and
compared, and the monocyte-to-macrophage differentiation is demonstrated as a source of
the different responses in the two cell types. The dynamics of surface glycoproteins in cells
during the epithelial-to-mesenchymal transition (EMT) is then investigated, and proteins
that participate in the partial EMT state are uncovered. For secreted glycoproteins,
especially in the cell culture model, the analysis is often not comprehensive due to the
presence of serum proteins in the media required for cell growth and proliferation. Several
studies employ serum-free media, but it has been shown that this starvation alters the
secretion of several proteins even after a short period of time. Therefore, a method to study

secreted glycoproteins in the cell culture model without serum depletion is developed by
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combining the enrichment method for surface glycoproteins, benefitting from the synthesis
of extracellular glycoproteins through the classical secretory pathway, with a signal
boosting technique through multiplexed proteomics quantification. The potential
biological sources of secreted glycoproteins to use as a boosting sample are first
determined, and the importance of the boosting-to-sample ratio is also demonstrated. This
approach quantifies hundreds of secreted glycoproteins, including cytokines, from
monocytes and macrophages in the innate immune response to bacterial infection model
and from Hep G2 cells during the EMT process. Additionally, the reduction and alkylation
steps of the bottom-up proteomics workflow are optimized to maximize the number of
proteins and peptides that can be identified by MS. An enrichment step with thiopropyl
Sepharose 6B beads for cysteine-containing peptides is further investigated. Other post-
translational modifications are also explored, including phosphorylation in neuroblastoma
tumors to understand their response to chemoimmunotherapeutic treatment. Not only the
methods developed from this thesis will be useful for the study of extracellular
glycoproteins, but the information regarding cell-surface and secreted glycoproteins is also
unprecedented and will lead to a better understanding of their functions, benefiting the

biological and biomedical fields.
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CHAPTER 1. INTRODUCTION

Adapted with permission from Suttapitugsakul, S.; Sun, F.; Wu, R., Recent advances in
glycoproteomic analysis by mass spectrometry. Analytical Chemistry 2020, 92 (1), 267-

291. Copyright 2020 American Chemical Society.

Glycosylation is one of the most common protein modifications and is essential for
cells. This modification is exceptionally complex because glycans are highly diverse and
can be covalently attached to several amino acid residues in proteins through various
configurations. There are two major types of protein glycosylation, i.e., N-linked
glycosylation and O-linked glycosylation, where glycans are attached to asparagine and
serine or threonine, respectively.!? Glycosylation plays vital roles in cells, including
determination of protein folding, trafficking, and stability, signal transduction, and
regulation of nearly every extracellular activity such as cell-cell communication and cell-
matrix interactions.>* Aberrant protein glycosylation is directly related to multiple
diseases, including cancer, neurodegenerative disorders, pulmonary diseases, blood
disorders, and genetic diseases.>® Due to the importance and complexity of protein
glycosylation in biological systems, there is a long-standing interest to develop innovative
methods to study glycoproteins and apply them for biomedical research. Investigation of
protein glycosylation has become more popular with the development of modern
instrumentation and computational methods. According to a PubMed search using the
keyword “glycosylation”, sixteen publications were listed during 1960-1970 while over
twenty thousand studies were reported in the past ten years. With the growing interests in

protein glycosylation, this trend is expected to continue in the next decades.



Mass spectrometry (MS)-based proteomics provides an excellent opportunity to
globally analyze proteins and their modifications.”' Nonetheless, it is still extremely
challenging to comprehensively analyze protein glycosylation.!” Unlike many other
modifications with a fixed structure for the modified group, such as phosphorylation, the
diversity of glycans prevents us from employing the commonly used database searching
methods such as SEQUEST and Mascot to identify glycopeptides in bottom-up proteomics.
Several glycoproteins are expressed in the extracellular regions, and these glycoproteins
often serve as biomarkers for disease detection or drug targets. The high-abundance protein
background hinders the detection of these low-abundance glycoproteins in complex
biological samples. Furthermore, glycans can interfere with the fragmentation of the
peptide backbone.!” Innovative and effective methods are critical to overcome these
hurdles and to allow for comprehensive analysis of glycoproteins using MS. In this chapter,
after briefly introducing protein glycosylation, several enrichment methods to analyze
protein glycosylation in the extracellular region are described, including those on the cell

surface, the secretome, and the extracellular vesicles.

1.1 Overview of protein glycosylation

Glycosylation is a common and essential modification where glycans are covalently
attached to proteins. Among several types of protein glycosylation, N- and O-linked
glycosylation are the two major ones. For N-linked glycosylation, the glycan precursor
GlcNAc>ManoGlcs is transferred en bloc to nascent peptides while their corresponding
mRNAs are being translated by the ribosome. Thus, glycosylation is also called a co-
translational modification. N-glycans normally contain a common GlcNAc>Mans core that

are further modified with various monosaccharides by enzymes in the endoplasmic



reticulum (ER) and Golgi apparatus, including the terminal sialic acid and core fucose
residues. N-glycosylation sites typically have a canonical motif; i.e., N-X-S/T where X can
be any amino acid residues except proline. However, the presence of this motif does not
guarantee that a particular copy of the same protein would be glycosylated, which may be
referred to as the macroheterogeneity of protein glycosylation. Glycans may contain
several types of monosaccharides linked together through different modes of connections
even at the same site on different copies of the same protein, which is referred to as the
microheterogeneity of protein glycosylation, further increasing their complexity. For O-
linked glycosylation, the glycans are attached to the side chains of serine and threonine.
Mucin-type O-glycosylation is the most common protein O-glycosylation where, typically,
monosaccharides are sequentially added to proteins by various glycosyltransferases,
instead of the en bloc glycan transfer in N-glycosylation. O-GIlcNAcylation, where the
GlcNAc group is dynamically added or removed from serine and threonine similar to
phosphorylation, belongs to this category as well. Unlike N-linked glycosylation, there is

no canonical motif for O-linked glycosylation.

In a typical glycoproteomic study, proteins are first extracted from cells or tissues
before glycoproteins or glycopeptides are enriched or separated from the complex samples.
MS analysis can then be performed at different levels with different glyco-species,
including glycoproteins, intact or derivatized glycopeptides, deglycosylated peptides, as
well as the released glycans, which provide different information from glycosylation sites
to glycan structures. As described in the introduction, glycosylation is essential for cells,

and glycoproteins contain much valuable information regarding the statuses of cellular



development and disease. Therefore, it is critically important to identify glycosylation sites

on glycoproteins and elucidate glycan structures.

1.2 Cell-surface glycoprotein analysis

The surface of eukaryotic cells is typically covered with sugars that are attached to
various embedded proteins and lipids. This thick layer of glycoproteins and glycolipids,
including N-linked and mucin-type O-glycoproteins, glycosylphosphatidylinositol (GPI)-
anchored proteins, proteoglycans, and glycosphingolipids, surrounding the cell is called
the glycocalyx.'® Surface glycoproteins are generally synthesized through the classical
secretory pathway and modified into the mature glycoforms by many enzymes in the ER
and Golgi apparatus that add or remove sugars in the glycan moeity.!*?° These cell-surface
glycoproteins participate in many intra- and extracellular activities, including cell-matrix
adhesion, cell-cell interaction, cell migration and motility, signal reception and activation
of intracellular signaling pathways, vesicle-mediated transport, and molecule
transportation across the plasma membrane.?!?> The presence of specific surface
glycoproteins can be used as a marker for the classification of cell types.?* Aberrant protein
glycosylation or abundance changes of surface glycoproteins can reflect the cellular
statuses.’*2°

Surface glycoproteins are conventionally studied by employing antibodies to
specifically target proteins of interest. This is normally coupled with methods such as
fluorescence microscopy or flow cytometry in immunophenotyping.?®?’ Besides the low
throughput of these methods, the availability and specificity of antibodies could be an issue.

MS can be exploited to alleviate these problems because it can detect thousands of proteins

with high confidence in one experiment. Furthermore, antibodies are not required, and thus



no prior knowledge is needed for surface protein detection. However, many surface
glycoproteins have low abundance, and it is challenging to distinguish surface
glycoproteins from those inside cells. Therefore, selective separation and enrichment of

surface glycoproteins are critical prior to MS analysis.

1.2.1 Hydrazide chemistry

One powerful method to enrich surface glycoproteins is through hydrazide
chemistry where hydroxyl groups on glycans are converted to aldehyde groups and
subsequently conjugated with a hydrazide group. In 2003, Zhang et al. developed a highly
innovative MS method for surface glycoproteomic analysis based on this approach.® They
identified 104 unique peptides from 64 surface glycoproteins in LNCaP cells. Zarif et al.
isolated CD14+ monocytes from human blood and differentiated them in vitro into pro-
inflammatory and anti-inflammatory macrophages. Using solid-phase extraction of N-
linked glycopeptides (SPEG) by glycan oxidation and glycopeptide enrichment with
hydrazide beads, they specifically identified glycoproteins on the surface of anti-
inflammatory macrophages that may be involved in prostate cancer proliferation and
metastasis, as opposed to the pro-inflammatory ones.?®

Later on, the Cell Surface Capture (CSC) method was reported in 2009, where
glycans were first oxidized with sodium periodate and a biocytin-hydrazide tag was
employed to generate a chemical handle for the following enrichment with streptavidin
beads.?’ About 100 surface glycoproteins were identified and quantified in each
experiment. The CSC method was also applied to study surface glycoproteins in 41 human
and 31 mouse cell types and, on average, 284 surface glycoproteins were identified from

each cell type.’® The data were compiled for the Cell Surface Protein Atlas (CSPA)



database. Using CSC, surface glycoproteins were identified from four human lymphocyte
cell lines and human induced pluripotent stem cells, respectively, and the results may be
used in cell type classification and drug discovery.?!*> CSC has been modified into an

automated system with smaller number of cells required, termed autoCSC.*

1.2.2  Enzymatic approach

Chemical oxidization of cis-diol groups using the oxidants such as sodium
periodate in hydrazide chemistry-based methods may affect the cell viability. Minimizing
cell death is critical for surface glycoprotein analysis because many highly abundant
intracellular proteins could leak out and interfere with the tagging and enrichment of
surface glycoproteins. Recently, a milder approach using galactose oxidase was reported.
Ramya et al. employed this method, together with aminooxy-biotin tagging and
streptavidin enrichment, to identify 68 glycoproteins on the cell surface.>* We optimized
this method and coupled the enzymatic reaction with hydrazide chemistry-based
enrichment (Figure 1.1). The approach was further improved by the pretreatment of cells
with neuraminidase to remove the terminal sialic acid residues. Moreover, the addition of
horseradish peroxidase during the oxidation reaction, which consumes hydrogen peroxide
(one of the oxidation products), pushes the reaction to completion.** Using this approach,
we identified, on average, 953 N-glycosylation sites from 393 surface glycoproteins per
experiment in MCF7 cells. Combining with SILAC, the approach enabled us to quantify
909 unique N-glycopeptides from 334 surface glycoproteins with 65% being down-
regulated by over two-fold in cells treated with brefeldin A, which inhibits protein secretion

through the classical secretory pathway.
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Figure 1.1. Enzymatic approach to identify cell-surface glycoproteins. Glycans on the
cell surface were first oxidized with galactose oxidase (GAQO) and immobilized on
hydrazide beads after cell lysis. Surface glycopeptides were eluted from the beads
with methoxylamine before PNGase F treatment and LC-MS/MS analysis. Reprinted
with permission from Sun, F.; Suttapitugsakul, S.; Wu, R., Enzymatic Tagging of
Glycoproteins on the Cell Surface for Their Global and Site-Specific Analysis with
Mass Spectrometry. Anal. Chem. 2019, 91 (6), 4195-4203. Copyright 2019 American
Chemical Society.

1.2.3  Metabolic labeling

Another approach to analyze cell-surface glycoproteins is through metabolic
labeling with sugar analogs.*®37 This method resulted from the development of
bioorthogonal chemistry, where a specific chemical reaction in biological systems is
achieved through functional groups that do not naturally exist or interfere with normal
biological activities.*® It allows for selective studies of biomolecules including

glycoproteins on the cell surface.*’ The sugar analog is usually peracetylated to increase



its passive diffusion rate into cells, such as N-azidoacetylmannosamine-tetraacylated
(AcsManNAz). The acetyl groups are deacetylated by intracellular esterases into
azidosialic acid, which is incorporated into glycoproteins including the surface ones,
through the Roseman-Warren biosynthetic pathway.*! ManNAz was successfully applied
to identify sialylated surface glycoproteins in both cultured cells and model animals such
as mouse.*> *> Notably, metabolic labeling with sugar analogs is very compatible with
cultured cell because cells can be grown in a medium containing these sugar analogs and
incorporate them into their surface glycoproteins. Furthermore, Spiciarich et al. applied
this method to study human prostate cancer tissue ex vivo through tissue slice culture, in
which the tissues stayed metabolically active for days.** The tissues were cultured in the
presence of AcsManNAz, and surface glycoproteins were tagged with the biotin-alkyne
reagent before enrichment with avidin resins. Over 900 proteins were detected from the
normal and cancerous prostate tissues. Among those, 68% were membrane or secreted

proteins and 45% were known glycoproteins.

Metabolic labeling with AcaManNAz may be applied to determine the glycan-
protein interactions. Li et al. developed a beautiful method called protein oxidation of sialic

). 4 Cells were

acid environments (POSE) to study surface protein interactions (Figure 1.2
first metabolically labeled and tagged with dibenzocyclooctyne (DBCO)-(S)-1-(p-
bromoacetamidobenzyl)ethylenediaminetetraacetate (FeBABE), followed by hydrogen
peroxide treatment and quenched with methionine amide hydrochloride. The treatment
with hydrogen peroxide generated radical species that can oxidize proteins nearby. The

study identified 150-200 proteins that were oxidized from each cell line. Interestingly, they

also evaluated the incorporation efficiency of azidosialic acid into glycans. While the



incorporation rate in PNT2 cells was as high as 87%, the efficiency in Caco-2 cells was
only 18%. The conjugation efficiency between DBCO and azide was estimated to be over
86%. The variation of the incorporation efficiency needs to be improved in metabolic
labeling with the sugar analog among different cell types in order to increase the

quantification accuracy.

Another concern with AcsManNAz labeling is its effects on cell viability and
proliferation. In two recent studies from Han et al., cells were treated with different
concentrations of AcsManNAz, AcsGlcNAz, and AcsGalNAz from 10-50 uM for 72
hours.*>**¢ Higher concentrations of AcsaManNAz were found to affect biological processes
such as the MAPK activity, apoptotic process, and immune and inflammatory response
according to transcriptomic analysis. The authors suggested that labeling with 10 uM
AcsManNAz should be sufficient. However, the labeling time and the cell type need to be
further considered. Our lab previously compared the three sugar analogs in a surface
glycoprotein identification experiment and found that labeling with 100 uM Acs4GalNAz
resulted in the highest coverage of surface glycoproteins from HepG2 cells.*” We also
compared the labeling with 10-250 uM AcsGalNAz, 100 uM AcsGalNAc, and a vehicle
control group in A549 cells. Within the incubation time of 24 hours, nearly all quantified
proteins in these tested conditions were not affected by AcsGalNAz treatment (unpublished

data).

AcsGalNAz has been used in several applications for surface glycoprotein
analysis.’” For example, Xiao et al. combined the method with pulse-chase labeling to
study the dynamics of cell-surface glycoproteins and measure their half-lives.*® Cells were

first labeled with AcsGalNAz and then tagged with DBCO-biotin before being switched to



the medium without the sugar analog. The cells were collected at different time points, and
the tagged surface glycoproteins were separated. After digestion and enrichment, the
glycopeptides were labeled with the TMT reagents. It was found that the half-lives of
surface glycoproteins were generally longer than those of newly synthesized proteins,
which may be due to the presence of glycans that can protect proteins from being degraded.
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Figure 1.2. Protein oxidation of sialic acid environments (POSE) approach to map
protein environment of sialic acid. Cells were first labeled with ManNAz (A) and
tagged with DBCO-FeBABE (B) before hydrogen peroxide treatment (C). Amino
acids in the vicinity were oxidized by radical species and proteins were subsequently
analyzed with LC-MS/MS. Reproduced from Li, Q.; Xie, Y.; Xu, G.; Lebrilla, C. B.,
Identification of potential sialic acid binding proteins on cell membranes by
proximity chemical labeling. Chem. Sci. 2019, 10 (24), 6199-6209. under the Creative
Commons Attribution-Non-Commercial 3.0 Unported License — Published by The
Royal Society of Chemistry.

1.2.4  Direct tagging of surface proteins

Other methods target all proteins on the cell surface even though the majority, if

not all, of surface proteins are glycosylated. For membrane separation by
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ultracentrifugation, contamination of membrane proteins from other cellular compartments
could be an issue.*>" Alternatively, surface proteins may be directly biotinylated for
further separation. In a study from Hormann et al., three surface protein purification
methods were compared, including sulfo-NHS-SS-biotinylation, aminooxy-biotinylation,
and surface coating with silica beads. Sulfo-NHS-SS-biotinylation outperformed the other
two in identifying surface proteins, with the localization of over 90% of the proteins on the
plasma membrane.’! In the same study, instead of a typical avidin denaturation elution by
SDS, elution through biotin competition further increased the coverage.

Matta et al. employed a method similar to CSC, but the aminooxy-biotin tag was
used, to compare the surfaceomes of chondrogenic progenitor cells and bone marrow
mesenchymal stem cells. Even though the two types of cells are very similar, distinct
populations of surface glycoproteins were observed.’? Kalxdorf et al. successfully
combined chemical oxidation of glycans with alkoxylamine-PEGy-biotin tagging and
multiplexed proteomics to analyze changes of the surfaceome during macrophage
differentiation over 72 hours, as well as the effects of a kinase inhibitor on the cell

differentiation.>>

1.2.5 In silico prediction of surface glycoproteins

Although we can currently detect a few hundred surface glycoproteins in a single
experiment, the total number of glycoproteins present on the cell surface still remains
elusive. Bausch-Fluck and Goldman et al. employed machine learning to predict if a
glycoprotein can be localized on the surface based on the experimentally derived surface
glycoproteins from the CSPA database and those from inside of cells in other subcellular

compartments. The predictor, called SURFY, scores proteins based on factors determined
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from a random forest classifier, including the frequencies of the N-X-S/T motif and
cysteine residues, the presence of C-glycosylation site, and the length and number of
transmembrane domains. This approach predicted a total of 2,886 proteins that could be
present on the surface of human cells with the accuracy of 93.5%, corresponding to 14.3%
proteins in the human proteome that may be present on the cell surface.>* When the results
were matched with transcriptomic data from an RNA-seq experiment, only a subset of
these proteins was identified in a specific cell type, such as 507 proteins from HeLa cells,
corresponding well with the number of surface glycoproteins typically identified from

experiments.

1.3 Secreted glycoprotein characterization

Cells secrete proteins into the extracellular environment, and most of them are
glycosylated through the classical secretory pathway.>>->” These glycoproteins participate
in many extracellular events including cellular signaling and cell-cell communication.
Combining the results from antibody detection with those from MS analysis, Uhlen et al.
determined the data set of human secreted proteins based on protein characteristics such as
the presence of signal peptides or the transmembrane region, and showed that the number
of potential genes encoding secreted proteins was 2,641, which is about 13% of all human
protein-coding genes.’® Secreted glycoproteins in bodily fluids can serve as excellent non-
invasive sources of biomarkers for disease detection.”®" Particularly, glycosylated
proteins also have enhanced stability, increasing the possibility of their detection.! Several
molecular biology approaches, especially antibody-based methods, have been employed to
study secreted glycoproteins.®?** Nevertheless, these methods do not allow for large-scale

analysis of secreted glycoproteins nor reveal the information of the glycosylation site or
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the glycans. MS-based proteomics is powerful for secreted glycoprotein analysis.
However, there are some challenges that must be overcome to effectively identify and
quantify secreted glycoproteins on a large scale. In this section, several approaches to study
secreted glycoproteins from different biological samples using MS and their applications

in the biological and biomedical fields are reviewed.

1.3.1 Extensive and multidimensional fractionation

One major obstacle in global analysis of secreted glycoprotein is the extremely high
dynamic range of proteins present in the culture medium, blood, or plasma.®*%> In serum,
the concentration of albumin could be in the tens of grams per liter,®® while others may be
present in the micrograms per liter or less.®” Because MS is biased for abundant
proteins/peptides, especially with the popular data-dependent acquisition approach, those
highly abundant proteins such as albumin are typically dominant in secreted protein
analysis. However, many important proteins including those released from diseased cells
normally present at a very low abundance are extraordinarily challenging to be detected
using MS-based proteomics.®® The simplest method to decrease the complexity of
proteins/peptides is to perform extensive, multidimensional fractionation. After protein
digestion, peptides are fractionated through orthogonal separation methods prior to MS
analysis. The fractionation decreases the complexity and improves the chance for the
detection of low-abundance peptides by MS. While extensive fractionation greatly
improves the coverage of secreted proteins, the analysis is time-consuming, as seen by the

long analysis time from the study by Dey (>500 hours) to cover ~5,000 proteins.®

1.3.2  Depletion of highly abundant proteins
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Since high-abundance proteins can affect the detection during MS analysis, another
approach to reduce the complexity is through depletion columns. Several types of these
columns are commercially available. These columns are based on antibodies that can
capture the proteins with the high abundance in samples. In one example, CaptureSelect
HumanPlasma 14 affinity resin was used to remove proteins including albumin,
immunoglobulins, transferrin, and others from plasma samples before multi-lectin affinity

chromatography for glycoprotein enrichment.”®

The authors identified glycoproteins that
are differently secreted from prostate cancer and benign prostatic hyperplasia patients.
Similarly, Berva et al. combined protein depletion with solid phase extraction of N-linked
glycoproteins (SPEG), which is based on a reaction between oxidized glycans and
hydrazine resins, to enrich glycoproteins from human plasma.”! Compared with the

experiment without the depletion, the number of identified glycoproteins increased by

24%.

While depletion columns can effectively remove high-abundance proteins from
serum samples, studies have shown that these columns may also result in the sample loss,
which affects the quantification of proteins and the reproducibility.’?”* One of the proteins
with the highest abundance is albumin, which can bind to several secreted proteins.”
Therefore, the removal of albumin caused the loss of other secreted proteins.” The capacity
of these columns is normally low, and thus the approach is not very cost-effective.
Additionally, non-specific binding of proteins to the material used in these columns may
occur.”® De Jesus et al. compared three depletion methods to remove the most abundant
proteins from cells, including magnetic nanoparticles, sequential application of

dithiothreitol and acetonitrile, and the commercial ProteoMiner apparatus based on
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immunoaffinity.”” The results revealed that the magnetic nanoparticle depletion was more
versatile, reproducible, and removed proteins with high molecular weights (>80 kDa),
resulting in the highest number of identified proteins. For the chemical method, while the
depletion of proteins was also observed, the number of identified proteins was lower. The
ProteoMiner apparatus was not cost-effective and showed similar results to the chemical

method.

1.3.3  Serum starvation

In cell culture models, serum such as Fetal Bovine Serum (FBS) is often used in
the growth media since it contains proteins and other small molecules required for in vitro
cell growth.”® The concentration of proteins, especially albumin, is very high in the final
culture media, which affects the detection of low-abundance, secreted glycoproteins. One
solution to this problem is to grow cells in a serum-free medium for a short period of
time.””%" Before switching to the serum-free medium, the cells must also be washed
thoroughly to remove residual serum proteins. Roger et al. showed that three washes are
optimal to remove serum proteins, while more washes can decrease cellular viability.®!
Additionally, washing cells with serum-free medium leads to the contamination of proteins

from lysed cells.

One major problem with this approach is the effects of cellular starvation on cell
growth and proliferation, and thus the alteration of protein secretion from cells. Cell death
may also occur, resulting in the leakage of intracellular proteins into the extracellular space.
This complicates and affects secreted glycoproteomic analysis. One study focused on

enriching newly synthesized, secreted proteins from cells by combining azidohomoalanine
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(AHA) labeling with pulsed SILAC.#? AHA is a methionine analog that can be conjugated
by aminoacyl tRNA synthetase during protein synthesis instead of methionine. Proteins
labeled with AHA containing the azide group can be selectively enriched through click
chemistry. Over 1,000 secreted proteins were identified and quantified including some
extracellular matrix proteins and cytokines. The authors further applied this method for a
time-resolved analysis of secreted proteins from mouse macrophages (RAW?264.7) treated
with lipopolysaccharides after 0, 6, and 17 hours. Several inflammatory cytokines were
identified and quantified within a two-hour labeling period at each time point. The authors
also showed that the secretion of proteins could be affected by incubating cells under
serum-free conditions only after three hours, raising the concern that the results from
secreted protein analysis under such conditions should be further examined and validated

by other methods.

1.3.4 Lectin-based enrichment

Lectins are proteins that bind specifically to glycans and have been extensively used
for glycoprotein enrichment.?*#¢ They were employed to enrich secreted glycoproteins in
the extracellular compartment.®” In a study by Boersema et al., the authors profiled secreted
glycoproteins from 11 breast cancer cell lines in different stages (Figure 1.3).%! Two lectins,
concanavalin A (Con A) and WGA, were combined with filter aided sample preparation
(FASP) to enrich secreted N-glycoproteins under the serum-free conditions. They
identified and quantified peptides with 1,398 N-glycosylation sites from 701 proteins. The
results also demonstrated differential protein secretions from cancer cells in the different
stages. While the authors showed that the serum-free condition did not affect the viability

of the cells, the biological interpretation of the quantitation results from cells under such
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condition might need to be carefully considered. Due to their glycan specificity, multiple
lectins are often required to capture glycoproteins with diverse glycans in the secretome.
Li and colleagues developed a method termed lectin affinity capture followed by solid-
phase extraction of glycosite-containing peptides (LecSPEG).® Here, Aleuria aurantia
lectin (AAL)-, Sambucus nigra lectin (SNA)-, and WGA-conjugated beads were used to
enrich glycoproteins from serum samples. The eluted proteins were digested, and the
resulting glycopeptides were further oxidized with sodium periodate for their enrichment
with hydrazide beads. With this approach, the number of unique glycosites increased from
2 with lectin enrichment alone to 46 with the LecSPEG method, and the specificity

increased from 2% to 82%.
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Figure 1.3. Workflow combining FASP with lectins to enrich secreted N-
glycoproteins from cell culture media. Reproduced from Boersema, P. J.; Geiger, T.;
Wisniewski, J. R.; Mann, M., Quantification of the N-glycosylated secretome by
super-SILAC during breast cancer progression and in human blood samples. Mol
Cell Proteomics 2013, 12 (1), 158-71. Copyright retained by the American Society for
Biochemistry and Molecular Biology under the CC-BY license.
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1.3.5 HILIC

In HILIC, hydrophilic peptides, including those with glycans, are retained in the
column and eluted by an increasing amount of water in the mobile phase.®® HILIC has been
reported for the study of secreted glycoproteins in various samples.”® ZIC-HILIC, where
the stationary phase contains both positive and negative charges, was also employed for
secreted glycoprotein analysis.”'? Other work has combined different separation modes
in order to increase the specificity for glycopeptide enrichment.”* In the work from Chen
and colleagues, phosphopeptides and glycopeptides were simultaneously enriched through
a method called mode switchable solid phase extraction (MS-SPE).”* A solid-phase
extraction column packed with PolyWAX was first used to separate both phosphopeptides
and glycopeptides in the electrostatic repulsion hydrophilic interaction chromatography
(ERLIC) mode. The column was then switched to the HILIC mode by using high
concentration of organic solvent where phosphopeptides were eluted and glycopeptides
were retained. Eventually, glycopeptides were eluted with water. With this approach, 136
phosphorylation sites and 283 N-glycosylation sites were identified from the secretome of
A549 cells under serum-free conditions. Nevertheless, non-glycosylated peptides may also

be hydrophilic and retained in these columns, which affects the enrichment specificity.

1.3.6 Boronic acid-based enrichment

Boronic acid forms reversible covalent bonds with the diol groups on glycans,
allowing for the enrichment of glycoproteins in biological samples.’>'%2 Boronic acid was
compared with lectin-based enrichment (ConA, Lens culinaris agglutinin, or WGA) for

glycoprotein analysis in human serum samples, and the highest number of identified
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glycoproteins using boronic acid was possibly due to the wider array of glycans
enriched.'”® For Saccharomyces cerevisiae, Smeekens and colleagues employed boronic
acid-conjugated magnetic beads to enrich secreted glycopeptides from the growth
medium.!® The analysis requires the careful medium collection step to avoid cytosolic
protein leakage, which can interfere with the detection of secreted glycoproteins. In this
study, the cells were also treated with tunicamycin to inhibit protein N-glycosylation. Many
secreted N-glycoproteins were down-regulated compared with the control group, showing

the effects of N-glycosylation on protein secretion.

1.3.7 Hydrazide chemistry-based enrichment

Hydrazide chemistry-based methods have also been employed to enrich secreted
glycoproteins.!%1% In one example, combining MS analysis with hydrazide chemistry and
ZIC-HILIC, Li and colleagues identified 1,213 unique N-glycosylation sites from 611
glycoproteins from two cell lines with low or high metastatic potential.®® Differential
regulation of several secreted glycoproteins was discovered based on the metastasis
capability and could be used as biomarkers. Note that this was done under serum-free

conditions.

While the data-dependent acquisition (DDA) method is biased for abundant
peptides, data-independent acquisition (DIA) records all the peptides by spacing the
measurement length into smaller sections. This minimizes the bias of MS in detecting low-
abundance secreted glycoproteins. In one study, Sajic et al. employed Sequential Window
Acquisition of all Theoretical Mass Spectra (SWATH-MS) to detect secreted glycoproteins

in the blood from several carcinomas.!?” Glycoproteins were enriched from the blood of
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patients with localized lung, pancreas, ovary, prostate, and colorectal cancer, or their
control matches using hydrazine resins, and subsequently analyzed by MS. Over 1,000
glycopeptides from >200 glycoproteins were quantified. The author identified proteins that
are generally altered in patients with cancer and other glycoproteins that are unique and

specific for each cancer type.

1.3.8 Metabolic labeling-based enrichment

Metabolic labeling with a sugar analog is powerful to analyze glycoproteins on the
cell surface, as discussed above. This has also been used in secreted glycoprotein analysis
by MS. For instance, Roper et al. employed ManNAz to label secreted glycoproteins from
two stromal cell lines.!*® The azide-labeled glycoproteins are then enriched with alkyne
beads through the CuAAC reaction. From the cells being serum-starved for 48 hours, 75
secreted glycoproteins were detected, while in 1% serum-containing media, 100 secreted
glycoproteins were detected. Kuhn and colleagues developed the secretome protein
enrichment with click sugars (SPECS) method for shed and secreted protein analysis of
primary cells in the presence of serum proteins.!” In this work, glycoproteins were first
labeled using ManNAz. The media were then collected, and the glycoproteins were tagged
with DBCO-PEG12-biotin before streptavidin enrichment and MS analysis. Later, this
method was modified in the high-performance secretome-protein-enrichment-with-click-
sugars method (hiSPEC), which decreased the number of cells required for secretome
studies (Figure 1.4).!1° The authors also labeled glycoproteins with ManNAz and enriched
secreted glycoproteins using Concanavalin A and DBCO beads. Secreted glycoproteins
from different systems were identified, including those in brain slices upon LPS-induced

neuroinflammation and primary astrocytes, microglia, neurons, and oligodendrocytes in a
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cell-specific manner. The results need to be carefully considered since non-specific binding
may occur. Additionally, the incorporation efficiency of these sugar analogs in different

cell types must be considered.
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Figure 1.4. hiSPEC workflow for shed glycoprotein analysis. The cells are labeled
with ManNAz, tagged through the click chemistry reaction, and the enriched
glycopeptides were analyzed with LC-MS/MS. Reproduced from Tushaus, J.; Muller,
S. A.; Kataka, E. S.; Zaucha, J.; Sebastian Monasor, L.; Su, M.; Guner, G.; Jocher,
G.; Tahirovic, S.; Frishman, D.; Simons, M.; Lichtenthaler, S. F., An optimized
quantitative proteomics method establishes the cell type-resolved mouse brain
secretome. EMBO J 2020, 39 (20), e105693. Copyright retained by authors under the
CC BY 4.0 license.
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1.3.9 Signal boosting approach

The development of the TMT reagents allowed for the simultaneous identification
and quantification of proteins in multiple samples. With this approach, peptides from
different samples are labeled with different channels of the TMT reagents. The labeled
peptides are then combined and analyzed with MS. The peptides from different samples
appear as a single peak in MS1 spectra due to the same m/z. Once they are selected for
MS?2 analysis, the intensities of the reporter ions can be used for accurate quantification of
peptides in different samples. This multiplex approach improves the reproducibility and
shortens the analysis time. Furthermore, recent studies showed that the TMT labeling can
improve the peptide signal intensity in MS1, facilitating the selection of low-abundance
peptides for MS2 analysis. Notably, Budnik et al. employed this method for single-cell
proteomics analysis (Single Cell ProtEomics by Mass Spectrometry; SCoPE-MS).!!!
Another approach termed Boosting to Amplify Signal with Isobaric Labeling (BASIL)
employed a similar approach for protein phosphorylation analysis.!!? In these approaches,
a protein carrier sample, e.g., the greater number of cells in SCOPE-MS or the combination
of proteins from the quantitation channels in BASIL, with a higher protein abundance
compared with the quantitation samples was employed and labeled with one of the TMT

channels (typically the last channel to avoid overlapping of the isotopic envelope).

Using the boosting approach, secreted proteins in clinical samples were studied.!"
Our lab recently combined the boosting approach with metabolic labeling using GalNAz
to label secreted glycoproteins from cultured cells without serum starvation.!'* We
compared different glycoprotein sources to use for the boosting channel and evaluated the

effect of the boosting-to-sample ratios on the results. With this approach, over 200
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glycoproteins were detected in a site-specific manner from different cell types, including

monocytes, macrophages, and Hep G2 cells under serum-containing conditions.

1.4 Glycoprotein analysis in extracellular vesicles

Cells release several types of membrane-bound, extracellular vesicle (EV), including
exosomes and microvesicles. Exosomes are intraluminal vesicles contained within the
multivesicular body that, upon fusion with the plasma membrane, release their contents
outside of the cells. Release of exosomes was once thought to be a method for waste
disposal, but later studies showed that it can mediate intercellular communication through
transferring molecules such as proteins, lipids, and RNAs to acceptor cells.!!>!'6 Exosome
analysis has gained increased interest in recent years due to its roles in the immune system
and the potential to serve as disease biomarkers and targeted drug delivery vehicles for

therapeutics.'!’

MS analysis can identify exosomal proteins and their PTMs, including
phosphorylation, ubiquitination, palmitoylation, sumoylation, and glycosylation, that may
unveil the mechanisms of exosome formation and their biological significance.!'*1!° Apart
from the well-known proteins found in the exosomes such as tetraspanin CD63, certain
glycoproteins, including MUCI1, were highly enriched according to a recent data-
independent MS analysis of the exosomes from non-small cell lung cancer carcinoma. !
In a study by Chauhan et al., surface glycoproteins from the exosomes of myeloid-derived
suppressor cells were oxidized and biotinylated for their enrichment with streptavidin
beads, and the majority of the proteins identified can also be found on the cell surface of

the parent cells.!?! Sialoglycoproteins were found to be enriched in the exosomes of ovarian
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carcinoma cells. Several types of glycans were identified, including di-, tri-, and
tetraantennary N-glycans, as well as the core fucose modification and high-mannose
glycans. In diantennary glycans, bisecting GIcNAc was detected.'?? Sharma et al. compared
the exosomes that were released from cancer cell lines with different invasiveness. It was
found that the exosomes from the highly invasive cells, which contained several unique
glycoproteins involved in cell migration, were correlated with greater cell migration than
those from the less invasive ones.!? In cells, glycosylation can regulate the trafficking of
proteins to the cell surface. Similarly, glycosylation affects the trafficking of proteins to
the exosomes. For protein EWI-2, the abundance was decreased when its complex N-linked

glycan synthesis was limited to only the high-mannose ones.'"”

The exosomes contain specific molecules from their parent cells and, therefore,
glycoproteins detected may serve as biomarkers for disease detection. Glypican-1, a cell-
surface glycoprotein on the exosomes, was identified as a potential biomarker for early
detection of pancreatic cancer using MS.!>* In patients with benign and metastatic
pulmonary nodules, conventional diagnosis is difficult to distinguish them apart. The
exosomes were isolated from the plasma of these patients, and label-free quantification by
MS revealed that glycoproteins, such as fibrinogen beta chain (FGB) and fibrinogen
gamma chain (FGG), were up-regulated in the exosomes from patients with metastatic
pulmonary nodules.'”> In patients with non-small cell lung cancer, alpha-2-HS-
glycoprotein (AHSG) and extracellular matrix protein 1 (ECM1) were upregulated

compared with normal patients. %

Global analysis of glycoproteins in the exosomes may suffer from the high dynamic

range of proteins, and thus effective enrichment methods can increase the coverage
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especially for the low-abundance ones. For example, Bai et al. recently developed a
hydrazide-based polymer that can homogeneously enrich N-glycoproteins from the
exosomes, and the polymer can be recovered by raising the temperature.'?’” Some protein
markers such as aquaporin-2 and others related to renal diseases and blood pressure
regulation were identified from the exosomes separated from urine.'?® The glycoproteins
tetraspanins-1 and hemopexin were recently proposed as early biomarkers for T cell-
mediated kidney transplant rejection.'?’ Because of the amount of the exosomes needed for
proteomic analysis, the large volume of urine may hinder the analysis. In one glycomic
study, through a combination of miniaturized sample preparation and prefractionation, the
volume of urine was decreased dramatically while comprehensive analysis of glycans was
not compromised. The study confirmed the presence of sialylated glycans and several core
fucosylations, as well as 16 mucin-type O-glycans and paucimannosidic glycans that were

only reported in invertebrates and plants previously. '

Recently, a new type of non-membranous, extracellular nanoparticles termed
exomeres was discovered trough asymmetric flow field-flow fractionation (AF4)."3! The
exomeres are smaller and stiffer than the exosomes. Unique sets of proteins were found,
including N-glycoproteins and those associated with the extracellular matrix, ER,
mitochondrion, and cytoskeleton. Proteins involved in glycan processing and control of
glycan-mediated protein folding, and sialoglycoproteins were both enriched in the
exomeres, suggesting the possible roles in specific glycan recognition and glycosylation
modulation of the recipient cells. Analysis with MALDI-TOF MS and LC-MS/MS
revealed different N-glycan profiles between the exosomes and exomeres. Glycans from

the exomeres contain a-2,3-linked and a-2,6-linked sialic acids while a-2,3-linked sialic
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acids were found exclusively in glycans from small exosome vesicles. A later study showed
that the enzyme B-galactoside a-2,6-sialyltransferase 1 (ST6Gal-I) was present on the
membrane of the exomeres and can be transferred to the acceptor cells, causing

hypersialylation on the cells.!*

There are some major differences between different EVs, such as the size, density,
biogenesis pathways, and protein markers. Ultracentrifugation or sucrose-gradient
centrifugation is typically employed to isolate the exosomes based on their physical
properties. This may lead to a mixed population of EVs due to their similar properties such
as the overlapping size and density, which could cause different glycosylation profiles from
the same sample.!* Ideally, the identity or the presence of specific markers on different
EVs needs to be confirmed before further characterization. The International Society for
Extracellular Vesicles (ISEV) has updated the guidelines for exosome studies in 2018
(Minimal Information for Studies of Extracellular Vesicles, MISEV2018) and the term
“exosome” may not be appropriate unless the origin of the vesicles can be verified.
Otherwise, the term should be addressed as small EVs.!** Databases such as ExoCarta
contain information about proteins, RNAs, DNAs, and lipids that have been found in the
exosomes and meet the minimum requirements from ISEV.!313¢ Other databases
including information from extracellular vesicles (i.e. microvesicles, apoptotic bodies and

membrane blebs) are Vesiclepedia and EVpedia.!?7-138

1.5 Conclusions

The promising progress and exciting development of novel methods in

glycoproteomics have tremendously expanded the knowledge of protein glycosylation and
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facilitated our understanding of extracellular glycoprotein functions. Because of the low
abundance of many glycoproteins and the complexity of biological samples, it is imperative
to enrich extracellular glycopeptides/glycoproteins prior to MS analysis. Several
enrichment methods to analyze extracellular protein glycosylation are summarized in this
chapter, including methods for surface, secreted, and extracellular vesicle glycoprotein
analysis. Considering the importance of extracellular glycoproteins and the complexity of
protein glycosylation, it is expected that the field of glycoproteomics will continue to thrive
in the future. Global analysis of extracellular glycoprotein still requires the development
of effective and innovative methods. Glycoproteins with a specific glycan represent a rich
source to study the roles of abnormal expression of glycoproteins in of diseases such as
cancer, and innovative methods are urgently needed to separate these glycoproteins for MS
identifications and quantifications. New instrumentation with better sensitivity, resolution,
and speed, and bioinformatic tools with better performance for interpreting MS spectra will
not only advance the identification of glycoproteins, but also improve the throughput and
the quantification accuracy. Furthermore, it will allow us to detect glycoproteins with
extremely low abundance that often carry highly wvaluable information. Future
glycoproteomics is likely to increase the depth of glycosylation analysis and to reveal the
roles of glycoproteins in physiological and pathological processes, which will facilitate our
understanding of the molecular mechanisms of human diseases and the discovery of

glycoproteins as novel and effective biomarkers for disease detection and surveillance.
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CHAPTER 2. SURFACE GLYCOPROTEOMIC ANALYSIS
REVEALS THAT BOTH UNIQUE AND DIFFERENTIAL
EXPRESSION OF SURFACE GLYCOPROTEINS DETERMINE
THE CELL TYPE
Adapted with permission from Suttapitugsakul, S.; Ulmer, L. D.; Jiang, C.; Sun, F.; Wu,
R., Surface glycoproteomic analysis reveals that both unique and differential expression of

surface glycoproteins determine the cell type. Analytical Chemistry 2019, 91 (10), 6934-

6942. Copyright 2019 American Chemical Society.

2.1 Introduction

Proteins located on the cell surface are normally modified with carbohydrates.!*’
These surface glycoproteins play vital roles in nearly every extracellular event, including
cell-cell communication, cell-matrix interactions, and cellular response to environmental
cues.'*1*! Many surface glycoproteins function as ion channels and transporters for
molecules across the plasma membrane, while others are receptors, such as G-protein-
coupled receptors, that sense and mediate cellular responses to extracellular stimuli. '4>143
Enzymes and binding proteins located on the cell surface are also commonly

glycosylated.!*

Surface glycoproteins frequently reflect the developmental and diseased statuses of
cells. A number of surface glycoproteins serve as disease biomarkers and for cell-type
classification.?® % Moreover, these surface glycoproteins are often the targets of
macromolecular drugs such as antibodies or enzymes in the emerging immunotherapy
field.'* Comprehensive and site-specific analysis of cell-surface glycoproteins will aid in

a better understanding of glycoprotein functions and cellular activities.
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Immunophenotyping of surface glycoproteins has been performed using flow cytometry. !4’
This technique, however, requires prior knowledge of the proteins of interest or the cell
type. The availability and the specificity of antibodies and the low throughput restrict its
applications. Additionally, flow cytometry provides limited information on the abundance
of these cell-surface glycoproteins. Modern mass spectrometry (MS)-based proteomics
provides a unique opportunity for global and site-specific analysis of proteins and their
modifications.' 14815 However, it is extraordinarily challenging to comprehensively and
site-specifically analyze glycoproteins located only on the cell surface because of the
following reasons. First, many glycoproteins occur in very low abundance, and their
analysis is hampered by highly abundant proteins.>* 1*7 Second, the heterogeneity of the
glycans further complicates the analysis.!>®!>° In addition, surface glycoproteins have to

be effectively separated before MS analysis.

Previously, Zhang et al. developed an innovative MS-based method to identify
surface N-glycoproteins by first oxidizing the glycans with NalO4, and the resulting
carbonyl groups on the glycoproteins were used for the enrichment with hydrazide
beads.!>” A few years later, Wollscheid et al. designed a beautiful Cell Surface-Capturing
(CSC) method to identify and quantify cell surface N-glycoproteins. This was based on
glycan oxidation with NalO4 and biocytin hydrazide tagging prior to the enrichment with
streptavidin beads.? Despite the importance of glycoproteins on the cell surface, their

comprehensive analysis is much understudied compared to global analysis of proteins.

In this work, we systematically studied glycoproteins on the surface of eight types
of commonly used human cells. Surface glycoproteins were metabolically labeled with a

functionalized sugar and then tagged with biotin through the strain-promoted copper-free
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click chemistry reaction. Surface glycopeptides with biotin were selectively enriched and
subsequently deglycosylated with PNGase F in heavy-oxygen water for site-specific
analysis using MS. This approach allowed for global and site-specific identification of
>2,000 N-glycosylation sites from >1,000 surface glycoproteins, with an average of 683
glycosylation sites and 354 surface glycoproteins per cell type. We also quantified
glycoproteins using label-free quantification and discovered that only a small portion of
the proteins are cell-specific while many were differentially expressed across the cell types.
Furthermore, different groups of proteins were more highly expressed in one cell line than
in the others, and served particular functions depending on the cell type. Benefiting from
site-specific analysis, we explored the behaviors and occurrence of the glycosylation sites,
including the solvent accessibility of the sites and the effect of protein structures on the
sites. The current results lead to a better understanding of cell-surface glycoproteins and

provide vital information in developing new biomarkers and drug targets.

2.2 Materials and methods

2.2.1 Cell culture

Human cell lines, including HEK293T, HeLa, Jurkat, K562, MCF7, and U266,
were from the American Type Culture Collection (ATCC). HeLa and PANCI cell lines
were a generous gift from Professor M.G. Finn’s lab. HEK293T cell line was from Dr.
Gang Bao’s lab. Cell lines were not authenticated. HEK293T, HeLa, HepG2, MCF7, and
PANCI cells were maintained in high-glucose Dulbecco’s Modified Eagle’s Medium
(DMEM, Sigma-Aldrich) containing 10% fetal bovine serum (FBS, Corning). Suspension

cell lines, including Jurkat, K562, and U266, were maintained in RPMI-1640 medium
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(Sigma-Aldrich) containing 10% FBS. All cells were grown in a humidified incubator at

37 °C with 5% carbon dioxide (CO»).

2.2.2  Metabolic labeling and click-chemistry reaction

Adherent cells were cultured in high-glucose DMEM medium until the cells
reached ~50% confluency. The cells were labeled with 100 pM N-
azidoacetylgalactosamine-tetraacylated (AcsGalNAz, Click Chemistry Tools) in low-
glucose DMEM medium (Sigma-Aldrich) with 10% FBS. Suspension cells were cultured
in RPMI-1640 medium until the cell density was ~7x10° cells/mL as determined by
hemocytometry and trypan blue staining and labeled similarly to the adherent cells. After
24 hours of metabolic labeling, the adherent cells were washed twice with Dulbecco’s
Phosphate Buffered Saline (DPBS, Sigma-Aldrich) while the suspension cells were
centrifuged at 300g for 5 minutes to remove the medium and washed twice with DPBS
similarly. Adherent cells were tagged with 100 uM water-soluble dibenzocyclooctyne
(DBCO)-biotin (Click Chemistry Tools) in Cellstripper solution (Corning) for 1 hour in
the humidified incubator. Suspension cells were labeled similarly except that DPBS was
used instead of the Cellstripper solution. The reaction was quenched with 10 mM
dithiothreitol (DTT, Sigma-Aldrich). The cell pellets were washed twice with ice-cold

DPBS and kept on ice until the next steps.

2.2.3  Protein extraction and peptide purification

The cell pellets were incubated with a buffer containing 25 pg/mL digitonin
(Sigma-Aldrich), 150 mM sodium chloride (NaCl, Sigma-Aldrich), 50 mM N-(2-

hydroxyethyl)piperazine-N’-2-ethanesulfonic acid (HEPES, Sigma-Aldrich, pH=8.2), and
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1 tablet/10 mL cOmplete ULTRA Tablets protease inhibitor cocktail (Roche) at 4 °C for
10 minutes on an end-over-end rotator. The suspension was centrifuged at 2,000g for 10
minutes, and the supernatant was removed. An ice-cold lysis buffer containing 0.5%
sodium deoxycholate (SDC, Sigma-Aldrich), 50 mM HEPES (pH=8.2), 150 mM NacCl, 20
units/mL universal nuclease for cell lysis (Pierce), and 1 tablet/10 mL cOmplete ULTRA
Tablets protease inhibitor cocktail was added to the cell pellets. After the lysis at 4 °C for
45 minutes on an end-over-end rotator, the suspension was centrifuged at 25,830g for 10
minutes. The supernatant was collected and reduced with 5 mM DTT at 56 °C for 25
minutes and subsequently alkylated with 14 mM iodoacetamide (Sigma-Aldrich) for 30
minutes in the dark. The alkylation reaction was quenched by incubating with DTT to the
final concentration of 5 mM in the dark for another 15 minutes.'® Proteins were purified
and pelleted with methanol/chloroform precipitation and digested with sequencing grade
modified trypsin (Promega) at 37 °C for 16 hours (enzyme:substrate ratio of ~1:100) in a
buffer containing 5% acetonitrile (ACN, Sigma-Aldrich), 1.6 M urea (Sigma-Aldrich), and
50 mM HEPES (pH=8.2). The digestion was quenched by adding trifluoroacetic acid
(TFA, Sigma-Aldrich) to the final concentration of 0.4%, and the pH was checked to be
lower than ~2. The peptides were desalted using a Sep-Pak Vac tC18 cartridge (Waters)

and dried in a vacuum concentrator.

2.2.4  Enrichment of cell-surface glycopeptides

Glycopeptides tagged with biotin were enriched with high-capacity NeutrAvidin
agarose resin (Thermo Scientific) according to the manufacturer’s protocol. The enriched
peptides were eluted three times with 200 L. 8 M, pH=1.5 guanidine hydrochloride

(Promega) at 56 °C for 2 minutes each. The eluates were pooled, desalted, and dried in a
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vacuum concentrator overnight. Glycopeptide deglycosylation was performed with 3 units
of PNGase F (Sigma-Aldrich) in 40 pL of 40 mM ammonium bicarbonate (pH=9, Sigma-
Aldrich) in heavy-oxygen water (H2'%0, Isoflex) at 37 °C for 3 hours with shaking. The
reaction was quenched with formic acid (FA, Fisher Scientific) to the final concentration
of 1%. The peptides were desalted with StageTips and eluted into three fractions with 20%,
50%, and 80% ACN containing 1% acetic acid (Sigma-Aldrich).!®! The eluates were dried

again in a vacuum concentrator.

2.2.5 LC-MS/MS analysis and database searching

The peptides were dissolved in a solution containing 5% ACN and 4% FA and
separated by a Dionex UltiMate 3000 UHPLC system (Thermo Fisher Scientific) with a
microcapillary column containing C18 beads (Magic C18AQ, 3 um, 200 A°, 75 um*16
cm) packed in-house. A total of ~1 pg of peptides was loaded into the column by a Dionex
WPS-3000TPL RS autosampler (Thermostatted Pulled Loop Rapid Separation
Nano/Capillary Autosampler). Peptides were separated by reversed-phase liquid
chromatography (LC) using an UltiMate 3000 binary pump with 80-minute gradients of 4-
25%, 10-38%, and 15-50% ACN containing 0.125% FA for the three fractions,
respectively. The LC is coupled to an LTQ Orbitrap Elite Hybrid Mass Spectrometer
(Thermo Scientific) with Xcalibur software (version 3.0.63). MS/MS analysis was
performed with a data-dependent Top20 method.!** 62 For each cycle, a full MS scan
(resolution: 60,000) in the Orbitrap with 1 million automatic gain control (AGC) target was
followed by up to 20 MS/MS in the LTQ for the most intense ions. Selected ions were

excluded from further sequencing for 90 seconds. Ions with singly or unassigned charge
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were not sequenced. Maximum ion accumulation times were 1,000 ms for each full MS

scan and 50 ms for MS/MS scans.

Raw MS files were analyzed by MaxQuant (version 1.6.2.3).16*

MS spectra were
searched against the human proteome database downloaded from UniProt containing
common contaminants using the integrated Andromeda search engine.!'®* Glycopeptides
were searched separately for the identification experiments. All default parameters were
left unchanged, except adding variable modification for asparagine deamidation (+2.9883
Da) for glycosylation site determination and 3 maximum missed cleavages. In the
quantification experiments, all raw files were searched together with the three files from
the same experiment grouped together. Label-free quantification was also enabled with the
LFQ min ratio count of 1, the match-between-runs option was enabled, asparagine
deamidation modification was used in protein quantification, and the iBAQ option was

enabled. The false discovery rates (FDR) were kept at 0.01 at the peptide spectrum match,

protein, and site decoy fraction levels.

2.2.6 Bioinformatic analysis

5> and Excel. Glycopeptides were

Data analyses were performed with Perseus'®
filtered to only contain the canonical sequences (N-X-S/T) and non-canonical sequence
(N-X-C), where X is any amino acid except proline, for N-linked glycosylation. Human
membrane protein information was extracted from UniProt database: SL-9905 (single-pass
type I membrane proteins), SL-9906 (single-pass type II membrane proteins), SL-9907

(single-pass type III membrane protein), SL-9908 (single-pass type IV membrane

proteins), SL-9909 (multi-pass membrane proteins), and SL-9903 (peripheral membrane
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proteins). For those whose membrane information is not available, further sequence
analyses were performed using Phobius (phobius.sbc.su.se), which predicts the
transmembrane and  signal peptide regions of proteins.!®  SecretomeP
(cbs.dtu.dk/services/SecretomeP) was used to further predict protein secretion through

non-classical secretory pathways with the cutoff score of 0.6.'

Gene ontology-based enrichment analysis was performed on Gene Ontology
Consortium website (http://www.geneontology.org). Fisher’s exact test was used to
calculate the P values and only those with P<0.05 were included. Residue solvent
accessibility and structure were predicted using NetsurfP (version 1.1).!%® The structure
(helix, strand, or coil) with the highest probability among the others was assigned a

structure for the residue.

For the quantification experiments, the glycopeptide LFQ intensity was extracted
from the peptides.txt table and limited to only glycopeptides (with the deamidation sites).
The glycoprotein intensity was calculated by summing the peptide LFQ intensities
together. The final LFQ intensity for each cell line was an average of the intensities
between two biological duplicate experiments. iBAQ was used to estimate the absolute

protein abundance ranking.'®’

iBAQ intensity was calculated manually by dividing the
summed glycopeptide intensity by the number of theoretical tryptic peptides, which was
extracted from the proteinGroups.txt table. Shannon’s entropy was calculated the same
way as the previous report.!”” The entropy was calculated using the formula
H(S)=—2; p(S:) Inp(S;), where  is the protein index, p(S;) is the ratio of the protein LFQ

intensity to the summed LFQ intensity of the protein. Because of the missing values, 1/8

was added to the raw LFQ intensity so that the natural log can be calculated.
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Unsupervised hierarchical clustering was performed with Perseus. Euclidean
distance was used to calculate the distance. Protein intensity was converted to a log> scale
before further analysis. For the heat map generation, missing values were imputed with a
normal distribution (width=0.3, shift=1.8) before Z-score transformation.'®> ANOVA was
performed with Perseus (So=0.5, Benjamini-Hochberg FDR=0.05). The proteins were
filtered so that they contain at least 8 out of 16 valid values in order to reduce the effect of

quantifying low-abundance surface glycoproteins.'”!

Protein interaction network was processed using Cytoscape.'’? Interaction
information was extracted from STRING database with the high confidence cutoff
(score=0.7).!7® Pathway analysis was performed with the Cluego plugin of Cytoscape.!™

All default parameters were used.

2.3 Results and discussion

2.3.1 Global analysis of cell-surface glycoproteins in human cells

Sugar analogs containing a biologically inert but chemically functional group have
been proven to be powerful labeling reagents for glycoproteomic studies.!”>'”7 We
previously demonstrated that labeling with Ac4GalNAz resulted in the highest coverage of
cell-surface N-glycoproteins compared with N-azidoacetylglucosamine-tetraacetylated
(AcsGlcNAz) and N-azidoacetylmannosamine-tetraacetylated (AcaManNAz)*’, and thus
AcsGalNAz is used in this study. Cells incorporated GalNAz into the glycans on
glycoproteins, including those located on the cell surface. These surface glycoproteins were
selectively tagged through the strain-promoted, copper-free click chemistry reaction

between the azido group and dibenzocyclooctyne (DBCO)-biotin in flask under very mild
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conditions.!”® They are then enriched with NeutrAvidin beads at the peptide level,
deglycosylated with PNGase F in H»'®0 to generate a common tag, and analyzed with LC-

MS/MS (Figure 2.1A).

Using this approach, a total of 1,047 glycoproteins and 2,172 N-glycosylation sites
were identified with an average of 354 glycoproteins and 683 sites from each cell type
(Figure 2.1B). The average posterior error probability of the peptide identification is 0.005.
Compared with the previously reported results, including total glycoproteomic analysis”®
179-180 ' \ve identified 349 new glycosylation sites. Protein occurrence analysis showed that
the number of glycoproteins identified in only one cell line is the highest, and as the number
of cell types increases, the occurrence decreases (Figure 2.1C). Biological duplicate
experiments revealed that, on average, over 70% of glycoproteins and glycosylation sites
were identified in both experiments, showing high reproducibility of the approach (Figure
2.2). The conditions for tagging cell surface glycoproteins are mild, which do not stimulate
cellular response, or harm the cells because copper or oxidizing reagents are not employed.
This allows site-specific quantification and dynamic studies of cell-surface
glycoproteins.*’*% 18! Even though we globally analyzed surface glycoproteins in cultured
cells. Spiciarich et al. recently employed metabolic labeling with ManNAz for the
identification of sialoglycoproteins from the proteomes of human prostate cancer and
normal tissues. The authors identified 972 proteins from both samples with about 50% of
the proteins localized on the plasma membrane.* This is very promising and shows the
efficiency of metabolic labeling for tissue samples. Sugar analogs can also be fed to

animals, such as zebrafish!®? and mouse'®*. Therefore, this method is applicable to study

surface glycoproteins in tissue samples and model animals.
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Figure 2.1. Overview of global and site-specific analysis of cell-surface glycoproteins
from eight popular types of human cells. (A) A diagram showing the experimental
procedure. (B) Numbers of cell-surface glycoproteins and glycosylation sites
identified from each cell type. The error bars represent one standard deviation from
two biological duplicate experiments. (C) Number of cell-surface glycoproteins
identified from multiple cell types. (D) Types of the identified surface glycoproteins.
Types I-IV for single-pass membrane protein types I-IV, TM for transmembrane
region(s), SP for signal peptide, and NC if the protein enters the non-classical
secretory pathway. (E) Single-pass types I and II surface glycoproteins from K562
cells are aligned against the transmembrane domain (TM). Yellow dots represent the
identified glycosylation sites. (F) Protein clustering of all identified surface
glycoproteins based on biological process and molecular function. The number in the
parentheses show the -logP values.
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Figure 2.2. Reproducibility of the identification of cell-surface glycoproteins from
biological duplicate experiments. (A) Overlap of cell-surface glycoproteins identified
from each cell line. (B) Overlap of cell-surface glycosylation sites identified from each
cell line.

2.3.2 Classification of identified surface glycoproteins

Among the identified surface glycoproteins (1,047), over 800 belong to membrane
proteins (P=4.51x1071?%) according to gene ontology analysis based on cellular component.
Compared with UniProt subcellular location information, on average, 75% of the
glycoproteins identified from all cell types are classified into single-pass types I-1V, multi-
pass, and peripheral membrane proteins (Figure 2.1D). For those without membrane
protein classification information available, Phobius was employed to predict if they have

either a transmembrane (TM) region and/or a signal peptide (SP).!% SecretomeP 2.0 was
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also used to predict whether they may be secreted through the non-classical secretory (NC)
pathways and then located on the cell surface.'®” Eventually, only 5.9% of the identified
glycoproteins were left without information supporting their localization on the cell
surface. These proteins may not be annotated or discovered at the cell surface yet. Another
possibility is that their identifications could be due to non-specific binding of some peptides
during the enrichment. In spite of that, the approach specifically targets proteins on the
extracellular side because the cells were tagged with DBCO directly in the flask without
affecting the cell integrity. These sites on types I and II single-pass membrane proteins
from K562 cells are displayed as yellow dots in Figure 2.1E, with the X-axis representing
the transmembrane region and the Y-axis showing how far away the glycosylation sites are

from the transmembrane region. No glycosylation sites inside the cells were identified.

The biological functions of the identified proteins from GO enrichment analysis
correspond very well with the known functions of cell-surface glycoproteins (Figure 2.1F),
including biological adhesion (P=2.36x107°), cell surface receptor signaling pathway
(P=2.30x10""), locomotion (P=2.24x10*), and cell communication (P=2.19x107").
Proteins with binding activities, such as growth factor binding (P=3.64x107""), collagen
binding (for cell-matrix adhesion, P=5.23x107'%), and calcium, copper, and chloride ion
bindings were also enriched. Many membrane enzymes with signaling receptor activity
(P=7.06x10"*) were identified, including those involved in the regulation of protein kinase
B signaling, phosphatidylinositol 3-kinase signaling, and MAP kinase activity. Other less
famous functions of cell surface glycoproteins, such as the regulation of cell size
(P=7.09x107"%), the regulation of body fluid level (P=3.24x107), ossification (P=5.86x10"

7), and learning or memory (P=5.31x10") were also found. Interestingly, we identified
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proteins involved in DNA-binding transcription factor activity, such as vasculin and alpha-
enolase, which were reported to localize in both the plasma membrane and the nucleus. ¥+
185 Therefore, some proteins without the membrane information could still be localized at

the surface.

2.3.3 Distribution and occurrence of N-linked glycosylation sites on surface

glycoproteins

Benefiting from the deglycosylation reaction with PNGase F in H2'%0 to generate
a mass tag on glycosylation sites, we confidently localized the sites with an average
probability of 0.97. N-glycosylation has a well-known N-!P-S/T canonical sequences, and
here, the N-!P-C motif was also included because of the previous reports.!6187 The
majority of the identified proteins contain 1 or 2 sites (Figure 2.3A), and some have many
more such as 25 sites identified on LRP1 (prolow-density lipoprotein receptor-related
protein 1). The protein is made of over 4,000 amino acid residues and has 75 N-!P-S/T/C
motifs. The total number of glycosylation sites does not depend on the number of
glycosylation motifs (Figure 2.4A). In our dataset, 39% of all glycosylation motifs were
glycosylated. For example, both neural cell adhesion molecule 1 (LICAM) and
lymphocyte antigen 75 (LY75) have 22 glycosylation motifs but 19 and 2 glycosylation
sites were identified, respectively. More than half of the identified glycosylation sites have
the N-!P-T sequence despite the similar occurrence of the N-!P-S and N-!P-T motifs
(Figure 2.3B), agreeing with the previous results.!®¢ Only 2% of the sites have the N-!P-C
sequence when this motif occurs at 10% of the total motifs. As the protein length increases,
the number of motifs also increases with an acceptable R? value of 0.71. However, this

does not translate into a higher number of glycosylation sites (R?>=0.02) (Figure 2.4B).
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Because the surface glycoproteome is relatively small, the number of glycosylation sites

l.,%

from a large-scale study by Xiao et al.,” which identified one of the largest experimental

datasets for N-glycosylation, was also evaluated and the result is the same (Figure 2.4C).

The relatively large and hydrophilic N-glycans play critically important roles in the
regulation of protein folding and structures. Accordingly, the location of the asparagine
residues in each protein was predicted using NetsurfP algorithm.!®® It was found that the
asparagine residues are, as expected, exposed to the solvent with only a small fraction
buried inside proteins (0.79 and 0.21, respectively) (Figure 2.3C). A closer look into these
residues shows that those containing a glycosylation motif are even more exposed to the
solvent than those without one (0.87 and 0.76, respectively). This observation also applies
to the glycosylated residues. We also determined the solvent accessibility for each of the
N-!P-S/T/C sequons. The fractions of N-!P-S and N-!P-T exposed to the solvent are very
similar (0.87 and 0.89), compared to 0.80 for N-!P-C. Overall, the fractions of the solvent

accessibility for the glycosylated sites are similar to those for the motifs (Figure 2.4D).

We then investigated the predicted structure of these sites in proteins using the
results from NetsurfP. Because of its structural role, N-glycosylation sites are usually
located on loops and turns.'®® The majority of the asparagine residues are on coils (loops
and turns), and fewer on helices and strands, respectively (Figure 2.4E). The fractions of
the identified sites and the motifs are very similar for each structure. For the helix structure,
the fractions of identified sites and residues with the glycosylation motifs are half of those
without the motif and the total, but for the strand structure they are twice, even though both
are ordered structures. Surprisingly, a higher fraction of the N-!P-C motifs is located on

coils than the N-!P-S and N-!P-T motifs, but a lower fraction is actually glycosylated
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(Figure 2.3D). Glycosylation with the N-!P-C motif is, however, more preferred at the
helices even though the fraction of helical N-!P-C is smaller than that of coiled N-!P-C.
The prediction was compared with the solved structures of some proteins and the results

agree very well.
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Figure 2.3. Site-specific analysis shows the distribution and occurrence of N-
glycosylation sites and the motifs of cell-surface glycoproteins. (A) Number of protein
glycosylation sites from each cell type. (B) Relative abundance of the glycosylation
motifs and the identified glycosylation sites. (C) Solvent accessibility prediction of all
asparagine residues. (D) Distributions of the predicted structure at each N-
glycosylation motif and glycosylation site. (E) The occurrence of the identified
glycosylated sites, the glycosylation motifs, and total sites from GO surface proteins
extracted from UniProt when each protein length is divided into 100 bins. (F) The
correlation between the number of identified glycosylation sites and the number of
the motifs in each bin.

To further investigate the occurrence of glycosylation sites along the protein length,
each protein length was divided into 100 bins, and the number of glycosylation sites in

each bin was counted (Figure 2.3E). Generally, fewer identified glycosylation sites on the
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N- and C-termini were observed. For the N-termini, it may be due to the inability of the
accepting site near the signal peptide sequence to reach the active site of
oligosaccharyltransferase (OST) before the signal peptide is cleaved. ! For the C-termini,
it may be because of the steric hindrance from the secondary structures formed in the near-
complete nascent polypeptide, or the inefficiency of N-linked glycosylation when the
polypeptide translation is terminated before the glycosylation accepting residue reaches the
active site of OST.!%1°! Not only is the frequency of glycosylation sites lower at both
termini, but also the number of the glycosylation motifs themselves are different in each
bin and lower at both termini. A similar pattern of the glycosylation motifs and the
glycosylation sites was observed (Figure 2.3E). Even though we showed earlier in Figure
S2B that the number of glycosylation sites does not depend on the protein length, the
correlation between the number of glycosylation sites and the number of the motifs is
reasonably high with R? of 0.73 when their position along the protein length is considered
(Figure 2.3F). We compared this with proteins annotated with GO surface proteins (Figure
2.3E) and those from Xiao et al.,”® and also found a similar correlation (Figure 2.4F and

G).

Some glycopeptides might be present but were not identified by the mass
spectrometer. For example, tryptic glycopeptides that are too short or too long may not be
identified. Other post-translational modifications on the same glycopeptide may also
hinder its identification. Therefore, some peptides with a particular glycosylation site could
be missing from the analysis. Nevertheless, our approach is very sensitive as 87 proteins
containing only one glycosylation motif (maximally one glycosylation site) were

identified. It should also be noted that these sites are pooled from all cell types, so some
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Figure 2.4. Site-specific analysis of surface protein glycosylation. (A) The number of
glycosylation motifs, including all N-!P-S/T/C motifs, of all identified proteins and
their percentages of the identified glycosylation sites. (B) The correlation of the
protein length and the numbers of glycosylation motifs and identified sites from this
work. (C) The correlation of the protein length and the numbers of glycosylation
motifs and identified sites from Xiao et al. (Ref. 31). (D) Distribution of the solvent
accessibility at each N-linked glycosylation motif. (E) Structure prediction of all
asparagine residues from the identified surface glycoproteins. (F) Glycosylation
motifs and site distribution when each protein length is divided into 100 bins from
this work (SS) compared to those identified from Xiao et al., 2018 (G) The correlation
between the number of glycosylated sites and the number of motifs in each bin for the
data set from Xiao et al., 2018.

sites may not be found in a specific cell type. The coverage of surface glycoproteins may

be further improved. For example, previously, different sugar analogs were used for
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labeling different subsets of surface glycoproteins such as ManNAz for

sialoglycoproteins,*’> 175 182, 192

and thus a combination of sugar analogs may further
increase the coverage. Many surface glycoproteins are also present in low abundance.

Therefore, more cells used in the experiments will allow us to more effectively identify

low-abundance glycoproteins on the surface.

2.3.4 Label-free quantification of cell-surface glycoproteins

The identification of cell-surface glycoproteins from eight types of cells does not
provide quantitative information. Therefore, we quantified these cell-surface glycoproteins
between cell types with label-free quantification (LFQ) using MaxQuant.'%*> Based on the
LFQ results, 784 surface glycoproteins were quantified. The reproducibility of LFQ
quantification was first evaluated between two biological duplicate experiments because
the abundance of cell-surface glycoproteins is intrinsically low compared to intracellular
proteins, which may affect the quantification precision between runs. The log, intensities
from both runs are in an acceptable agreement with an average R? of 0.81 (Figure 2.5A).
Proteins with zero intensities were excluded because the log values cannot be determined.
Conversely, a comparison between different cell types showed a weaker correlation with
an average R? of 0.45 (Figure 2.5B and Figure 2.6A). These results differ from the previous
proteome experiments where the correlations from biological replicate experiments are
very similar (0.83) while the correlation between the results from different cell lines were
much higher (0.74).!”! These results clearly demonstrate that the method is reasonably
reproducible, and compared to intracellular proteins, surface glycoproteins are much more
unique to the cell type. The identified proteins are categorized into globally expressed and

cell-specific surface glycoproteins. Here, we define globally expressed surface
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glycoproteins as those quantified across all cell lines without any missing values while the
cell-specific ones are quantified in a single cell type. Shannon’s entropy was also applied
to the quantified proteins to show the expression of each protein across the cell types.!”
Generally, a higher entropy value means a more uniform expression across cell types or
that the protein is quantified with valid abundance values in more cell types, while a lower
entropy indicates differential expression of the protein or it is expressed in particular cell
types (Figure 2.6B and Figure 2.6C). We quantified 104 globally expressed surface
glycoproteins (Figure 2.5C), with Shannon’s entropy in the range of 0.71-2.04. These
proteins are involved in biological processes such as adhesion, cell-surface receptor
signaling pathway, and cell migration. Four-hundred and eighty-three proteins were found
in 2-7 cell lines. Surprisingly, a total of 197 proteins were cell-specific, corresponding to
an average of 25 proteins or 7% of all quantified proteins per cell type (examples are
included in Table 2.1). The proteins have the Shannon’s entropy values in the range of 1.76
x 10* — 8.26 x 10°8. The number is different from that in Figure 2.1C because the match-
between-runs option was enabled during the quantification, and some proteins were
assigned to more than one cell line. Protein clustering analysis did not yield much valuable
information about these proteins for a specific cell type due to the low number of proteins.
Nevertheless, the functions enriched from HEK293T-specific proteins are consistent with
relevant biological processes to kidney cells including kidney development and nervous

system development.

The absolute abundance of these surface glycoproteins was also estimated using
intensity-based absolute quantification (iIBAQ). The log>-transformed intensity plots show

a normal S-shaped distribution and varies within five orders of magnitude (Figure 2.6D).
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Figure 2.5. Label-free quantification of surface glycoproteins. (A) Correlation of LFQ
intensity from biological duplicate experiments of each cell type. (B) Correlation and
hierarchical clustering of LFQ intensity between cell lines. R? values are displayed in
the figure. The log:-transformed average LFQ intensity of the two duplicate
experiments were used when calculating the correlation. (C) The numbers of proteins
that are cell-specific, are in 2-7 cell lines, and are globally expressed from each cell
line from the quantification with LFQ. (D) Ranking of absolute protein abundance
by iBAQ from K562 cells. Data points from global and cell-specific proteins were
shifted by +5 and -5, respectively, to clearly show their positions. (E) A similar plot as
Figure 2.5D. However, the iBAQ intensity of proteins in the yellow square of K562
cells of Figure 2.5F are plotted as orange circles against total proteins from K562.
Data points were shifted by +5 to more clearly show their positions. (F) A Z-score
transformed heat map of log: LFQ protein intensity showing relative protein
expression of surface glycoproteins. Missing values were imputed with a normal
distribution (width=0.3, shift=1.8).
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Figure 2.6. Correlation of label-free quantification of cell-surface glycoproteins. (A)
The correlation of log:-transformed LFQ intensity from biological duplicate
experiments or between cell lines. Pearson correlation is shown on the plot. Zero
values were omitted. (B) Distribution of Shannon’s entropy (H(S)) of proteins found
in different number of cell lines. (C) Example of two proteins with different
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Surface glycoproteins from each cell type are categorized as high or low abundance if their

intensities fall within the fourth or the first quartiles, respectively. The 104 glycoproteins
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that are globally expressed have higher absolute abundance while the cell-specific ones are
present in relatively low abundance. The estimated absolute abundance of 77% globally-
expressed proteins fall into the third and fourth quartiles while 83% of those K562-specific
proteins are in the first and second quartiles (Figure 2.5D). There are also 12 high-
abundance glycoproteins that were quantified in all cell types. These high-abundance
proteins are mostly transporters or adhesion molecules, including integrin beta-1 (ITGB1),
basigin (BSG), and neutral amino acid transporter (SLC1AS). No common low-abundance

proteins were found in all cell types.

We then performed a hierarchical clustering analysis with the LFQ intensities to
compare the surface glycoprotein expression between cell types. The heat map shows
differential expression of proteins across the cell types (Figure 2.5F). ANOVA test was
also performed and the expression of over half of the proteins were statistically different
in at least one cell type (65% without missing value imputation and 71% with the
imputation). Because of the intrinsic low abundance of cell-surface glycoproteins, it is
expected that many values would not pass the cutoff for statistical significance, thus the
percentages may be underestimated. The first, closest expression pattern from hierarchical
clustering analysis arose from MCF7 and HEK293T while the second was from Jurkat and
K562 cells. There are also groups of glycoproteins that are more abundant in a specific cell
type than in the others. These glycoproteins are responsible for particular processes
regarding the cell type. For example, those from K562 cells (in the yellow frame of Figure
2.5F) are involved in the processes such as neutrophil degranulation, while those from
Jurkat include positive regulation of T cell activation. Interestingly, the estimated absolute

abundances of these proteins span a wide range in that cell line, as shown in Figure 2.5E
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for K562 cells, but their relative abundances are higher than the corresponding ones in the

other cell lines if expressed.

Overall, the current results demonstrate that the majority of commonly identified
surface glycoproteins across the cell types usually have higher absolute abundance. Most
of these proteins are necessary for normal cellular functions and cell survival. In
biomedical research, cell lines are often chosen based on specific protein expression on the
surface that are appropriate for the experiment. We observed, however, that only a small
portion of quantified surface glycoproteins from each cell type are cell-specific, and their
absolute abundances are quite low. While we cannot disregard that these cell-specific
proteins define the cell type, the difference among the cell types further arises from their
differential expression. These cell-specific proteins cannot be excluded in other cell types.
If the detection limit is lower and some of these proteins may be detected in another
different cell type, but the relative abundance is still different. In this case, quantification
information will be more meaningful. In addition, proteins responsible for specific
functions of the cell type are expressed at any absolute abundance, but the relative
abundances of these proteins are normally higher than in other cell types. It also illustrates
that not only the expression but also the abundance of the protein of interest should be

taken into consideration when choosing a cell type for a specific experiment.
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Table 2.1. Examples of cell-specific surface glycoproteins. The LFQ intensity is shown
for each protein in each cell line. See the method section for the calculation of
Shannon’s entropy.
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Table 2.1. Continued

o | — | High affinity nerve | 3 i~ %0
Q| X h f; Ze| d +
QL | ¢ growth factor Zﬁ I g g o|l ol ©
£ | £ | receptor R —_
Q Z
Nel
¥
m § Interleukin-27 A ©
% & | receptor subunit 2 @ é ol ol o
© | g | alpha Z N —_
O P —
= | Adhesion G g 0
| B . led Q o | < s
N | {5 | protein-couple Z 3|« ol dlo|e
& | 8 | receptor F4 T4 I
~ < Z @
@
= <
AN = |3 ?
Z | = | Nectin-4 x 8a) ol B o] ©
o Q Ne} <t
o=z <
Pro-neuregulin-1, \©
N 5 £ < < e
N\ membrane-bound © 2y olo| Wl o
— & | Z | isoform N —
% o~
< o . . ]
A S I | Sialomucin core © < b
I | A | protein 24 = = == Ble
o .
Z e
| Tumor necrosis ©
& | B | factor receptor < e
N v . g 2] LJTS
Q| & | superfamily Z &= Sl 2] %
/M O | Z | member 17 < «
8 =
S ~ | — | Phosphoinositide-3- 2 ©
Eﬂ % kinase—interacting | 8 o = =] = E{]
8’ = protein 1 < 2 ~

53




2.3.5 Classification of cell types by cluster of differentiation

As of December 2018, 451 cluster of differentiation (CD) molecules were listed on
UniProt (https://www.uniprot.org/docs/cdlist), among of which 396 are proteins. Here, we
identified a total of 155 CD proteins with an average of 76 proteins per cell type. With LFQ
intensity and the MBR option enabled, we quantified 148 CD proteins. Twenty-nine CDs
were globally expressed in all cell lines, and most of these proteins function in the response
to stimulus process. On average, twenty-six of the CD proteins were cell-specific, such as

CD7 protein that was identified and quantified only in Jurkat cells.

Similar to the surface glycoproteome results, we performed hierarchical clustering
analysis and observed differential expression with specific groups of proteins being more
abundant in specific cell types (Figure 2.7A). For example, proteins highlighted in the
yellow box in the figure are highly expressed in Jurkat cells. These are proteins involved
in specific T-cell processes, such as CD3D, CDS5, and CD6. Despite the use of CDs as
markers for a specific cell type, we noticed that some CD proteins can be expressed in other
types of cells. For example, CD28 was detected in both Jurkat and U266B1 (Figure 2.7B),
and the relative abundance of CD28 in U266B1 is even greater than that in Jurkat cells.
Similarly, CD6 was also detected in both cell lines. The estimated absolute abundance of
CD28 in both types of cells is high, and that of CD6 is high in Jurkat, but is low in U266B1
(Figure 2.8). Another example is CD56, a phenotype marker for natural killer cells, was
also found in HEK293T, HeLa, Jurkat, and U266B1 at different expression levels (Figure
2.7B). Previous studies found that CD56 could be expressed in different cell types,
including T cells, dendritic cells, and monocytes.'*® There are also some published cases

where a specific CD molecule was discovered in other different cell lines.'*+!%>
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Figure 2.7. Cluster of differentiation (CD) proteins are differentially expressed in
different cell types. (A) A heat map with hierarchical clustering showing relative
expression of CD proteins. Missing values were imputed similar to that in Figure 2.5F.
(B) Relative expression of CD6, CD28, and CD56. Missing values were imputed and
are indicated by blank data points.

With the differential expression of CD proteins, the abundances of these CD
molecules might need to be taken into consideration when using them to classify cell types.

There is an effort to determine the expression of CD molecules through the CDmaps

55



project.??> A combination of surface CD molecule identification with their abundances may
help increase the accuracy of the classification considering that many of CD proteins are

expressed with different abundances in different cell types.

2.3.6  Cell-surface glycoprotein interactions and pathway analyses

To explore the connection network among the quantified proteins, surface
glycoprotein interactions with high confidence score were extracted from STRING
database.!”® The network is complexed with several modes of interactions between these
proteins including binding, catalysis, reaction, inhibition, and post-translation modification
(Figure 2.8A). Proteins in the integrin family have the highest degree of interactions with
other proteins, with ITGB1 interacting with the greatest number of proteins, including
enzymes such as receptor-type tyrosine-protein phosphatase C, adhesion molecules such
as neural cell adhesion molecule 11, and transporters such as basigin. Integrin beta-1 also
interacts with other proteins in the integrin family, including ITGAV, ITGA1, ITGA2,
ITGA3, and ITGAS, that are globally expressed. Integrin proteins are well-known surface
proteins that play important roles at the cell interface, including acting as adhesion
molecules and receptors. In fact, we identified most members of proteins in the integrin
alpha family, and all proteins from the integrin beta family were identified, from ITGBI to
ITGB 8. Epidermal growth factor receptor (EGFR), a receptor tyrosine kinase with several
roles in protein signaling, is another protein interacting with some integrin proteins and
several other groups of proteins, such as those in the ephrin family, and transferrin receptor

protein 1 (Figure 2.8A).
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Figure 2.8. Cell-surface glycoprotein interaction and CD proteins. (A) Cell-surface
glycoprotein interaction of all quantified surface glycoproteins with the data
extracted from STRING. Those without any interactions were omitted. Data was
processed by Cytoscape. (B) KEGG pathway analysis of all quantified surface
glycoproteins. Data were processed with ClueGO plugin on Cytoscape. Default
parameters were used. The size of each node corresponds to the significance of the
term (a larger node means that the corrected P value is lower). The term with the
highest significance is labeled on the plot. (C) Estimated abundance ranking of CD28
and CD6 from U266B1 and Jurkat cells.

Different interaction networks also arose for each cell line, with proteins in the
integrin family at the center of the network (Figure 2.9A for HEK293T cells). About 40%

of the quantified proteins do not have any interactions with the others. It is highly probable
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that these proteins interact with others outside of the current list or their interactions have
not been reported yet. However, even with 100 additional proteins extracted from outside
of our dataset, some proteins, such as choline transporter-like protein 1, do not show any

interactions despite that they are globally expressed in all these cell lines.

Some cell-surface glycoproteins, especially receptors, regulate signal transductions
and are involved in many pathways. We assigned these quantified surface glycoproteins
into 213 KEGG pathway annotations (Figure 2.8B). As expected, most of these proteins
are annotated as cell adhesion molecules (CAMs). With the specific surface glycoprotein
expression patterns, several pathways arise depending on the function of that cell type. For
example, those from the axon guidance process were identified from HEK293T cells, a
neuronal-originated cell line (Figure 2.9B), while proteins involved in the leukocyte trans-
endothelial migration pathway were found in Jurkat cells (Figure 2.9B). Several signaling
pathways were also identified, with 51 surface glycoproteins involved in the PI3K-Akt
signaling pathway and 23 proteins in the RAP1 signaling pathways, for example. Other
pathways only contain a few surface glycoproteins. These numbers are small compared to
the phosphoproteome since the majority of signal transduction pathway is conducted
through protein phosphorylation, and the numbers of phosphoproteins, kinases, and

phosphatases far exceed the number of cell-surface glycoproteins.'”

2.4 Conclusions

Cells are normally covered with glycans, and almost all proteins on the surface are
glycosylated. Surface glycoproteins are essential for cells and regulate nearly every

extracellular event, and aberrant protein glycosylation on the cell surface is directly related
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to human diseases. Compared to global analysis of proteins, comprehensive analysis of
surface glycoproteins is much more understudied despite their importance. It is
extraordinarily challenging because of the low abundance of many surface glycoproteins,
the heterogeneity of glycans, and the requirement of selective separation of glycoproteins
only located on the cell surface. In this work, we characterized cell-surface glycoproteins
from eight types of commonly used human cells. The distribution and occurrence of N-
glycosylation sites were systematically investigated, and it was found that protein
secondary structures have dramatic influence on N-glycosylation sites. For the sites with
the motif N-!P-C, about one third of them are located on helix structures while those with
the motif N-!P-S/T prefer strand structures over helix structures. Quantification results
revealed that besides cell-specific surface proteins, the relative expression of surface
glycoproteins also contributes to the uniqueness of each type. Our results suggested that it
is better to consider multiple surface glycoproteins including their abundances for cell
classification, rather than a single CD protein normally used in conventional methods.
Global analysis of cell-surface glycoproteins facilitates a better understanding of protein
glycosylation and cellular properties, and their quantitative analysis may lead to the
identification of important surface glycoproteins as effective disease biomarkers and drug

targets

59



B
25 1 HEK293T CAMs

]
= 20 1
e Axon guidance
T 15 1 ECM-receptor |
fg' interaction
£ 10 1 .' PI3K-Akt signaling
S pathway
2 Hepatocellular |
?: 51 carcinoma o @
0 O ®
04
0 10 20 30 40
Number of proteins

25 1
_ Jurkat CAMs
] |
2 20 -
>
o
51
[%]
£

Nuifiber of \ s 10 1 Leukocyte ~ Phagosome
interactions % 2 transendothelialy |
[31 @ @ 2 5. migration
- >,
= O
LS
o L quipese
@ 0 10 20 30 40
-0 / .
@‘ Number of proteins

Figure 2.9. Cell-surface glycoprotein interactions and their roles in biological
pathways. (A) Interaction network of surface glycoproteins from HEK293T cells
extracted from STRING database. Those without any interactions are not shown. (B)
KEGG pathway analysis shows enriched pathways in HEK293T (top) and Jurkat
(bottom) cells, respectively.
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CHAPTER 3. TEMPORAL ANALYSIS OF SURFACE
GLYCOPROTEINS REVEALS DISTINCT RESPONSES OF
MONOCYTES AND MACROPHAGES TO INFECTION

Reproduced with permission from Suttapitugsakul, S.; Tong, M.; Wu, R., Time-resolved
and comprehensive analysis of surface glycoproteins reveals distinct responses of
monocytes and macrophages to bacterial infection. Angew. Chem. Int. Ed. 2021.

DOI:10.1002/anie.202102692. Copyright Wiley-VCH GmbH.

3.1 Introduction

The immune system protects the body from pathogens such as bacteria and viruses
that can cause adverse health effects. Innate immunity is the first line of defense against
these pathogens that acts in an immediate and non-specific manner. This involves physical
and chemical barriers such as the epithelium and the low stomach pH. Additionally,
leukocytes including macrophages and natural killer cells that may be recruited to the
infection site once these pathogens penetrate into the body.!’¢!°® Adaptive immunity,
however, is the delayed and specific response to the infections, during which B and T cells
are critical.!”®-2%° Cell-surface glycoproteins regulate a number of cellular activities in the
immune system by sensing the presence of these pathogens and functioning as receptors or
transporters for cellular communication to recruit different immune cells to the infection
location.?!292 The innate and adaptive immune systems are also interconnected by
antigen-presenting cells, including macrophages and dendritic cells that have major

histocompatibility complex (MHC) proteins on their surface.?%?

Gram-negative bacteria contain lipopolysaccharides (LPS) that are released from

the cell wall into the extracellular environment when the cell integrity is disrupted.?** LPS
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binds to pattern recognition receptors (PRRs) on the cell surface, particularly those in the
toll-like receptor (TLR) family through pathogen-associated molecular pattern (PAMP)
recognition. LPS triggers signaling cascades that activate transcription factors including
NF-xB, AP-1, and IRF3. This promotes the pro-inflammatory response and could
eventually result in the secretion of cytokines such as tumor necrosis factors, interleukins,
or chemokines that attract other cells into the vicinity.??>2° Monocytes and macrophages
are important cells in the innate immune system that respond to LPS, and thus several cell-
culture models such as THP-1 and U937 human monocytes or RAW264.7 mouse
macrophages have been widely used for in vitro studies to avoid the donor-to-donor
variation issue with peripheral blood mononuclear cells (PBMCs).?”2!! The two human
monocyte models can be differentiated into dendritic cells or MO macrophages and further
polarized into M1 pro-inflammatory or M2 anti-inflammatory subtypes.?*” 22 Previous
studies have already reported the whole proteomic and transcriptomic analyses of these
immune cells in response to LPS,2% 210213 \while others focused on secreted proteins
released after the treatment using antibody-based methods such as ELISA.?!%2!* Despite
the importance of surface glycoproteins, their behaviors during immune response processes
remain to be explored particularly in a time-resolved and site-specific manner, which can

pinpoint the transient and important events that may not be observed in a typical study.

In this study, combining metabolic labeling, bioorthogonal chemistry, and
multiplexed mass spectrometry (MS)-based proteomics, we investigated the time-resolved
and site-specific responses of surface glycoproteins on THP-1 monocytes and macrophages
to LPS and during the monocyte-to-macrophage differentiation. Differential remodeling of

the surface glycoproteomes was observed among the cells during these processes,
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including the expression of new glycoproteins to the surface and the
removal/internalization of existing surface glycoproteins that participate in different
biological processes. Interestingly, the abundance of some surface glycoproteins was
transiently altered before being restored to the normal state, which would not be observed
in an experiment without the time factor. Nonetheless, some glycoproteins were minimally
affected. A comparison of both cell types revealed that surface glycoproteins that
responded similarly are involved in general functions of surface proteins, such as cell-cell
adhesion, but those that responded differently participate in the immune response process.
The results suggested that the priming of the cells during the differentiation process may
be responsible for the different responses in monocytes and macrophages to LPS. Apart
from previously reported markers, novel surface glycoproteins in the immune response
process were also detected. Furthermore, selective and site-specific protein glycosylation
was observed in these systems. This work results in a better understanding of the important
roles of cell-surface glycoproteins in the immune response during the bacterial infection
and potentially the identification of surface glycoproteins as disease biomarkers and drug

targets.

3.2 Materials and methods

3.2.1 Cell culture, monocyte-to-macrophage differentiation, and cell-surface

glycoprotein labeling

All reagents were purchased from Sigma-Aldrich unless noted otherwise. THP-1
cells (ATCC) were maintained in RPMI-1640 medium (Gibco) containing 10% fetal

bovine serum (Corning) and 1% penicillin-streptomycin in a humidified incubator with 5%
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carbon dioxide at 37 °C. Monocyte-to-macrophage differentiation was performed similar
to the previously reported protocol.?’® Briefly, the cells were grown until the density
reached 10° cells/mL and then treated with 100 ng/mL phorbol 12-myristate 13-acetate
(PMA) in the normal medium for 48 hours. Adherent cells were washed with PBS buffer
and rested in the normal medium without PMA for 24 hours. For the identification
experiments, surface glycoproteins were labeled similar to the method reported
previously.?!3-216 Briefly, THP-1 monocytes at the cell density of 8x10° cells/mL or the
differentiated MO macrophages were labeled with 100 uM N-azidoacetylgalactosamine-
tetraacylated (AcsGalNAz, Click Chemistry Tools) in the normal medium in the
humidified incubator. After 24 hours, the cells were tagged with 100 uM
dibenzocyclooctyne (DBCO)-biotin (Click Chemistry Tools) in PBS for 1 hour at 37 °C.
For the differentiated macrophages, Cellstripper solution (Corning) was employed instead
of trypsin to detach the cells. The reaction was quenched with 100 mM dithiothreitol (DTT)

in ice-cold PBS, centrifuged at 300g for 4 minutes, and kept on ice until the next step.

3.2.2 Time-resolved quantification of surface glycoproteins in response to LPS and

during the PMA-induced differentiation

Time-resolved experiments were performed for the treatment of THP-1 monocytes
with LPS, the treatment of MO macrophages with LPS, and the differentiation of monocytes
to MO macrophages. For each experiment, biological duplicate experiments were
performed. To account for the difference in AcsGalNAz incorporation efficiency among
glycoproteins and the effect of cell growth, control experiments were also included by
treating the cells with PBS (for the LPS experiments) or DMSO (for the PMA

experiments). The LPS-treatment experiments were performed by pre-labeling the cells
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with 100 uM AcsGalNAz 12 hours before the LPS treatment, which is considered as a 0-
hour time point. THP-1 monocytes or the differentiated macrophages were treated with 1
pg/mL LPS from E. coli O111:B4. After0, 1, 3, 6, 12, and 24 hours, the cells were collected
and tagged with 100 uM DBCO-biotin similarly to the identification experiment. For the
experiment with MO macrophages, the pre-labeling took place 12 hours after the start of
the resting period and 12 hours before the LPS treatment similar to the monocyte
experiment. For the differentiation experiment, monocytes at the density of 10° cells/mL
were treated with 100 ng/mL PMA and tagged with DBCO-biotin after 0, 3, 6, 12, 24, and
48 hours. The reaction was quenched with 100 mM DTT in ice-cold PBS, centrifuged at

300g for 4 minutes, and stored at -80 °C until cells from different time points were obtained.

3.2.3 Cell lysis, protein digestion, and peptide purification

The cell pellets were treated with a buffer containing 25 ug/mL digitonin, 150 mM
sodium chloride (NaCl), 50 mM N-(2-hydroxyethyl)piperazine-N’-2-ethanesulfonic acid
(HEPES, pH=8.8), and 1 tablet/10 mL cOmplete ULTRA tablets protease inhibitor cocktail
(Roche) at 4 °C for 10 minutes on an end-over-end rotator. The suspension from each
sample was centrifuged at 2,000g for 10 minutes, and the resulting pellet was lysed with
an ice-cold lysis buffer containing 0.5% sodium deoxycholate, 50 mM HEPES (pH=8.8),
150 mM NacCl, 20 units/mL universal nuclease for cell lysis (Pierce), and 1 tablet/10 mL
cOmplete ULTRA tablets protease inhibitor cocktail at 4 °C for 1 hour on an end-over-end
rotator. The lysates were centrifuged at 25,830g for 10 minutes and the supernatants were
collected. Proteins were reduced with S mM DTT at 56 °C for 25 minutes, alkylated with
14 mM iodoacetamide for 30 minutes in the dark, and quenched by incubating with DTT

to the final concentration of 5 mM in the dark for another 15 minutes. Proteins were
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purified and pelleted with the methanol/chloroform precipitation and digested with
sequencing grade modified trypsin (Promega) at 37 °C for 16 hours (enzyme:substrate ratio
of ~1:100) in a buffer containing 5% acetonitrile (ACN), 1.6 M urea, and 50 mM HEPES
(pH=8.8). Once the digestion is completed, the pH of the mixture was adjusted to <2 using
trifluoroacetic acid (TFA). Peptides were desalted with a Sep-Pak Vac tC18 cartridge

(Waters) and dried in a vacuum concentrator.

3.2.4 Glycopeptide enrichment, TMTsixplex labeling, and PNGase F treatment

Glycopeptides containing biotin were enriched with the high-capacity NeutrAvidin
agarose resins (Thermo) according to the manufacturer’s protocol. The enriched peptides
were eluted three times with 200 uL. 8 M, pH=1.5 guanidine hydrochloride (Promega) at
56 °C for 2 minutes each. The eluates were pooled, desalted, and dried in a vacuum
concentrator overnight. For peptides from the time-resolved experiments, BCA assay
(Pierce) was performed with peptides from each time point to normalize the total protein
abundance before the enrichment. The peptides were dried after the enrichment,
resuspended in a buffer containing 200 mM HEPES (pH=8.5) with 40% ACN, and labeled
with each channel of the TMTsixplex reagents. The reaction was performed at room
temperature with shaking for 1 hour and subsequently quenched with 8 pL of 5%
hydroxylamine hydrochloride in 200 mM HEPES (pH=8.5) at room temperature with
shaking for 15 minutes. The labeled peptides from all time points were pooled, purified,

and dried overnight.

Glycopeptides were treated with 3 units of PNGase F in 40 pL of 40 mM

ammonium bicarbonate (pH=9) in heavy-oxygen water (H2'%0) at 37 °C for 3 hours with
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shaking. The reaction was quenched with formic acid (FA) to the final concentration of
1.0%. The peptides were desalted with the StageTip method and eluted into three fractions
with 20%, 50%, and 80% ACN containing 1% acetic acid.'®! The eluates were dried again

in a vacuum concentrator before LC-MS/MS analysis.

3.2.5 LC-MS/MS analysis

The peptides were dissolved in a solution containing 5% ACN and 4% FA and
loaded into a microcapillary column packed in-house (Magic C18AQ, 3 um, 200 A, 75 um
x 16 cm). The peptides were separated with reverse-phase liquid chromatography on a
Dionex UltiMate 3000 UHPLC system (Thermo) using 112-minute gradients of 3-22%, 6-
30%, and 12-45% or 3-14%, 4-17%, and 8-24% of ACN with 0.125% formic acid for the
20%, 50%, and 80% ACN fractions from the identification and time-resolved
quantification experiments, respectively. The UHPLC was connected on-line to an LTQ
Orbitrap Elite hybrid mass spectrometer (Thermo). For each cycle, a full MS spectrum was
recorded in the Orbitrap at the resolution of 60,000 with 1x10° automatic gain control
(AGC). In the identification experiments, collision-induced dissociation (CID) was used
due to the faster speed and higher sensitivity, allowing for the better coverage of surface
glycoproteins from both monocytes and macrophages. For the quantification experiments
including the treatment with LPS and PMA-induced differentiation, higher-energy
collision dissociation (HCD) was employed to accurately quantify glycopeptides based on
the TMT reporter ions in the low mass-to-charge range. The TMT labeling enabled us to
quantify glycopeptides from several time points simultaneously, increasing the throughput
and the quantification accuracy. For the identification experiments, peptides were

fragmented in the LTQ using a data-dependent Top20 method; for each cycle, a full MS
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scan in the Orbitrap was followed by up to 20 MS/MS in the LTQ for the most intense ions.
Selected ions were excluded from further sequencing for 90 seconds. Ions with singly or
unassigned charge were not sequenced. Maximum ion accumulation times were 1,000 ms
for each full MS scan and 50 ms for MS/MS scans. For the quantification experiments,
peptide fragmentation was performed by higher-energy collisional dissociation (HCD)
with the normalized collisional energy of 40% using a Top15 method, i.e., up to 15 MS/MS

of the most abundant peaks were recorded in the Orbitrap cell at the resolution of 15,000.

3.2.6 Database searching, data filtering, and bioinformatic analysis

The raw files were converted into an mzXML format and searched using the
SEQUEST algorithm (version 28).2!7 The spectra were matched against the human
proteome downloaded from UniProt (www.uniprot.org). The peptide mass tolerance was
20 ppm, and the fragment ion mass tolerance was 1.0 Da for the identification experiment
(detected in the LTQ cell) or 0.025 Da for the quantification experiment (detected in the
Orbitrap cell). The maximum number of missed cleavages was 3 and the maximum number
of differential modifications was 4. The following amino acid modifications were used:
static modifications of +57.0215 Da for the carbamidomethylation of cysteine and
+229.1629 Da for the TMT labeling at lysine and the N-terminus (only for the
quantification experiment), and differential modification of +2.9883 Da for the
glycosylation site and +15.9949 Da for the oxidation of methionine. The target-decoy
method was employed to estimate the false discovery rates (FDRs) of glycopeptide and
glycoprotein identifications.?!® Linear discriminant analysis was applied to control the
quality of glycopeptide identification using multiple parameters such as XCorr, ppm,

peptide length, and charge state. The FDR for glycopeptide identifications was controlled
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to <1%, and an additional filter was also applied to control the FDR to <1% at the protein
level. The dataset was limited to only glycopeptides or glycoproteins when calculating the

FDRs at both levels.

Reverse hits and common contaminants were removed from the dataset. The
confidence of the glycosylation localization was performed using a method called
ModScore, which is similar to Ascore for protein phosphorylation.?!” Glycopeptides with
the score greater than 13 have the localization confidence of >95% while those with the
score greater than 19 show the confidence of >99%. For the quantification experiments,
the correction parameter from Thermo was used to adjust the TMT reporter ion intensities.
The signal-to-noise (S/N) ratios were used for peptide-level quantification. Glycopeptides
with S/N ratios less than 5 in any channel were removed from further quantification. The
summed-based S/N of glycopeptides were employed for glycoprotein quantification. The
glycoprotein abundance was normalized to that of the 0-hour time point and between the
control and treatment groups. If the protein was detected in both biological duplicate
experiments, the average ratio is used. Only those detected in both the treatment and control
groups were reported because their abundances can be normalized for the incorporation
efficiency of AcsGalNAz and the elimination of the possible effect from cell growth. For
site-specific quantification, glycopeptides were filtered to those only containing one
glycosylation sites and have a ModScore of at least 13. Depending on the experiment,
proteins were clustered with the Gene Ontology Resource (www.geneontology.org) or the
Database for Annotation, Visualization and Integrated Discovery (DAVID).??° Changes of
surface glycoprotein abundances were classified into four types based on the following

criteria: A) Proteins that increased their abundances over time. The fold change of at least
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one time point should be greater than 1.5-fold and did not decrease to lower than half of
the maximum abundance or below 1.5. All data points should be greater than 0.67; B)
Proteins that abruptly increased their abundances and then returned to normal. The fold
change of at least one time point should be greater than 1.5-fold and decreased to lower
than half of the maximum abundance or below 1.5. All data points should be greater than
0.67; C) Proteins that decreased their abundances. The fold change of at least one data point
should be lower than 0.67. Other data points should be lower than 1.5; D) No change. The
fold change is within the 0.67-1.5 range. Others are considered as not determinable (N/D).
Ingenuity Pathway Analysis (IPA; Qiagen) was performed using the default parameters to
predict the upstream regulators and downstream effects, as well as the regulator effects.
Since IPA considers each time point (not the change type, i.e., A, B, C, D, or N/A), the
cutoff for up- or down-regulation is >1.5 or <0.67, respectively. Only the significant results

are included in Table S5.

3.3 Results and discussion

3.3.1 Site-specific identification of glycoproteins on the cell surface of monocytes and

macrophages

Modern mass spectrometry-based proteomics provides a possibility to globally
analyze proteins and their modifications.!*® 221227 To target surface glycoproteins, we need
to selectively separate them prior to MS analysis due to their low abundance compared

with cytosolic proteins.?28-23!

We systematically investigated the dynamics of
glycoproteins on the surface of THP-1 monocytes and macrophages in response to LPS in

time-resolved and site-specific manners by combining metabolic labeling, bioorthogonal
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chemistry, and multiplexed proteomics (Figure 3.1A and Figure 3.1B).!76 181,215,232 THp_
1 cells were labeled with 100 uM N-azidoacetylgalactosamine-tetraacylated (Ac4GalNAz).
Surface glycoproteins containing the functional azido group were then tagged with 100 uM
dibenzocyclooctyne (DBCO)-biotin while the cells remained intact. After cell lysis, protein
extraction, and digestion, the tagged glycopeptides from surface glycoproteins were
selectively enriched using NeutrAvidin beads, followed by a deglycosylation reaction with
PNGase F in H2'®0 and MS analysis. The glycopeptides from the quantification

experiments were also labeled with the TMT reagents to determine the protein dynamics.

A THP-1 Monocytes THP-1 MO Macrophages

Monocyte-to-macrophage
differentiation:
Time-resolved quantification

® ‘ '

Treat with LPS: Treat with LPS:
Time-resolved quantification Time-resolved quantification
B . i Elution o
[T 0hr ag wit 126 1
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together with Ac,GalNAz NeutrAvidin labeling

Figure 3.1. Experimental procedure for global quantitation of the dynamics of surface
glycoproteins. (A) The experiments with THP-1 monocytes and macrophages,
including the LPS treatment and the differentiation induced by PMA. (B) The general
time-resolved experiment scheme to determine the dynamics of cell-surface
glycoproteins after the treatment.

Overall, 764 cell-surface glycoproteins and 2,205 unique glycopeptides were
detected from all identification and quantification experiments (Figure 3.2A). Over 400

glycoproteins and 1,000 glycopeptides were found commonly in both monocytes and
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macrophages. Gene ontology (GO)-based clustering of all identified glycoproteins based
on the biological process showed that immune system process (P=4.99x1077), cell
adhesion (P=4.93x107"), cell-surface receptor signaling pathway (P=3.84x10*!), and
transmembrane transport (P=9.60x107'!) are highly enriched, which is in excellent
agreement with the known functions of cell-surface glycoproteins (Figure 3.2B). Based on
cellular component, over 600 glycoproteins are annotated to the membrane part
(P=5.27x1071%) while ~500 are on the plasma membrane (P=9.71x10°'°"), demonstrating
that the current experiments are effective for specific detection of glycoproteins on the cell
surface. The reproducibility of the results from biological duplicate experiments is
reasonably high, such as those from the identification experiments with monocytes (Figure
3.2C). Some glycoproteins were found only in a specific cell type despite the identical
genome backgrounds of THP-1 monocytes and macrophages. Clustering of 180 proteins
identified specifically in monocytes revealed highly enriched processes such as humoral
immune response mediated by circulating immunoglobulin (P=9.30x10'°) and regulation
of complement activation (P=3.2x10®) (Figure 3.2D). For 107 proteins found only in
macrophages, those involved in the regulation of cytokine secretion (P=1.30x107%),
response to molecules of bacterial origin (P=2.20x1077), and regulation of adaptive immune

response (P=8.00x10) are highly enriched (Figure 3.2D).

Among important groups of proteins in the immune response process, several in
the TLR family were identified. Only TLR2 was detected in monocytes while TLR1,
TLR2, TLR4, and TLR6 were found in macrophages. Nonetheless, TLR2 was the only
protein quantified in the time-resolved experiments. Other important proteins were also

detected, such as MHC protein classes I and II for antigen presentation (including HLA-A,
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HLA-B, HLA-E, HLA-F, HLA-DRA, and HLA-DRB1) and Fc receptors for antigen
recognition (including FCAR, FCER2, FCGRT, and FCGR1A). A total of 158 clusters of
differentiation (CD) glycoproteins were detected. Only seven were found exclusively in
monocytes, including killer cell immunoglobulin-like receptor 3DL1 (KIR3DLI1;
CD158e). Twenty-three CDs were identified exclusively in macrophages, such as CD180
antigen that cooperates with MD-1 and TLR4 during LPS binding. Some of these may be

useful for future cell type classification.
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Figure 3.2. Glycoproteins identified from all experiments and some functional
analysis results. (A) The numbers of all detected glycoproteins and glycopeptides. (B)
GO clusters of the identified glycoproteins based on the biological process. (C)
Overlaps of glycoproteins and glycopeptides on monocytes from the duplicate
identification experiments. (D) Clustering of surface glycoproteins found exclusively
in monocytes (n=180) or macrophages (n=107). The x-axis represents the number of
surface glycoproteins in each cluster or the -log(P) value, and both share the same x-
axis. The P-values for protein clustering were determined using DAVID.

3.3.2 Time-resolved changes of cell-surface glycoproteins on monocytes in response to

LPS

For THP-1 monocytes, we detected >1,500 unique glycopeptides from >600

glycoproteins in both the identification and quantification experiments (Figure 3.3A). In
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Figure 3.3. Quantitation of cell-surface glycoproteins on monocytes in response to
LPS. (A) Overlaps of glycoproteins and glycopeptides from the identification and
quantitation experiments. (B) An example MS/MS spectrum of a quantitated
glycopeptide (see text). The highlighted blue region shows the TMT reporter ions. (C)
The TMT ratios of the peptide from B) demonstrating the difference between the
control (green) and the treatment (blank) groups. (D-F) Time-resolved plots of
surface glycoprotein abundances over 24 hours from the PBS-treated (control, D) or
LPS-treated (E) cells, and the normalized abundances (F). (G) Total intensities of
glycoproteins that changed their abundances in four different patterns. The plot
shows glycoproteins that increased their abundances gradually over time (Type A),
increased abruptly and returned to normal (Type B), decreased (Type C), and were
not affected (Type D). (H-K) Example glycoproteins from Type D (H), Type A (I),
Type B (J), and Type C (K). The raw and normalized abundances are displayed. The
error bars represent one standard deviation.
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the quantification experiments, the cells were pre-labeled with AcsGalNAz for 12 hours to
allow sufficient labeling of the glycoproteins before the treatment with 1 ug/mL LPS or
PBS (as a control). The cells were collected at six time points over 24 hours and the surface
glycopeptides from different time points were extracted. Eventually, the glycopeptides
were labeled with the sixplex TMT reagents and analyzed with LC-MS/MS (Figure 3.1B).
In one example, the glycopeptide RGPECSQN#YTTPSGVIK (# refers to the glycosylation
site) from neuropilin-1 (NRP1) was confidently identified and quantitated with the XCorr
score for the peptide identification of 5.3 and the ModScore for the glycosylation site
localization of 1000 (Figure 3.3B). While the abundance of this glycopeptide remained
relatively the same across 24 hours in the control group, its abundance in the cells treated

with LPS increased rapidly at 12 and 24 hours (Figure 3.3C).

In the control experiments, the abundances of cell-surface glycoproteins generally
increased over time due to the cell growth (Figure 3.3D), in contrast to the LPS-treated
groups where the abundances of some surface glycoproteins changed dramatically (Figure
3.3E). The abundances at each time point from the treatment group were then normalized
by the abundances of the corresponding surface glycoproteins from the PBS-treated group,
resulting in 247 glycoproteins in the final dataset with high reproducibility (Figure 3.3F,
Figure 3.4A, and Figure 3.4B). The quantitated glycoproteins were classified into four
types based on their abundance changes (Figure 3.3G). Type A (12 glycoproteins, 5%)
increased their abundance gradually and did not return to the normal level as before the
treatment. These glycoproteins are involved in the regulation of inflammatory response,
the regulation of programmed cell death, and cell development. One example is CD40,

which is typically expressed on B cells and binds to the CD40L ligand on T cells under
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inflammatory conditions.?** The protein gradually increased its abundance to >7 times at
24 hours after the treatment (Figure 3.3I). Type B (18 glycoproteins, 7%) also increased
their abundance abruptly but returned to the normal level. These glycoproteins are involved
in protein transport and ion sequestering (especially calcium), and cytokine production (IL-
2, IL-4, IL-10, and IFN-y). One Type B glycoprotein that stood out in the profile plot is
CD83, which also has the highest abundance compared with other glycoproteins at 3 hours
(Figure 3.3J). CD83 is a marker for mature dendritic cells and involved in antigen
presentation.?** The previous report showed that the protein can be pre-formed inside
immune cells and exported to the surface once stimulated with LPS.?* Type C (92
glycoproteins, 37%) decreased their abundance throughout the treatment time, with
processes including extracellular matrix organization, positive regulation of cell
proliferation, interleukin production (IL-5 and IL-13), and cell-cell adhesion enriched
among proteins in the group. These proteins, such as integrin alpha-L (ITGAL; CD11a;
Figure 3.3K), may be internalized and degraded by cells or shed into the extracellular

environment by ectodomain shedding.?3

While the response from the three glycoprotein types correspond with the known
responses from cells to bacterial infection,!®” we observed several glycoproteins, such as
CD172a (Figure 3.3H), that were minimally affected by the treatment. These Type D
glycoproteins (64 glycoproteins, 26%) may not participate in the response towards LPS or
may be regulated through their interactions with other molecules rather than changing their
abundances. Additionally, some glycoproteins did not meet the criteria for any above
patterns, but instead their abundances fluctuated over the treatment period, and hence the

type cannot be assigned (Figure 3.5B). Other example proteins are displayed in Figure 3.6
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and Table 3.1). Some of these proteins, to our knowledge, have never been linked to the
cellular response towards LPS and may play important roles in the immune response
process, such as adipocyte plasma membrane-associated protein (APMAP) that has
arylesterase activity. The protein increased its abundance abruptly to 1.8-fold at 3 hours

after the LPS challenge before returning to normal.
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Figure 3.4. Reproducibility of the quantification of cell-surface glycoproteins on
monocytes in response to LPS. (A) Comparison of the normalized abundance at each
time point from both experiments. The correlation of the normalized abundance
increased over time. The correlation after 1 hour is relatively low (R?=0.65), which
may be due to the low abundances of labeled glycopeptides. The correlation increases
after each time point and reaches R>=0.90 at 24 hours. (B) Alternatively, the
correlation of all six time points was compared from two biological duplicate
experiments simultaneously using Pearson’s correlation and about two thirds of the
proteins quantified (66%) have the Pearson’s R values greater than 0.95.
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Figure 3.5. Quantification of cell-surface glycoproteins on monocytes in response to
LPS. (A) heat map based on hierarchical clustering with log2- and Z-score-
transformed normalized abundance showing changes of cell-surface glycoproteins
during the LPS treatment. (B) In some cases, the response type is inconclusive such as
the signal from EMP3 that fluctuates over time. The control (PBS), treatment (LPS),
and normalized intensities are shown similar to Figure 3.3.

3.3.3  Quantification of the dynamics of cell-surface glycoproteins on macrophages in

response to LPS

With MO THP-1 macrophages, >1,600 glycopeptides were detected from >500
surface glycoproteins (Figure 3.7A). Similar to the experiment with monocytes, the
differentiated macrophages were labeled with AcsGalNAz, treated with either 1 pg/mL
LPS or PBS, and collected over 24 hours for surface glycoprotein analysis (Figure 3.7B
and Figure 3.7C). Eventually, 223 glycoproteins were quantitated commonly in the control
and treatment experiments (Figure 3.7A, Figure 3.7D, and Figure 3.8A). The quantitated
glycoproteins were classified into the four response types as above, including 24 Type A

(11%), 36 Type B (16%), 68 Type C (30%), and 56 Type D (25%) glycoproteins. Type A
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glycoproteins function in the nitric oxide metabolic process, negative regulation of
programmed cell death, and positive regulation of reactive oxygen species biosynthetic
process. Type B glycoproteins are involved in the positive regulation of adaptive immune
response, sequestering of ions, including calcium similar to that of monocytes, detection
of bacterium, and positive regulation of chemotaxis. Antigen processing and presentation
of endogenous peptide antigen were also enriched in this group. Those that decreased their
abundances (Type C) participated in cell migration and the regulation of cell-cell adhesion.

Some examples of glycoproteins that significantly changed their abundances on the surface
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Figure 3.6. Example quantified cell-surface glycoproteins on monocytes in response
to LPS. The abundance changes of glycoproteins in the control (PBS) and treatment
(LPS) experiments, and the normalized abundance changes are shown similar to

Figure 3.3.
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Figure 3.7. Quantification of cell-surface glycoproteins on macrophages in response
to LPS. (A) Overlaps of glycoproteins and glycopeptides from the identification and
quantification experiments (control and treatment). (B-C) Profile plots for surface
glycoprotein abundances on macrophages treated with PBS (B) or LPS (C). (D) A
heat map based on hierarchical clustering with log2- and Z-score-transformed
normalized abundance showing changes of -cell-surface glycoproteins from
macrophages treated with LPS.

include tumor necrosis factor receptor superfamily member 9 (TNFRSF9; CD137; Type
B), which reached its highest abundance at 6 hours after the treatment and is consistent
with two previous MS-independent studies (Figure 3.8B).2372% HLA-A, a protein that
presents antigens to the cell surface, had a peak abundance at 12 hours, suggesting the

activation or connection of the innate and adaptive immune systems. T-lymphocyte
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activation antigen CD80, a marker for the M1 subtype, increased its abundance on the cell
surface, showing that the LPS treatment might polarize them toward the M1 pro-
inflammatory state as reported previously.?* It was not detected in the control experiment,
likely due to the higher expression induced by LPS, with an increased abundance over 13
times after 24 hours (Figure 3.9). Other quantified glycoproteins are included in Figure
3.10 and Table 3.1. Similar to monocytes for glycoproteins that have never been associated

with the response to LPS, APMAP increased its abundance to 2.7-fold after 6 hours in

response to LPS.
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Figure 3.8. Quantitation of cell-surface glycoproteins on macrophages in response to
LPS. (A) Normalized abundances of cell-surface glycoproteins from macrophages in
response to LPS. (B) The abundance changes of example surface glycoproteins. The
control (PBS), treatment (LPS), and normalized intensities are shown similar to
Figure 3.3. The error bars represent one standard deviation. (C) Comparison of the
abundance changes of some surface glycoproteins on monocytes and macrophages in
response to LPS. (D-E) Abundance changes of ICAM1 (D) and CD38 (E) on the cell
surface showing the priming of the cells during the monocyte-to-macrophage

differentiation for their specific functions.
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Figure 3.10. Quantification of example cell-surface glycoproteins on macrophages in
response to LPS. The abundance changes of glycoproteins in the control (PBS) and
treatment (LPS) experiments, and the normalized abundance changes are shown

similar to Figure 3.3.
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3.3.4 Comparison of surface glycoprotein responses from monocytes and macrophages

to LPS

With the similar treatment in both THP-1 monocytes and macrophages, we then
compared the responses at the surface glycoprotein level of the cells to LPS. A total of 116
glycoproteins were quantified commonly in both cell types with a determined response
type (A, B, C, or D, but not N/A). Among those, 61 glycoproteins (53%) have the same
response type. These proteins are involved in general processes such as heterotypic cell-
cell adhesion and cell mobility. On the contrary, the responses in 55 glycoproteins (47%)
participating in the regulation of defense response and detection of bacterium are different.
Nevertheless, some glycoproteins involved in the leukocyte activation and innate immune
response may have the same or different response type, such as NRP1 and CD115 where
the abundances in monocytes increased gradually while those in macrophages stayed

relatively similar or decreased, respectively.

We then compared the extent of the responses from both cell types. Some
glycoproteins responded with the similar extent, and hence the same response type, in both
cell types such as NPTN (Type B) and multidrug resistance-associated protein 1 (ABCCl;
Type B) (Figure 3.8C). Several glycoproteins responded with different extents in the two
cell types but followed the findings reported previously such as HLA-A, which has a
greater abundance in macrophages after the LPS challenge (Type B in macrophages) but
is not affected (Type D) in monocytes, corresponding well with previous reports regarding
the antigen-presenting capability of macrophages.??” Surprisingly, some glycoprotein
abundances did not change as expected under the LPS treatment. For example, intercellular

adhesion molecule 1 (ICAM1; CD54) was shown to be up-regulated in several previous
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studies after the LPS treatment or under inflammatory conditions.?**?*? In this study, its
abundance increased by over 8.4 times in monocytes but only 1.9 times in macrophages at
6 hours (Figure 3.8D). On the other hand, the abundance of ADP-ribosyl cyclase/cyclic
ADP-ribose hydrolase 1 (CD38) decreased in monocytes but increased in macrophages

(Figure 3.8E).

Previous reports demonstrated that the differentiation of monocytes into
macrophages prepared the cells for their functions in the immune processes. For example,
the PMA treatment, which was used here to differentiate monocytes into macrophages, was
found to increase the abundance of bound NF-kB in the cytoplasm (inactive form). Once
the cells were challenged with LPS, more free NF-xB (active form) migrated into the
nucleus, resulting in enhanced secretion of TNF-a and greater response to LPS.?** Hence,
we further applied our method to study the differentiation (discussed further in the next
section), which revealed that the PMA treatment could also lead to the remodeling of the
surface glycoproteome and could also prime the cells for the response in macrophages. For
ICAMI, its surface abundance on monocytes is low before the LPS treatment and increased
to >8 times after six hours so that they can participate in the response to LPS. The
differentiation of monocytes into macrophages causes the abundance of ICAMI to increase
gradually to >5 times after 48 hours. Due to the already high surface glycoprotein
abundance, macrophages may not need to express more ICAM1 to the surface as occurred
in monocytes, and thus its abundance changes in macrophages after the LPS treatment are

relatively lower compared with those in monocytes.

3.3.5 Cell-surface glycoprotein remodeling during the monocyte-to-macrophage

differentiation
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To better understand the different responses in THP-1 monocytes and macrophages
to LPS, we further quantitated the surface glycoproteome changes during the monocyte-
to-macrophage differentiation. As reported previously,?*® the differentiation was induced
with phorbol myristate acetate (PMA; details in the supplemental information), and the
surface glycoproteins were quantified as above. More than 900 glycopeptides from >300
surface glycoproteins were detected in the differentiation and the control experiments, with
over 200 glycoproteins quantitated commonly in both experiments (Figure 3.11). Type A
glycoproteins (27 glycoproteins, 12%) function in the response to lipoprotein particle,
positive regulation of cytokine production, cell differentiation, and negative regulation of
programmed cell death, indicating that the cells were transformed into the phenotype to
respond to the infection. Type B proteins (28 glycoproteins, 12%) are involved in the
regulation of ion transport, receptor internalization, and wound healing. Other
glycoproteins (Type C, 117 glycoproteins, 51%) that decreased their abundances are
involved in processes such as protein maturation and positive regulation of leukocyte
proliferation. Lastly, the abundance of 32 glycoproteins (Type D, 14%) remained the same
throughout the differentiation (Figure 3.12A and Figure 3.12B). Based on previously
reported markers for the monocyte-to-macrophage differentiation, the current results
clearly demonstrated that macrophages were obtained through the differentiation,
including integrin alpha-M (ITGAM; CDI11b), integrin alpha-X (ITGAX; CDl1Ic), and
ICAMI1 that increased their abundances, CD280 and integrin alpha-4 (ITGA4; CD49d) that
decreased their abundances, and CD36 and CD44 that increased their abundances abruptly
at 6 hours (Figure 3.12C).2%: 24245 Other quantitated surface glycoproteins are shown in

Figure 3.13.
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Figure 3.11. Quantification of cell-surface glycoproteins during the monocyte-to-
macrophage differentiation. (A) Overlaps of glycoproteins and glycopeptides. (B-C)
Profile plots for surface glycoproteins on monocytes treated with DMSO (B) or PMA
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Figure 3.12. Surface glycoprotein analysis during the monocyte-to-macrophage
differentiation. (A) Normalized abundances of cell-surface glycoproteins during the
monocyte-to-macrophage differentiation. (B) A heat map based on hierarchical
clustering with log2- and Z-score-transformed normalized abundances showing
changes of cell-surface glycoproteins during the differentiation over time. (C) Surface
glycoprotein markers for the monocyte-to-macrophage differentiation. The control
(PBS), treatment (LPS), and normalized intensities are displayed similar to Figure
3.3. The error bars represent one standard deviation.
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Figure 3.13. Example quantified cell-surface glycoproteins during the monocyte-to-
macrophage differentiation. The control (PBS), treatment (PMA), and normalized

intensities are shown similar to Figure 3.3.

3.3.6 Upstream regulators

glycoproteins

and downstream

influences

of regulated surface

Through global and time-resolved quantitation of surface glycoproteins in cells

treated with LPS, we found the abundance changes of many surface glycoproteins

including the transient changes. Potential upstream regulators of these regulated
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glycoproteins and their downstream influences were further explored through Ingenuity
Pathway Analysis (IPA) (Figure 3.14),**® and the results should aid in a better
understanding of the roles of these surface glycoproteins in the immune response. The LPS
treatment clearly triggers the TLR4 signaling pathway as seen by the activation of NF-«xB,
MAPK3 (ERK1), MAPK1 (ERK?2), and p38 MAPK in both cell types. This resulted in
changes in surface glycoproteins that may signal and recruit other types of immune cells
into the vicinity, as shown in the downstream effects including chemotaxis, infection of
cells, interaction of mononuclear leukocytes, and infection of T-lymphocytes.
Nevertheless, the IPA results demonstrate some different outcomes of the LPS challenge
among the two cell types. The majority of regulators and downstream influences involved
in the immune response were predicted at 12 hours in monocytes, and the production of
reactive oxygen species was not predicted as a possible downstream effect in monocytes.
This response was found to occur as fast as 6 hours in macrophages, which is possibly the
result of the differentiation that primes the cell for the response to bacteria. Particularly at
this time point, the transcription factors EGR1, SP1, RELA, and FOS, enzymes NOS2 and
KRAS, and other proteins involved in the inflammatory process and response to molecules
of bacterial origin are predicted to be activated, which subsequently resulted in the
expression of more ICAM1, CD40, CD44, and CD55 on the cell surface as observed in the
current study.?*’?* This eventually causes downstream effects including cell survival,
synthesis of reactive oxygen species, and invasion of cells (Figure 3.14). At 6 hours after
the LPS treatment, the majority of upstream regulators and downstream influences were
also predicted to be in effect in macrophages similar to the maximum response time in a

separate transcriptomic study.?%
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Figure 3.14. IPA analysis of upstream regulators and downstream effects of the
regulated surface glycoproteins on macrophages treated with LPS for 6 hours.

&9



For the PMA-induced monocyte-to-macrophage differentiation, most upstream
regulators were predicted to be in effect at 12 hours. PMA was among the upstream
regulators as expected. Known proteins involved in the differentiation of leukocytes as
upstream regulators including F2, PAXS, and LDB1 were predicted. The IPA analysis
demonstrates that the regulated surface glycoproteins could lead to downstream effects
including cell attachment, reorganization of cytoskeleton, activation of antigen-presenting
cells, and cell movement of phagocytes, indicating the change of phenotypes from

monocytes to macrophages.

3.3.7 Site-specific analysis of cell-surface glycoproteins in response to different

treatments

A total of 1,869 sites with the N-X-S/T/C motif were detected from all experiments,
with several hundred sites identified exclusively in each cell type (Figure 3.15B). Distinct
responses of different glycosylation sites on the same proteins were observed (Figure
3.15A and Figure 3.16). For instance, glycosylation on N229 of granulocyte-macrophage
colony-stimulating factor receptor subunit alpha (CSF2RA) increased to 4.9 times in
monocytes after the LPS treatment while that on N195 and N223 remained relatively
similar throughout the treatment (Figure 3.15A). Some glycoproteins did not show site-
specific changes, such as N150 and N522 on NRP1, which may result from the increased
protein abundance on the surface. For ICAM1, glycosylation on N267 increased rapidly
after 6 hours (16.7 times) compared with that on N145 and N183 (Figure 3.15C). The
differentiation resulted in an increased glycosylation level on the site 267 by 21.9 times,
and only 4.0 and 2.2 times for the other two sites, while the glycosylation level in

macrophages for these sites are similar and lower than those from monocytes, suggesting
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that N267 may be crucial for ICAMI1 to function properly during the response. Different
ICAMI1 proteoforms can arise from alternative splicing, and specific glycosylation event
further increases the complexity of the proteoforms.?® For ICAMI, it was reported to
increase its binding affinity with lymphocyte function-associated antigen 1 (LFA-1).2%1-232

Thus, systematic and site-specific analysis of protein glycosylation facilitates a better

understanding of glycoprotein functions and cellular immune responses.
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Figure 3.15. Site-specific quantitation of surface glycoproteins. (A) Examples of
glycoproteins with multiple quantified glycosylation sites showing site-specific
changes. The normalized fold change is displayed in the plots with the glycosylation
sites annotated below the plot. (B) Overlap of glycosylation sites identified. (C) Site-
specific glycosylation changes of ICAM1 from different processes in both monocytes

and macrophages.

Bacterial infection can lead to inflammation, > fever, endotoxemia, septic shock,?**
liver damage,?”> and auto-immune diseases such as Crohn’s?**?*’ and Rheumatoid
arthritis.>® LPS has also been associated with diabetes?*°2®* and neurological diseases

including Parkinson’s and Alzheimer’s.?®!22 Depending on the environment and cell
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types, various surface glycoproteins have an altered expression after the infection, as
demonstrated in this work. Moreover, the expression changes of some surface
glycoproteins such as receptors or transporters may also indicate specific infection within
the body.2%3-26* A previous report showed that the inflammatory monocyte subset is a
valuable biomarker for human inflammatory diseases, including cardiovascular diseases,
and may provide a potential therapeutic target for inflammatory monocytosis.?%> The up-
or down-regulation of surface glycoproteins are crucial for the cellular response towards
LPS/inflammation. Inhibition or promotion of these glycoproteins, the pathways regulating
their expression, or the transcription factors responsible for their translation will inhibit the
inflammation and affect the production of downstream cytokines.?*® The unprecedented
and valuable information about the cell surface glycoprotein changes in the immune
response can deepen our understanding of glycoprotein functions and cellular activities.
More studies will allow us to identify some of them as disease biomarkers, which may be

further developed as a clinical assay, and targets for drug development.

34 Conclusions

Cell-surface glycoproteins play crucial roles in the immune system. Prolonged
inflammation has been related to autoimmune diseases such as Crohn’s and Rheumatoid
arthritis. The discovery of key surface glycoproteins that play roles in the process provides
information that will lead to their discovery as drug targets that could suppress
inflammation. Here, we comprehensively and site-specifically quantified the dynamics of
glycoproteins only on the surface of monocytes and macrophages in response to LPS. The
quantification results demonstrate cell-surface glycoprotein changes in monocytes and

macrophages during the response, including the up-regulation of surface glycoproteins by
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Figure 3.16. Site-specific quantification of cell-surface glycoproteins. (A) Site-specific
quantification of surface glycoproteins on monocytes treated with LPS. (B) Site-
specific quantification of surface glycoproteins on macrophages treated with LPS. (C)
Site-specific quantification of surface glycoproteins during the monocyte-to-
macrophage differentiation. Example quantified surface glycoproteins are shown,
and the glycosylation sites are annotated below each figure.

gradually increasing their abundances over time or abruptly elevating their abundances
before returning to the normal level. The responses are found to be different for both
monocytes and macrophages. Besides the well-documented glycoprotein changes in
response to LPS, we also identified some new surface glycoproteins participating in the
immune response such as APMAP, TSPAN3, and IGSF8. Moreover, the current work
provides site-specific information regarding protein glycosylation changes during the LPS
treatment. The quantification of glycoproteins in the differentiation experiment from
monocyte to macrophage revealed that the different responses were at least partly attributed
to the priming of monocytes during the differentiation. Systematic investigation of the
dynamics of surface glycoproteins results in a better understanding of glycoprotein

functions and cellular immune responses, leading to the identification of surface

glycoproteins as biomarkers and drug targets.
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Table 3.1. Example surface glycoproteins quantitated from THP-1 monocytes and
macrophages in response to LPS or in the monocyte-to-macrophage differentiation.

Experiment UniProt Gene Type | Annotation
ID Symbol
Monocytes Q9BZZ2 | SIGLECI A | Sialoadhesin
Q99571 P2RX4 B | P2X purinoceptor 4
P55899 FCGRT C | IgG receptor FcRn large subunit
pS1
Q15262 PTPRK D | Receptor-type tyrosine-protein
phosphatase kappa
Macrophages P28907 CD38 A | ADP-ribosyl cyclase/cyclic ADP-
ribose hydrolase 1
P13726 F3 B | Tissue factor
Q9UKQ2 | ADAM28 Disintegrin and metalloproteinase
domain-containing protein 28
P20138 CD33 C | Myeloid cell surface antigen CD33
P15260 IFNGRI1 C | Interferon gamma receptor 1
Differentiation | 014786 NRP1 A | Neuropilin-1
P18084 ITGBS A | Integrin beta-5
Q9Y6M7 | SLC4A7 A | Sodium bicarbonate cotransporter 3
Q01151 CD8&3 B | CD&3 antigen
P33527 ABCCI1 B | Multidrug resistance-associated
protein 1
P02786 TFRC C | Transferrin receptor protein 1
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CHAPTER4. QUANTIFICATION OF THE PROTEOME AND
SURFACE GLYCOPROTEOME DYNAMICS DURING THE
PARTIAL EPITHELIAL-TO-MESENCHYMAL TRANSITION
(EMT) STATE

4.1 Introduction

Epithelial-to-mesenchymal transition (EMT) refers to the process where epithelial
cells lose their cell-cell adhesion and polarity and transform through biochemical and
physical processes into mesenchymal cells that are more mobile, more invasive, and more
resistant to apoptosis.’®’” The process is integral for biological processes including
embryonic development, wound healing, and cancer metastasis.?®*?”* EMT is
characterized by several core changes, including skeleton remodeling, loss of apical-basal
cell polarity, cell-cell adhesion weakening, cell-matrix adhesion remodeling, cell
individualization, establishment of front-back polarity, and basement membrane
invasion.?’” Protein makers for the transition include the loss of E-cadherin and the
increased N-cadherin on the cell surface, the increased cytoskeletal vimentin and beta
catenin, the increased fibronectin and laminin 4 and the decreased laminin 1 in the
extracellular matrix.?”> Several inducers for the process have been found in the literature,
including epidermal growth factor (EGF) and tumor necrosis factor (TNF).?’® The most
notorious one would be transforming growth factor beta (TGF-f). TGF-B initiates the
transition through surface TGF-J type I and type II receptors that subsequently activate the
SMAD pathway. This eventually results in the regulation of transcription factors such as

SNAIL and ZEB, and the transformation of epithelial to mesenchymal cells.?”’
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While EMT was previously thought to be the transition between the two states, recent
studies have shown that the partial EMT state is metastable and can be observed
experimentally.?’2%! Zhang et al. demonstrated that the process occurs through a stepwise
activation of two double-negative feedback loops, i.e., between SNAIL1 and miR34 and
between ZEB1 and miR-200, following the cascading bistable switches model and
resulting in the observable partial EMT state.?®? Interestingly, the authors showed that cells
in the full mesenchymal state cannot revert to the partial or epithelial state, but those in the
partial EMT state can revert back to the epithelial state after a reculture experiment,
showing that the full mesenchymal state might not occur in vivo due to the requirement
that cells must be able to propagate again. This was supported by other studies, such as the
work from Aiello et al. showing that carcinoma cells migrate as clusters containing cells in

the partial state, instead of individual cells in the full mesenchymal state.?*?

Mesenchymal cells are not easily observed in vivo. Several groups have created
devices to capture these cells.?®*?% Nevertheless, many cell lines have been shown to
undergo EMT in vitro.?3¢**° Several studies employ transcriptomics analysis, but the
knowledge at the proteomics scale, especially of the partial EMT state, is very limited.?”""
294 Several post-translational modifications (PTMs) are involved in EMT, including
phosphorylation, glycosylation, ubiquitination, hydroxylation, and acetylation.?*>->%
Surface glycoproteins play essential roles in the regulation of nearly every extracellular
event.>°*%! This includes the cadherin proteins that have been used as surface markers for

the transition mentioned previously. Yet, the global view of cell-surface glycoprotein

changes during the transition, especially at the partial state, has never been reported.
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In this work, we study the EMT process in A549 cells treated with TGF-B in a time-
resolved manner. The proteomics analysis revealed proteins that are involved in the
epithelial, mesenchymal, as well as partial states. Comparing with transcriptomics results,
several novel partial EMT drivers were discovered, including JUNB that was found to be
the regulator of the partial EMT state. Surface glycoproteomics results showed several
surface glycoproteins that are involved in the transition, but the involvement of sialic acids
on the surface currently needs to be explored further. The results will lead to a better
understanding of the EMT process and their use as markers for cellular development and

cancer metastasis.

4.2 Materials and methods

4.2.1 Cell culture and EMT induction

All reagents were purchased from Sigma unless noted otherwise. A549 cells
(ATCC) were maintained in high-glucose DMEM medium supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin at 37 °C in a humidified incubator
with 5% COa. The cells were passaged equally to 10 T25 flasks for the proteomics
experiment or T175 flasks for the surface experiment and grown until the density reached
~80%. The cells were treated with 4 ng/mL human transforming growth factor beta 1
(hTGF-B1; Cell Signaling Technology) for 0, 12, 24, 48, and 96 hours in biological
duplicate experiments. The medium was replaced every two days. At each time point, the
cells were washed with ice-cold PBS, scraped in ice-cold PBS, collected, pelleted, and

stored at -80 °C until the next steps.

4.2.2  Whole proteomics analysis
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In the time-resolved proteomics experiments, the cells were thawed on ice. The
lysis buffer containing 0.5% sodium deoxycholate (SDC), 150 mM sodium chloride
(NaCl), 50 mM N-(2-hydroxyethyl)piperazine-N’-2-ethanesulfonic acid (HEPES,
pH=8.8), and 1 tablet/10 mL cOmplete ULTRA tablets protease inhibitor cocktail (Roche)
was prepared and chilled on ice until use. The cells were lyzed at 4 °C with end-over-end
rotation for 1 hour. The lysates were clarified by centrifugation at 25,830g for 10 minutes
and the debris were discarded. The proteins were reduced with 5 mM dithiothreitol at 56
°C for 30 minutes, cooled down to room temperature, and alkylated with 14 mM
iodoacetamide in the dark for 30 minutes. The proteins were purified using the
methanol/chloroform precipitation method. The pellets were dried and dissolved in a
digestion buffer containing 50 mM HEPES, 1.6 M urea, and 5% acetonitrile (ACN). The
proteins were digested using sequencing-grade modified trypsin (Promega) at the
enzyme:protein ratio of 1:100 overnight at 37 °C with shaking. The mixtures were acidified
to quench the digestion with trifluoroacetic acid (TFA, EMD Millipore) to 0.4% and the
pH was checked to be lower than 2. The mixtures were clarified by centrifugation and the
peptides were desalted using a Sep-pak tC18 cartridge (Waters). The peptides were dried

using a speedvac.

For the quantification, about 100 pg of the peptides from each time point (measure
using the bicinchoninic assay) was dissolved in 10 uL ACN and 33 pL 200 mM pH=8.8
HEPES. Each of the 10-plex TMT reagents (Thermo) was dissolved in 41 pL. anhydrous
ACN. The peptides were labeled with the reagent as followed: 126-0 hour, expt. 1; 127N-
12 hour, expt. 1; 127C-24 hour, expt. 1; 128N-48 hour, expt. 1; 128C-96 hour, expt. 1;

129N-0 hour, expt. 2; 129C-12 hour, expt. 2; 130N-24 hour, expt. 2; 130C-48 hour, expt.
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2; 131- 96 hour, expt. 2. The labeling proceeded for 1 hour at room temperature. The
reaction was quenched using 5 pL of 8% hydroxylamine hydrochloride solution at room
temperature for 15 minutes. The peptides were combined, dried using the speedvac,

desalted with the Sep-pak cartridge, and dried again using the speedvac.

The TMT-labeled peptides were fractionated with high-pH chromatography using
an Agilent 1260 Infinity HPLC and an XBridge C18 (3.5 um, 4.6x250 mm) column
(Waters). Buffer A was 10 mM ammonium formate (pH=10) in water and buffer B was 10
mM ammonium formate (pH=10) in 90% acetonitrile. The peptides were fractionated and
collected during an 80-minute gradient of 5% to 70% buffer B and the flow rate of 0.7
mL/minute. The peptides were collected every 2 minutes, consolidated into 25 fractions,
and dried using in a vacuum concentrator. The dried peptides were purified with StageTip

and dried before LC-MS/MS analysis. '®!

4.2.3 Enzymatic labeling of surface glycoproteins

For the surface experiment, the cells were treated with TGF-B similar to the
proteomics experiment and collected at 0, 12, 24, 48, 72, 96 hours. At each time point, the
cells were treated with 250 mU/mL neuraminidase (sialidase) in PBS at 37 °C for 30
minutes. The cells were then scraped and pelleted. Glycans of proteins on the cell surface
were oxidized using a solution containing 5% FBS, 50 U/mL galactose oxidase (Innovative
Research), and 40 U/mL horseradish peroxidase at 37 °C with end-over-end rotation for 1

hour. The cells were pelleted and stored at -80 °C until the next steps.

Once all the cells are collected, they were thawed on ice. The cells were treated

with a solution containing 150 mM NaCl, 50 mM HEPES pH=8.8, 25 pg/mL digitonin and
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1 tablet/10 mL cOmplete ULTRA tablets protease inhibitor cocktail on ice for 10 minutes.
The cells were centrifuged at 2,000g for 10 minutes and the cell pellets were lyzed with
the same lysis buffer in the proteomics experiment. The lysates were clarified by
centrifugation. One hundred microliters of hydrazide beads (Thermo) were washed with
water twice and added to each lysate. Aniline was also used as a catalyst at the
concentration of 10 mM. The enrichment proceeded at 4 °C with end-over-end rotation.
After 24 hours, the beads were washed twice with a solution containing 8 M urea, 0.4 M
ammonium bicarbonate, and 10% sodium dodecyl sulfate (SDS). The proteins were
reduced on-beads with 5 mM DTT at 37 °C, 45 minutes with end-ever-end rotation, and
subsequently alkylated with 14 mM iodoacetamide at room temperature for 30 minutes in
the dark. The beads were washed with the washing solution four more times with a 5-
minute incubation on the end-over-end at each wash. The beads were resuspended in the

digestion buffer and the proteins were digested with trypsin similarly.

The next day, the beads were washed with 1) 80% ACN, 0.1% TFA, 2) wash
solution, 3) dimethyl formamide, and 4) 0.1 M ammonium bicarbonate, 5 times each. The
enriched peptides were eluted using a solution containing 0.2 M methoxylamine
hydrochloride, 1.5 M NaCl, and 0.1 M aniline in 0.1 M sodium acetate solution pH=4.5 at
37 °C for 30 and 60 minutes. The eluants were pooled, desalted with the Sep-Pak cartridge,
and dried using the speedvac. The dried peptides were subsequently labeled with the TMT
6-plex reagents as followed: 126-0 hour; 127-12 hours; 128-24 hours; 129-48 hours; 130-
72 hours; 131-96 hours. After the combined peptides are purified, they are deglycosylated

using 3 U PNGase F in H»'®O for 3 hours with shaking. The peptides were purified with
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StageTip into three fractions using 20%, 50%, and 50% ACN with 1% FA and dried before

LC-MS/MS analysis.

4.2.4 LC-MS/MS analysis

The peptides were analyzed with an LTQ Orbitrap Elite Hybrid Mass Spectrometer
(Thermo). The peptides were first separated with reverse-phase chromatography on a
Dionex UltiMate 3000 UHPLC system (Thermo) using a 112-minute gradient of 4-17% of
ACN with 0.125% formic acid for all fractions of the proteomics experiment, and 3-14%,
4-17%, and 8-24% for the three fractions of the surface experiment. The microcapillary
column used was packed in-house (Magic C18AQ, 3 um, 200 A, 75 um*16 cm). MS/MS
analysis was performed using a Top15 method. For each cycle, a full MS spectrum was
recorded in the Orbitrap at the resolution of 60,000 with 1 M automatic gain control (AGC).
Peptide fragmentation was performed using higher-energy collisional dissociation (HCD)
with a normalized collisional energy of 40%. Up to 15 MS/MS were performed for the 15
most abundant peaks with an isolation width of 1.2 m/z and recorded in the Orbitrap cell
at the resolution of 30,000 for the proteomics experiment or 15,000 for the surface
glycoproteomics experiment and 2x10° AGC. Selected ions were excluded from further
sequencing for 90 seconds. Ions with singly or unassigned charge were not sequenced.
Maximum ion accumulation times were 1,000 ms for each full MS scan and 50 ms for one

MS/MS scans.

4.2.5 Data analysis and bioinformatics

The raw files were converted into the mzXML format and searched using the

SEQUEST algorithm (version 28).!7 The spectra were matched against the human protein
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sequences downloaded from UniProt database (www.uniprot.org). The peptide mass
tolerance was 20 ppm. And The fragment ion mass tolerance was 0.025 ppm. The
maximum number of missed cleavages was 3 and the maximum number of differential
modifications was 4. The following amino acid modifications were used; static
modifications of +57.0215 Da for carbamidomethylation of cysteine and +229.1629 Da for
TMT labeling at lysine and the N-terminus, and differential modification of +15.9949 Da
for oxidation of methionine. For the glycoproteomics experiment, additional differential
modifications of +2.9883 Da on asparagine were included for the N-glycosylation sites.
The target-decoy method, where each protein sequence is listed in both forward and reverse
orders, was used to estimate the false discovery rates (FDRs) of peptide and protein
identifications. Linear discriminant analysis was used to control the quality of peptide
identification using parameters such as XCorr, ppm, peptide length, and charge state. The
FDR for peptide identification was controlled to <1%, and an additional filter was
performed at the protein level to control the protein identification FDR to <1%. For the
glycopeptide analysis, the dataset was limited to only glycopeptides and glycoproteins

when calculating the FDRs at both levels.

Data were processed with Microsoft Excel and Perseus.!> Contaminants and
falsely identified peptides were removed from the raw results. The signal-to-noise (S/N)
ratios of each of the eight TMT channels were recorded and corrected according to the
manufacturer’s instruction for the quantification experiment. The TMT peak match
tolerance was 0.003 Da and the nearest m/z peak in that tolerance window was chosen for
each reporter ion. Peptides with S/N less than 5 were removed. The signals from all

channels were normalized using the protein abundance from tubulin beta chain (TUBB),
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B-actin (ACTB), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The protein
abundance changes were eventually calculated from the median TMT S/N of all peptides
for each protein, and the final protein intensity was from the average of the two replicates.
Gene-ontology (GO)-based clustering of proteins was performed with the Database for
Annotation, Visualization and Integrated Discovery (DAVID).3?? For the glycoproteomics
experiment, a probabilistic-based algorithm called Ascore was used to determine the
confidence of the glycosylation site localization.?!” Ascore of at least 19 shows a well-

localized site with 99% confidence while the score of at least 13 shows 95% confidence.

4.3 Results and discussion

4.3.1 Morphology of A549 cells during the epithelial-to-mesenchymal transition

Studies have reported that AS549 cells undergo EMT in vitro after TGF-j

t.30339%  We first verified the transition by observing the morphology under

treatmen
microscopy. A549 cells were cultured and treated with PBS as a control or with 4 ng/mL
TGF-p over four days. The medium was replaced every two days to keep the concentration
of TGF-B high. The morphology difference between the two groups can be observed as
soon as only 24 hours after the treatment (Figure 4.1). As time progressed, cells in the
control group remained rounded and packed tightly with other cells. On the contrary, cells
in the TGF-B-treated group are more elongated and appeared more spread in the flask. The

morphology observed in the experiment correlate with the previously reported changes in

cells undergoing the EMT process.>"’
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96 hrs Control TGF-B

Figure 4.1. Images of A549 cells treated with PBS (control) or TGF-B over 4 days
under light microscope.

4.3.2  Proteomics analysis of A549 cells during the epithelial-to-mesenchymal transition

A549 cells treated with 4 ng/mL TGF-3 were collected after 0, 12, 24, 48, and 96
hours. The proteins were extracted and digested, and the resulting peptides were quantified
from biological duplicate experiments using the TMT 10-plex (Figure 4.2). We identified
a total of 6,317 proteins from 50,075 unique peptides. After protein filtering, 6,294 proteins
were quantified across the ten samples at the five time points. With ANOVA, we found
3,895 proteins with a significant abundance changes in at least one of the time points.
Principle component analysis shows that the two biological duplicates at each time point
cluster as time progresses (Figure 4.3A). The abundance of proteins over 96 hours of the
EMT process is shown in the heatmap after log, and Z-score transformation (Figure 4.3B).

Hierarchical clustering of the protein expressions demonstrated that the proteins clustered
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into three major groups, including those that decreased their abundance throughout the
transition (designated as epithelial, N=608), increased their abundance before decreased to
the normal level (designated as partial, N=267), decreased their abundance throughout the
transition (designated as mesenchymal, N=3020). Clustering of epithelial proteins revealed
that they participate in ribosome biogenesis (N=49, P=2.5E-20) and mitotic cell cycle
(N=73, P=1.2E-13). For partial proteins, they participate in the protein localization to
membrane (N=26, P=3.3E-12). The number of proteins in the mesenchymal cluster is too

high to be clustered by DAVID.

4 ng/mL TGF-B

2 — 126
12 hrs

— 127N

—> 127C

Harveg 128N -
arvest, : .
Lyse, —> 128C , Fractionate Analyze with

—_—
#h hi LC-MS/MS
Digest with high-pH
—> 129N HPLC

—> 129C

— 130N
—> 130C

— 131

TMT10plex

o)
Ab549, 70% conf. Labling

Figure 4.2. Experimental workflow for proteomics analysis of A549 cells during the
epithelial-to-mesenchymal transition.

To confirm that the EMT occurred in our experiment, we investigated the
abundance changes of several protein markers for the transition that have been reported
previously in the literature. This includes mothers against decapentaplegic homolog 3

(SMAD?3), vimentin (VIM), fibronectin (FN1), and cadherin-2 (CDH2) (Figure 4.4).3%
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The abundance changes of these proteins showed the transition of the cells during EMT in

our study.
A B |
[} Epithelial
g 96 hours Time g
~ ?
= o o - 4
S 12 hours 5. — N
S & Partial
2 24 hours _48 hours N=267
8 W %2 Time
.;0 ] 10 ZE
Component 1 (56.2%)
o
§ —
N Mesenchymal
N=3020
Time

Figure 4.3. Proteomics quantification in cells during EMT. (A) PCA analysis of the
protein abundance at the five time points. (B) Heat map of the protein abundance
(log2- and Z-score-transformed). The insets show the abundance profiles of proteins
in the epithelial, partial, or mesenchymal groups.
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Figure 4.4. Abundance changes of example EMT protein markers from the
proteomics experiment.
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4.3.3 Proteins in the partial EMT state

Previously, Chang et al. performed a transcriptomics analysis of A549 cells during
EMT and identified proteins that associate with super-enhancers of the partial EMT state,
including ETS2, HNF4A, and JUNB.?* The authors also demonstrated transcripts that are
highly up-regulated in the partial EMT state. We extracted the partial EMT protein
information from this work and compared it with the partial EMT proteins profiled from
our study. Thirty-four proteins overlapped from the two experiments (Table 4.1).
Clustering analysis showed that these proteins are involved in the embryonic development
(N=7, P=6.8E-3) and cell surface receptor signaling pathway (N=11, P=1.7E-2). Among
the 34 proteins, JUNB was also assigned to the partial group. In the study by Chang et al.,
the protein was reported to be the driver of the partial EMT state. This indicates that the
partial EMT was achieved in this study at ~12-24 hours post-treatment. Other proteins
quantified may also play important roles during the partial EMT state, such as SERPINEI
and ECEI1 (Figure 4.5). Both have been reported to participate in the EMT process

previously but have never been linked to the partial state.!%-3!!
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Figure 4.5. Abundance of proteins involved in the partial EMT state. JUNB was
previously reported to be the driver of partial EMT.
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Table 4.1. Partial EMT proteins quantified commonly from this study and from the
RNA-seq experiment by Chang et al.

UniProt Gene name | Protein name

ID

Q96LD4 | TRIM47 E3 ubiquitin-protein ligase TRIM47

P05121 SERPINEI | Plasminogen activator inhibitor 1

Q6QNY1 | BLOC1S2 | Biogenesis of lysosome-related organelles complex 1 subunit 2

QI9UHR4 | BAIAP2L1 | Brain-specific angiogenesis inhibitor l-associated protein 2-like
protein 1

P42892 ECE1 Endothelin-converting enzyme 1

P17275 JUNB Transcription factor jun-B

P11362 FGFRI1 Fibroblast growth factor receptor 1

Q86XL3 | ANKLE2 Ankyrin repeat and LEM domain-containing protein 2

Q16222 UAPI1 UDP-N-acetylhexosamine pyrophosphorylase

A6QL63 | BTBDI11 Ankyrin repeat and BTB/POZ domain-containing protein BTBD11

P53396 ACLY ATP-citrate synthase

014907 TAX1BP3 Tax1-binding protein 3

Q9Y6RO | NUMBL Numb-like protein

Q9UKS6 | PACSIN3 Protein kinase C and casein kinase substrate in neurons protein 3

Q9C002 NMESI1 Normal mucosa of esophagus-specific gene 1 protein

Q8WUF5 | PPPIR13L | RelA-associated inhibitor

Q86UU1 | PHLDBI1 Pleckstrin homology-like domain family B member 1

Q6ZSZ5 ARHGEF18 | Rho guanine nucleotide exchange factor 18

P17812 CTPSI1 CTP synthase 1

P11166 SLC2A1 Solute carrier family 2, facilitated glucose transporter member 1

095379 TNFAIPS Tumor necrosis factor alpha-induced protein 8

P17655 CAPN2 Calpain-2 catalytic subunit

Q92536 SLC7A6 Y+L amino acid transporter 2

Q6Y1H2 | HACD2 Very-long-chain (3R)-3-hydroxyacyl-CoA dehydratase 2

Q01813 PFKP ATP-dependent 6-phosphofructokinase, platelet type

P31947 SFN 14-3-3 protein sigma

Q6NYC1 | IMJID6 Bifunctional arginine demethylase and lysyl-hydroxylase IMJD6

Q96EA4 SPDLI Protein Spindly

Q8N128 FAMI177A1 | Protein FAM177A1

P33764 S100A3 Protein S100-A3

QINNX1 | TUFTI Tuftelin

P35240 NF2 Merlin

095633 FSTL3 Follistatin-related protein 3

A6ND36 | FAMS3G Protein FAM83G
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4.3.4 Time-resolved analysis of surface glycoprotein changes during EMT

Once the transition in A549 cells especially the partial EMT state is shown through
the time-resolved whole-cell proteomics experiments, we next investigated the changes at
the surface glycoproteome level. This required a separate experiment from the whole
proteomics analysis because of the low abundance of many surface glycoproteins and the
specificity for targeting glycoproteins on the cell surface part since some surface
glycoproteins may be synthesized and stored inside of cells. Here, we employed a method
developed by Sun et al. to target surface glycoproteins using galactose oxidase to convert
hydroxyl groups on Gal or GalNAc into carbonyl groups. These glycoproteins can then be

enriched using hydrazide chemistry and quantified by multiplexed proteomics.*

Similar to the time-resolved whole-cell proteomics experiment, the cells were
treated with 4 ng/mL TGF-p and collected over 0, 12, 24, 48, 72, and 96 hours. For the
surface experiments, the TMT 6-plex reagents were used instead of the 10-plex reagent in
the proteomics experiment to expand the time points that we can observe the cells. At each
time point, the cells were collected, and surface glycoproteins were oxidized with galactose
oxidase, enriched, and digested. The resulting peptides were labeled with the TMT 6-plex

reagents and analyzed with LC-MS/MS.

In our trial experiment, the coverage of surface glycoproteins was found to be lower
than expected. It has been reported that EMT can also up-regulate the presence of sialic
acid on surface glycoproteins.’!> Therefore, we performed an optimization of the surface
glycoprotein enrichment methods, including the removal of sialic acid by pretreating the

cells with sialidase, the enrichment without SDS, and the enrichment at the peptide level.
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The optimization showed that the pretreatment with sialidase is the only condition that

improved the coverage of surface glycoproteins (Figure 4.6).
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Figure 4.6. Optimization of surface glycoprotein enrichment compared with the
original protocol reported by Sun et al.

We performed the experiment in biological duplicates for cells treated with TGF-3
or with PBS as a control. The peptide abundance from both groups were normalized and
shown in Figure 4.7. Overall, 358 surface glycoproteins were quantified from both the
treated and control duplicate experiments. After normalization between the control and
treated groups, 243 surface glycoproteins were quantified commonly (Figure 4.7). Among
the total surface glycoproteins detected, 263 proteins are clustered to the membrane part
with a very low P-value (1.7E-88). While proteomics results showed distinct proteins that
are up-regulated during the partial EMT state, the current surface glycoproteomics analysis
did not yield such distinct results. Therefore, the quantified glycoproteins were separated
into three groups based on the abundance at the last time point (log>>1, log><1, and others).
Most changes occurred between 12 to 24 hours. Clustering analysis shows that surface
glycoproteins that were up- or down-regulated are involved in cell migration and cell

motility. We further investigated the abundance changes from each individual experiment
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without the normalization. Interestingly, the abundance of surface glycoproteins is lower
at 24 hours compared to that at 12 hours (Figure 4.8). A comparison of the results from all
four experiments (duplicate treated and control) revealed that over 60% of the same
glycoproteins have a lower abundance at 24 hours, and thus this might not occur randomly.
The current hypothesis for the observed result is that the sialidase treatment might not be
able to completely remove sialic acid on surface glycoproteins, resulting in the lower
protein abundance observed after 24 hours. The future experiment is to look into the

optimization of the sialic acid removal by the sialidase enzyme.
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Figure 4.7. Surface glycoprotein abundance changes in A549 during EMT. The
glycoprotein profiles shown has been normalized between the TGF-B-treated and
PBS-treated group. The color scheme shows surface glycoproteins that were up-
(red), down- (blue), or not regulated (black).
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4.4 Conclusions

In this work, we studied the EMT process in A549 cells treated with TGF- in a time-
resolved manner, with a focus on the partial EMT state. Proteomics results confirmed that
the transition did occur, as well as the proteins that are involved in the partial EMT state.
Results are in good agreement with transcriptomics analysis and the potential drivers of
the partial state. Surface glycoproteomics results showed several surface glycoproteins that
are involved in the transition. With further analysis at the other protein layers, such as
secretomics, glycoproteomics, and phosphoproteomics, the results will lead to a better
understanding of the EMT process and their use as markers for cellular development and

cancer metastasis.
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Figure 4.8. Example abundance changes of surface glycoproteins from the TGF-p-
treated experiment or the control experiment without abundance normalization.
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CHAPTER 5. ENHANCING COMPREHENSIVE ANALYSIS OF
GLYCOPROTEINS FROM CULTURED CELLS WITHOUT
SERUM STARVATION

Adapted with permission from: Suttapitugsakul, S.; Tong, M.; Sun, F.; Wu, R. Enhancing
comprehensive analysis of secreted glycoproteins from cultured cells without serum
starvation. Analytical Chemistry 2021, 93 (4), 2694-2705. Copyright (2021) American

Chemical Society.

5.1 Introduction

Cells secrete many glycoproteins to regulate extracellular activities, including cell-
cell communication and manipulation of the cell microenvironment.’% 14 313-314 Secreted
glycoproteins, including cytokines, antibodies, growth factors, hormones, and enzymes,
from easily accessible and non-invasive sources such as blood and urine contain much
valuable information about cellular development and disease statuses, and thus they can
serve as effective biomarkers for early disease detection.”® 133! For example, secreted
prostate-specific antigen (PSA) is a well-known glycoprotein used in prostate cancer
diagnosis.®?® Recent studies even indicated that measuring different urinary PSA
glycoforms may improve the diagnostic accuracy in the “grey zone” concentration range
(4.0-10.0 ng/mL PSA).>?22 Cells in the immune system such as monocytes and
macrophages secrete glycoproteins during the infection to fight against foreign pathogens.
For instance, once stimulated with lipopolysaccharides (LPS) after a bacterial infection,
macrophages trigger nuclear factor kappa-B (NF-kB) to migrate into the nucleus, resulting

in the secretion of cytokines such as tumor necrosis factor alpha (TNF-a), interleukin-1
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(IL-1), and chemokines that attract other white blood cells such as the neutrophils to the

ViCil’lity.313’ 323-324

Cultured cells have been extensively used as models in the fields of biology and
biomedicine, and global analysis of glycoproteins secreted from these cells can aid in a
better understanding of their functions and extracellular events. Despite their importance,
secreted glycoproteins cannot be easily analyzed globally because many of them are
present in an extremely low abundance. Furthermore, detection of secreted glycoproteins
is often hindered by many other proteins from fetal bovine serum (FBS) including growth
factors and proteins necessary for cell growth and proliferation used in the culture medium.
Compared with serum proteins, the abundance of secreted glycoproteins is much lower.3%’
While the analysis of secreted proteins can be performed using antibody-based methods
such as Western blotting and ELISA, the antibody availability and specificity may be an
issue. More importantly, it is almost impossible to use these methods for global analysis of

secreted glycoproteins, and they cannot provide the glycosylation information.

Mass spectrometry (MS)-based proteomics has also been used for comprehensive
analysis of secreted glycoproteins.’?6** To overcome the challenges in secreted
glycoprotein analysis, extensive fractionation may be performed. Yet, this method is not
very effective and time-consuming. Furthermore, it does not result in the high coverage of
secreted glycoproteins. Protein depletion is also commonly employed to remove some
highest abundant proteins from the samples, but the reproducibility and the loss of proteins
of interest are problematic.?** Alternatively, serum-free media (SFM) have been employed
to avoid the interference from high-abundance serum proteins. While this approach

increases the coverage of secreted proteins detected, studies have shown that serum
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starvation dramatically affects cell growth and proliferation, and thus results in protein
secretion alterations.®® 32> Taking these issues into consideration, global analysis of
secreted glycoproteins and their glycosylation sites under the serum-containing conditions

is much more challenging and remains to be further explored.

In this study, in order to increase the coverage of secreted glycoproteins, we
integrated a selective enrichment method with a signal boosting approach for
comprehensive analysis of secreted glycoproteins from cells cultured in serum-containing
media. Since low-abundance secreted glycoproteins are buried among many extremely
high-abundance FBS proteins in the medium, selective enrichment is critical for their
global analysis. However, the enrichment alone is not sufficient because, besides non-
specific binding, the detection limit of LC-MS is also unfavorable for low-abundance
secreted glycoproteins. We first evaluated different glycoprotein sources to serve as the
signal boosting sample. Furthermore, the boosting-to-sample ratio as another important
parameter was carefully chosen to maximize the boosting effect and increase the coverage
of glycoproteins. The method allowed us to quantify hundreds of secreted glycoproteins
and deglycosylated peptides with the glycosylation sites from THP-1 monocytes and M0
macrophages in response to LPS and from Hep G2 treated with TGF-B. Several secreted
glycoproteins were found to be regulated in these models, including those involved in the
immune and inflammatory responses from THP-1 monocytes and macrophages treated
with LPS, and those participated in the extracellular matrix organization and the epithelial-
to-mesenchymal transition (EMT) from Hep G2 cells. Global quantification of secreted

glycoproteins from cultured human cells without serum starvation provides valuable
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information to the scientific community, and the developed method can be extensively

applied for secreted glycoprotein analysis.

5.2 Materials and methods

5.2.1 Cell culture, treatments, and metabolic labeling of glycoproteins

Reagents were purchased from Sigma-Aldrich unless noted otherwise. For the
experiment with THP-1 (ATCC), the cells were maintained in RPMI-1640 medium
(Gibco) containing 10% FBS (Corning) and 1% penicillin-streptomycin (P-S) in a
humidified incubator with 5% carbon dioxide at 37 °C. Once the density reached ~8x10°
cells/mL, the cells were centrifuged at 500g for 5 minutes, washed twice with warm PBS,
and resuspended in the corresponding medium before metabolic labeling. For the serum-
containing medium (SCM), the original medium with 10% FBS and 1% P-S was used. For
the serum-free medium (SFM), 10% FBS was not added. Depending on the experiment,
the cells were pre-labeled with 100 uM N-azidoacetylgalactosamine-tetraacylated
(AcsGalNAz; Click Chemistry Tools) in SCM or SFM in the incubator. After 12 hours,
either 1 pg/mL LPS from E. coli O111:B4 or PBS at the same volume was added to the
culture flasks and then incubated for 12 hours. For the experiments with MO macrophages,
THP-1 monocytes were differentiated as reported previously using 100 ng/mL phorbol 12-
myristate 13-acetate (PMA) in the SCM for 48 hours, rested for 24 hours in the SCM
without PMA, and washed with warm PBS twice before adding the corresponding medium
containing AcsGalNAz.2% 214 For the experiments with Hep G2 (ATCC), the cells were
grown similarly in high-glucose DMEM containing 10% FBS and 1% P-S. Once the

confluency reached ~50%, the cells were switched to the serum-free or serum-containing

117



conditions, pre-labeled with 100 uM AcsGalNAz for 12 hours, and treated with 10 ng/mL
human transforming growth factor f1 (TGF-B, Cell Signaling Technology) for 48 hours

before medium collection.

5.2.2  Medium collection, cell lysis, and click-chemistry reaction

The cells and the media were collected by centrifugation at 500g for 5 minutes. The
cells were washed with ice-cold PBS twice and the wash solution was pooled with the
media. For the experiments with the cell part, proteins were extracted using a lysis buffer
containing 50 mM N-(2-hydroxyethyl)piperazine-N’-2-ethanesulfonic acid (HEPES;
pH=8.8), 150 mM sodium chloride (NaCl), 10% sodium deoxycholate (SDC), 1 tablet/50
mL protease inhibitors (Roche), and 20 units/mL universal nuclease for cell lysis (Pierce)
at 4 °C with end-over-end rotation for 1 hour. The lysates were collected by centrifugation
at 25,830g for 10 minutes. For the medium part, the same protease inhibitors were added
to the final concentration of 1 tablet/50 mL before centrifugation at 5,000¢ for 10 minutes
to remove any debris. The media were concentrated using an Amicon Ultra-15 centrifugal
filter unit with a 3,000 Da molecular weight cutoff (Millipore) at 4,000g until the volume
was reduced to ~5 mL. For comparison purposes, the amount of HEPES, NaCl, SDC,
protease inhibitors, and universal nuclease were adjusted to the same final concentrations
as those in the cell part. The final volume of the lysates or the concentrated media was
adjusted with PBS to 10 mL before the click reaction. Similar steps were performed in the
experiments with MO macrophages and Hep G2 cells, except that the media were collected
and the cells were washed directly from the culture flasks. Glycoproteins containing the
azide group from AcsGalNAz labeling were tagged with 100 uM dibenzocyclooctyne

(DBCO)-biotin (Click Chemistry Tools) at 37 °C with shaking for 1 hour.
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5.2.3  Protein purification and digestion, and peptide purification

After the click-chemistry reaction, the proteins were reduced with 5 mM
dithiothreitol at 56 °C for 30 minutes, alkylated with 14 mM iodoacetamide at room
temperature in the dark for 30 minutes, and purified with the methanol-chloroform
precipitation method. Proteins were digested with sequencing-grade modified trypsin
(Promega) in the buffer containing 1.6 M urea, 50 mM HEPES pH=8.8, and 5% acetonitrile
(ACN), which lasted for 16 hours with shaking at 37 °C. The digestion was quenched with
0.4% trifluoroacetic acid (Millipore) and the pH was checked to be lower than 2. The
peptides were desalted using a tC18 Sep-Pak Vac Cartridge (Waters) and dried using a

vacuum concentrator.

5.2.4 Enrichment of secreted glycopeptides

The dried peptides were resuspended in PBS and glycopeptides were enriched using
150 pL NeutrAvidin Agarose Resins (Pierce) for 1 hour at 37 °C with end-over-end
rotation. The beads were subsequently washed 10 times with PBS. The enriched
glycopeptides were eluted three times with 8 M guanidine hydrochloride pH=I1.5
(Promega) at 56 °C for 2 minutes each. The eluted glycopeptides were desalted using the

Sep-Pak cartridge.

5.2.5 TMT labeling and high-pH reverse-phase fractionation

For the quantification experiment using the boosting method, the dried peptides
were resuspended in 33 pL 200 mM HEPES pH=8.5 and 10 pL ACN. The TMT 6-plex or

TMT 10-plex reagents (Thermo) were dissolved in 41 uL anhydrous ACN, and 5 puL was
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added to the solution containing the peptides. The reaction was performed at room
temperature with shaking for 1 hour and subsequently quenched with 8 pL of 5%
hydroxylamine hydrochloride in 200 mM HEPES pH=8.5 at room temperature with
shaking for 15 minutes. The peptides from all TMT channels were combined, purified, and
dried using a vacuum concentrator. The mixed peptide samples were fractionated using
high-pH reverse-phase HPLC with an XBridge C18 3.5 um, 4.6x250 mm column (Waters)
over a 40-minute gradient of 16-60% ACN in 10 mM ammonium formate, pH=10. The

peptides were collected every 2 minutes and consolidated into 5 fractions.

5.2.6 PNGase F treatment

The dried peptides were resuspended in 40 pL 50 mM ammonium bicarbonate
(pH=9) in heavy-oxygen water (H>'%0) and deglycosylated using 3 units of PNGase F at
37 °C for 3 hours with shaking. The reaction was quenched with 1% formic acid (FA) and
the pH was adjusted to be ~2. The peptides were purified using the StageTip method
described previously and dried before LC-MS/MS analysis.'®" For the optimization
experiments, each sample was eluted into three fractions with 20%, 50%, and 80% ACN
containing 1% acetic acid, respectively. For the quantification experiments with the
boosting channel, each of the five fractions was eluted with 50% ACN containing 1% acetic

acid. The purified peptides were dried using a vacuum concentrator.

5.2.7 LC-MS/MS analysis

The dried peptides were resuspended in a solution containing 5% ACN and 4% FA
and analyzed using an on-line LC-MS/MS system. The separation was performed using a

Dionex UltiMate 3000 UHPLC system (Thermo). The microcapillary column was packed
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in-house (Magic C18AQ, 3 pm, 200 A, 75 um x 16 cm). For the optimization experiment,
the peptides from the 20%, 50% and 80% fractions were separated using 112-minute
gradients of 3-22%, 6-30%, and 8-35% ACN containing 0.125% FA, respectively. For the
quantification experiments with the boosting channel, each of the five fractions was
separated with a 112-minute gradient of 4-17% ACN with 0.125% FA. The LC is
connected to an LTQ Orbitrap Elite hybrid mass spectrometer (Thermo). For each cycle, a
full MS spectrum was recorded in the Orbitrap cell at the resolution of 60,000 with
automatic gain control (AGC) of 1x10°. For the optimization experiment, the peptides were
fragmented in the LTQ using a data-dependent Top20 method where a full MS scan in the
Orbitrap is followed by up to 20 MS/MS in the LTQ for the most intense ions. Selected
ions were excluded from further sequencing for 90 seconds. lons with singly or unassigned
charge were not sequenced. Maximum ion accumulation times were 1,000 ms for each full
MS scan and 50 ms for each MS/MS scan. For the quantification experiments, peptide
fragmentation was performed by higher-energy collisional dissociation (HCD) with the
normalized collisional energy of 40% using a Top15 method, i.e., up to 15 MS/MS of the

most abundant precursor ions were recorded in the Orbitrap cell at the resolution of 15,000.

5.2.8 Data analysis and bioinformatics analysis

The raw files were converted into an mzXML format and searched using the
SEQUEST algorithm.?!” The spectra were matched against the human proteome database
downloaded from UniProt (www.uniprot.org). In the optimization experiment, the peptide
mass tolerance was 20 ppm and the fragment ion mass tolerance was 1.0 Da. The maximum
number of missed cleavages was three and the maximum number of differential

modifications per peptide was four. Differential modifications included: +15.9949 Da for

121



oxidation of methionine and +2.9883 Da for glycosylation on asparagine, which was
deglycosylated with PNGase F in H>!%0. Static modification included: +57.0215 Da for
carbamidomethylation of cysteine. Similar parameters were used in the quantification
experiment except that the fragment ion mass tolerance was 0.025 Da and the static
modification at lysine and the peptide N-terminus (+229.1629 Da) for the TMT labeling
was added. The target-decoy method was used to estimate the false discovery rates (FDRs)
of peptide and protein identification.?!® Linear discriminant analysis (LDA) was applied to
control the quality of peptide identification using multiple parameters such as XCorr, ppm,
peptide length, and charge state. The FDR was controlled to <1% at the deglycosylated
peptide level, and an additional filter was also applied to control the FDR to <1% at the
glycoprotein level. The dataset was limited to only deglycosylated peptides or
glycoproteins when calculating and controlling the FDRs at both levels. Note that only for
the secretome quantification with THP-1 monocytes without the boosting channel, one of

the five fractions did not pass the LDA and the results from four fractions were included.

The confidence of the glycosylation site localization was calculated using an
algorithm similar to Ascore called ModScore.?!* A ModScore of >13 represents the site
being well-localized (P<0.05). Reverse hits and contaminants were removed. The
deglycosylated peptides were filtered so that each sequence contained the N-!P-S/T/C
motif for N-linked glycosylation. For the quantification, the signal-to-noise ratio of the
TMT reporter ions was used. Peptides with a zero S/N were removed. The abundance of
each unique deglycosylated peptide was calculated from the sum S/N of all peptide copies
detected and the one with the highest ModScore is reported. The final protein abundance

change is the sum S/N ratios of all peptides for the protein. Statistical analysis was
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performed using Perseus,'®® including the one-sample t-test where the significance change
is defined for those with a minimum fold change of 1.5 and the P-value less than 0.05.
Phobius was employed to predict the transmembrane region and the signal peptide in
proteins.!% SecretomeP was used to predict non-classical secretion.'®” Protein clustering
was performed using the Database for Annotation Visualization and Integrated Discovery
(DAVID)  version 6.82%° The raw files «can be accessed on

ftp://massive.ucsd.edu/MSV000086461/.

5.3 Results and discussion

5.3.1 Principle of enhancing the detection of secreted glycoproteins with low abundances

Cells secrete glycoproteins into the extracellular environment to communicate with
other cells and manipulate the cellular microenvironment. Many secreted glycoproteins
have a very low abundance (below ng/mL) among the high-abundance background proteins
in the mg/mL range. Methods to enrich secreted proteins from cell culture media were
previously reported.®> 108 325 331 However, they generally do not target secreted
glycoproteins and/or the analysis does not reveal the glycosylation site information. While
glycoprotein enrichment is imperative for their global analysis, it is not always sufficient
for comprehensive analysis of secreted glycoproteins due to the high-abundance protein
background in the culture media. Furthermore, even after they are enriched, the amount of

many low-abundance glycoproteins may still be below the detection limit of LC-MS.

Multiplexed proteomics using the tandem mass tag (TMT) allows for the
quantification of proteins from multiple samples simultaneously. This increases the

reproducibility and shortens the analysis time. Through this approach, the same peptide
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from different samples is labeled with each channel of the TMT reagents and then
combined. The resulting peptides have the same mass-to-charge ratio and appear as a single
peak in MS1. It not only increases the analysis efficiency but also improves the peptide
signal in MS1, allowing for the better detection and isolation of the precursor ion for MS2.
More importantly, much higher intensities of fragments in MS2 enable us to more
confidently identify the peptide, while the reporter ions from the TMT tags allow for
quantification of the peptides from different samples. Benefitting from this signal
enhancement, this approach has been applied for post-translational modification and
single-cell analyses by dedicating a separate TMT channel for peptide carriers that will
result in the higher total intensity in MS1. Previously, Budnik et al. developed a method
called SCoPE-MS to study single-cell proteomics,'!! and Yi et al. reported the BASIL

method for phosphopeptide identification and quantification.!'?

To overcome the problems in secreted glycoprotein analysis, we envisioned that
the boosting approach in combination with a glycoprotein enrichment method could be
very useful to uncover low-abundance secreted glycoproteins (Figure 5.1). In previous
studies, the boosting sample (channel) generally has the same composition as the
quantification samples (channels), e.g., for the BASIL method, the boosting sample is
generated by combining the quantification samples; in SCoPE-MS, the number of cells
used in the boosting channel is much higher compared with the real single-cell samples. In
this work, secreted glycoproteins are among the highly abundant FBS proteins. Using the
combined media containing the highly abundant FBS proteins from the samples as the

boosting channel may not work well because it further increases the abundance of FBS
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proteins and will not facilitate the global analysis of secreted proteins. Therefore, a

different and more effective boosting sample must be used.
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Figure 5.1. Principle of the glycopeptide signal boosting for secreted glycoprotein
analysis. Enriched glycopeptides from secreted glycoproteins in the cell culture media
(shown in the deglycosylated form) are labeled with the TMT reagents. When the
boosting sample is added, the signal of the deglycosylated peptide in MS1 is increased,
thus facilitating the precursor ion selection for MS/MS fragmentation. Higher
intensities of the fragments also allow for confident identification of the glycopeptide.

Previously, we specifically analyzed cell-surface glycoproteins by integrating
metabolic labeling with a sugar analog, bioorthogonal chemistry, and MS-based
proteomics, and studied cell surface glycoproteins in different cell types and their
dynamics.*3- 181:215-216.332 Briefly, cells are labeled using AcsGalNAz, which is incorporated
into the glycan part of glycoproteins in the endoplasmic reticulum or the Golgi apparatus
through the classical secretory pathway. In cells, AcaGalNAz is deacetylated and activated
into UDP-GalNAz, which is converted to UDP-GIcNAz or remained as UDP-GalNAz.
Many N-glycans can be labeled with the azido sugar. It has also been shown that UDP-
GIcNAc can be converted into ManNAz for the labeling of sialic acid-containing

glycans.*!:33° Because secreted glycoproteins are normally exported through the classical

secretory pathway, they can be labeled with the sugar analog and enriched from the culture
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medium. It is expected that coupling the boosting approach with selective enrichment of
secreted glycoproteins will be highly effective to cover low-abundance glycoproteins

secreted in the medium.

5.3.2  Comparison of different secreted glycoprotein sources to most effectively boost the

signals of secreted glycopeptides from SCM

While the cells from which the medium was collected present an attractive choice
as a boosting sample, the abundances of secreted glycoproteins inside of the cells could be
low and the inferences from many other highly abundant intracellular proteins, especially
housekeeping ones, may pose a problem. To make sure that the boosting channel is
appropriate and the highest coverage of secreted glycoproteins is obtained, we first
compared theoretical annotated secreted glycoproteins that can be found from different
sources, including the cells and the media under serum-free or serum-containing

conditions.

THP-1 monocytes were first cultured in 25 mL SCM until the density reached
~8x10° cells/mL. The cells were harvested, washed twice with warm PBS to remove FBS
proteins, and passaged to either SFM or SCM with 100 uM Ac4GalNAz. After being
labeled for 24 hours, the cells from both conditions were harvested and separated from the
medium, resulting in four sources of glycoproteins: 1) the cell part, SFM; 2) the medium
part, SFM; 3) the cell part, SCM; 4) the medium part, SCM. The cell parts were lysed and
the lysates were collected. The medium parts were concentrated using a centrifugal filter.
Proteins containing the azide groups from both the cell lysates and the media were then

tagged with DBCO-sulfo-biotin, followed by digestion with trypsin. The resulting
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glycopeptides containing the biotin group were enriched using NeutrAvidin beads,

deglycosylated with PNGase F in H»'®0, and analyzed with LC-MS/MS.

In the comparison experiments, different numbers of glycoproteins and
deglycosylated peptides were detected from the cells and the media under serum-free or
serum-containing conditions (Figure 5.2). As expected, the results from the cell parts are
very similar, i.e., 989 deglycosylated peptides from 455 glycoproteins and 952
deglycosylated peptides from 443 glycoproteins in the serum-free or serum-containing
media, respectively. The number of glycoproteins from the SFM is slightly lower; 698
deglycosylated peptides from 341 glycoproteins. Yet, the number of glycoproteins detected
from the SCM is the lowest, with only 54 deglycosylated peptides from 41 glycoproteins
found. In a separate search from this experiment where the FDR is not restricted to only
glycopeptides, peptides with the highest number of hits are from bovine albumin (62
unique peptides and 330 total peptides) and fetuin-A (19 unique peptides and 219 total
peptides), while the human protein detected with the highest number of peptides is
progranulin (GRN) with only 4 unique peptides and 17 total peptides (all contain a
glycosylation site). This demonstrated that the enrichment alone is not enough to overcome

high-abundance FBS proteins left in the final sample through non-specific binding.

At first glance, the number of glycoproteins and deglycosylated peptides detected
from the cell part grown in SFM is the highest and could serve as the boosting channel
during the quantification. We performed several bioinformatic analyses to determine the
fraction of theoretical secreted glycoproteins among these different samples. Based on the
criteria used in previous studies, secreted proteins should contain a signal peptide sequence

but not a transmembrane region.?> 32> We used Phobius to predict these two components

127



A

SFM SCMm
Medium Cell
Cell (341) (443) Medium
(455)

SFM SCM

Medium Cell
Cell (698) (952) Medium

Figure 5.2. Comparison of glycoproteins and deglycosylated peptides from different
boosting samples. The number of glycoproteins (A) or deglycosylated peptides (B)
detected from the cells or the media from serum-free or serum-containing conditions.
The number in parentheses is the number of glycoproteins or unique deglycosylated
peptides identified.

and also compared with the UniProt database for proteins that contain the keyword
“Signal” or “Secreted”.'®® Due to its coverage, the medium part of the SCM condition has
the lowest number of glycoproteins with the transmembrane region, with the signal peptide,
without the transmembrane region but with the signal peptide, or containing the keywords
“Signal” or “Secreted” (Figure 5.3A). Those from the cell parts in both the SFM and SCM
conditions have the highest numbers of glycoproteins that matched these criteria, except

for proteins that contain a signal peptide but not a transmembrane region, which is

characteristic for secreted proteins and the highest in the medium part of the SFM (Figure
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5.3A). On the contrary, the percentages of proteins that match these criteria revealed that,
as expected, all glycoproteins (100%) enriched from the medium part of the SCM are
annotated with the keywords “Signal” or “Secreted” (Figure 5.3B). Additionally, 68% have
a signal peptide sequence but not the transmembrane region, 95% have a signal peptide
(highest among the four conditions), and 32% have the transmembrane region (the lowest
among the four). While the percentages are not as high as those from the medium part of
SCM, the medium part of SFM still has 46% with a signal peptide sequence but not a
transmembrane region. Those enriched from the cell parts have the highest number of
proteins with the transmembrane region, the lowest for proteins containing a signal peptide
sequence, or containing a signal peptide sequence but not the transmembrane region. Non-
classical secretory pathways where glycoproteins are secreted through are also predicted
(Table S1). Additionally, we clustered the secreted glycoproteins based on their gene-
ontology (GO) terms. Glycoproteins detected from the SFM resulted in the highest number
of proteins annotated in the extracellular vesicle (secreted proteins from databases are also
clustered into this GO) and the lowest P-values (highest -log(P-value); as shown in Figure
5.3C). The number of proteins that belong to the integral component of membrane is also

the lowest when the glycoproteins from the SCM are not considered.

Taking these together, SFM resulted in the highest number of theoretically secreted
glycoproteins, and the coverage is much higher compared with that from the SCM. The
SFM contains almost all glycoproteins detected from the SCM except two glycoproteins,
i.e., C-C motif chemokine 24 (CCL24) and cathepsin Z (CTSZ). It also contains the lowest
number of proteins with the transmembrane region, which is not characteristic of typical

secreted glycoproteins. Additionally, considering that glycosylation is an important step in
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Figure 5.3. Analysis of secreted glycoproteins from different boosting samples. (A)
The number of glycoproteins from Figure 2 that contain the transmembrane region,
have a signal peptide sequence, does not contain the transmembrane region, but
contain a signal peptide sequence, and are annotated as the keywords “signal” or
“secreted” from UniProt. (B) The percentage of glycoproteins from (A) to the total
number of detected glycoproteins for each sample. (C) Gene ontology (GO)-based
clustering of glycoproteins related to integral component of membrane or
extracellular vesicle in different samples based on cellular components.

the classical secretory pathway, almost all secreted proteins may be glycosylated and could
possibly be used as the boosting sample without the enrichment. We grew the cells in the
SFM, omitted the enrichment with NeutrAvidin beads, and directly performed the
deglycosylation with PNGase F for glycopeptides prior to LC-MS analysis. With this
approach, only 83 deglycosylated peptides from 66 glycoproteins were detected. The

results are worse than expected. Therefore, we concluded that the enriched secreted
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glycoproteins in the SFM best suit for boosting the signals of those from cells grown in the
SCM. While previous studies showed that cells grown in the SFM may alter the abundance
of secreted proteins, the glycoproteins here are merely used to boost the signal while the
true quantification results will still be obtained from the cells grown under the SCM

conditions.

5.3.3  Optimization of the ratio between the boosting and the quantification channels

To evaluate the boosting effect, we performed the quantification experiments
without the boosting channel and with different boosting-to-sample ratios. The cells were
pre-labeled with AcsGalNAz and treated with LPS or PBS (as a control) for 12 hours. The
media were collected, and secreted glycoproteins were tagged. After the enrichment, the
glycopeptides were labeled with the TMT 6-plex reagents (Figure 5.4). In the experiment
without the boosting sample, channels 126-129 of the TMT reagents were used to label
glycopeptides from the biological duplicate experiments of cells treated with LPS or PBS
while channels 130 and 131 were left blank. With this approach, 103 unique deglycosylated
peptides were detected from 71 glycoproteins (Figure 5.5A). With the boosting approach,
channel 131 was dedicated for the boosting sample. Since the cells treated with LPS or
PBS are expected to secrete glycoproteins differently, we combined the SFM collected
from both the cells treated with LPS or PBS as a boosting sample. Channel 130 was left
blank. With the boosting sample, the number of glycoproteins and deglycosylated peptides
identified markedly increased. For the boosting-to-sample ratio of 2:1, i.e., the volume of
the SCM for each channel is 5 mL and that of the boosting channel is 10 mL (5 mL from
the SFM of cells treated with LPS and 5 mL from cells treated with PBS), 179 unique

deglycosylated peptides were quantified from 107 secreted glycoproteins (Figure 5.5A).
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With the ratio of 10:1 where 5 mL of the SCM for each channel and 50 mL of the SFM for
the boosting channel were used (25 mL from the SFM of cells treated with LPS and 25 mL
of cells treated with PBS), the number further increased to 308 deglycosylated peptides
from 178 glycoproteins (Figure 5.5A). Compared with the results from the identification
in the comparison experiment, the secreted glycoproteins quantified at the 10-to-1 ratio
cover 89% of the secreted glycoproteins (36 of 41) detected from the SCM. Nonetheless,
the coverage is lower than the identification experiment in the SFM (599 deglycosylated
peptides and 341 glycoproteins). One major reason is that the ion trap used for MS2 in the
identification experiment is much more sensitive than the Orbitrap cell employed for MS2

in this quantification experiment because of the detection of the TMT reporter ions.
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Figure 5.4. Experimental procedure for quantitative analysis of secreted
glycoproteins using a boosting channel. The cells are pre-labeled with Ac4GalNAz for
glycoprotein enrichment in either SCM (quantification channels) or SFM (boosting
channel). The media are collected, and the glycoproteins are tagged with DBCO-
sulfo-biotin. The enriched glycopeptides are labeled with the TMT 6-plex reagents,
deglycosylated with PNGase F, and analyzed with LC-MS/MS.
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Figure 5.5. Optimizing the boosting-to-sample ratio. (A) The number of secreted
glycoproteins or deglycosylated peptides from the experiments without the boosting
channel, boosted at the 2-to-1 ratio, or boosted at the 10-to-1 ratio. (B) and (C)
Example tandem mass spectra of the deglycosylated peptide KLPPGLLAN#FTLLR
from LRG1 from the experiments boosted at the 2-to-1 ratio (B) or boosted at the 10-
to-1 ratio (C). The TMT reporter ion region is highlighted and shown in the inset.

In one example, the deglycosylated peptide KLPPGLLAN#FTLLR, where #
represents the glycosylation site, was quantified in the boosting experiments with the 2:1
and 10:1 boosting ratios (Figure 5.5B and C). The peptide was confidently identified with
the XCorr values of 4.86, and 4.93, respectively. The glycosylation site is well-localized at
N186 with the ModScore of 1,000 in all experiments. The peptide is from leucine-rich

alpha-2-glycoprotein (LRG1). As the boosting-to-sample ratio increases, the signal at the

channel of 131 also increases. Note that the abundance of this glycoprotein is high enough
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so that it can be detected even without the boosting channel. It might also be due to the
LPS treatment that increased the glycoprotein abundance in the secretome. For other
glycopeptides that were not detected from the quantification experiment without the
boosting channel, their abundances may be too low to be selected for further fragmentation,
or not enough fragments are produced for glycopeptide identification in MS2. The addition
of the boosting channel increases the signals in MS1 and MS2 and improves the

glycopeptide coverage.

5.3.4 Quantification of secreted glycoproteins from THP-1 monocytes in response to LPS

In the experiment with THP-1 monocytes, we quantified 309 deglycosylated
peptides from 179 glycoproteins (Figure 5.6C). The reproducibility from two biological
duplicate experiments is reasonably high at both the deglycosylated peptide and
glycoprotein levels (Figure 5.6A and B). GO analysis demonstrates that over one hundred
glycoproteins are related to the extracellular vesicle (P=8.5E-50), 170 are annotated with
the keyword “Secreted” or “Signal”, while 82 are predicted to not have the transmembrane
region but contain a signal peptide sequence. At the peptide level, the ratios of 66 unique
deglycosylated peptides from secreted glycoproteins are >1.5 from the cells treated with
LPS compared with the control sample (Figure 5.7A). Clustering of 27 glycoproteins that
were up-regulated demonstrated that they are involved in biological processes such as
positive regulation of programmed cell death, extracellular matrix organization,
inflammatory response, and response to cytokine, which are the expected responses (Figure
5.6D). Several deglycosylated peptides with the glycosylated sites of N118 and N258 from
tumor necrosis factor-inducible gene 6 protein (TNFAIP6) were up-regulated by ~16 times.

TNFAIP6 has been associated with several inflammatory diseases and was expressed in
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response to TNF-a, one of the known cytokines secreted from cells treated with LPS.%3
Another study showed that TNFAIP6 inhibited pro-inflammatory proteins while increasing
the anti-inflammatory ones. Among these, TNFAIP6 inhibited toll-like receptor 4 (TLR4),
the direct receptor of LPS, from associating with myeloid differentiation primary response
protein MyD88 (MYDS88) to suppress NF-«xB activation.**> This suggests that after the
inflammation induced by LPS, cells may secrete more TNFAIP6 to counter this
inflammation. Surprisingly, only one glycoprotein containing the N170 site from
angiotensinogen (AGT) was down-regulated. AGT normally has roles in blood pressure
regulation and body fluid and electrolyte homeostasis, but a recent study showed its

involvement in the inflammatory response.>*¢

If the abundance of a secreted glycoprotein
is already very low and the even lower amount of the glycoprotein is secreted from cells
with the LPS treatment, the boosting samples may not be able to effectively improve its
detection in the secretome. This potentially results in the under-estimated number of down-

regulated glycoproteins and glycopeptides with very low abundances from the LPS-treated

cells. Some exemplary regulated glycosylation sites are shown in Table 3.1.

Five cytokines were also quantified despite their abundances at the ng/mL level,
including interleukin-12 subunit beta (IL12B), macrophage colony-stimulating factor 1
(CSF1), growth/differentiation factor 11 (GDF11), bone morphogenetic protein 1 (BMP1),
and progranulin (GRN). Among these, the deglycosylated peptide with the site of N303
from IL12B was up-regulated by 7.5 times, and this has been reported previously.?3’3*8
We also found that the two deglycosylated peptides with the site of N183 or N267 from

intercellular adhesion molecule 1 (ICAM1) were up-regulated by 2.1 and 2.5 times,

respectively. ICAMI is a known cell-surface glycoprotein involved in leukocyte adhesion
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and is often up-regulated under inflammatory conditions.*° ICAM1 can be shed and was
found in a study that the LPS challenge increased its concentration in the culture
medium.**® This may explain the detection of some glycoproteins with the transmembrane
region and a signal peptide in the current experiment, despite that they are generally

considered as being localized at the cell surface but not in the secretome.
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Figure 5.6. Quantification of secreted glycoproteins from THP-1 monocytes and M0
macrophages treated with LPS. (A-B) Correlation of deglycosylated peptides (A) and
glycoproteins (B) quantified from THP-1 monocytes. (C) The abundance changes of
secreted glycoproteins from THP-1 monocytes stimulated with LPS. The cutoff for
up-or down-regulation is the fold change of 1.5. (D) GO clustering of up-regulated
secreted glycoproteins from THP-1 monocytes after the LPS treatment based on
biological process. (E) The abundance changes of secreted glycoproteins from M0
macrophages stimulated with LPS. (F) GO clustering of up-regulated secreted

glycoproteins from M0 macrophages after the LPS treatment based on biological
process.
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Figure 5.7. Quantification deglycosylated peptides from THP-1 monocytes and M0
macrophages treated with LPS. (A and B) Abundance changes at the deglycosylated
peptide level from THP-1 monocytes (A) or M0 macrophages (B).

5.3.5 Analysis of glycoproteins secreted from THP-1 macrophages treated with LPS

THP-1 cells were further differentiated into MO macrophages using PMA similar
to the previously reported protocols.?’® 214 34! The cells were subsequently labeled with
Ac4GalNAz and treated with LPS as the above experiment with THP-1 monocytes. In total,
400 deglycosylated peptides were quantified from 178 glycoproteins. The results from both
replicates indicate the relatively high R? values (Figure 5.8B). More than one hundred
glycoproteins are related to the extracellular vesicle (P=2.9E-37), and 170 are annotated
with the keyword “Secreted” or “Signal”. Moreover, 81 are predicted to not have the
transmembrane region but contain a signal peptide. The results at the protein level are
shown in Figure 5.6E. Forty-four glycoproteins were up-regulated while ten were down-
regulated. Clustering of up-regulated secreted glycoproteins revealed that they are involved
in extracellular matrix organization (P=1.2E-6), inflammation response (P=7.8E-4), and
response to growth factor (P=4.1E-3) (Figure 5.6F). Among the quantified deglycosylated

peptides, 101 were up-regulated in the cells treated with LPS while 9 were down-regulated
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compared with the control group (Figure S2B). The deglycosylated peptide with the highest
fold change is the one containing the N96 site from CD83 antigen (CD83), a well-known
surface glycoprotein, which was up-regulated by 9.2-fold in cells treated with LPS. In
dendritic cells, CD83 was reported to be pre-formed inside the cells and transported to the
surface once the cells are activated.”® The soluble form of CD83 has been well-
documented and may interact with the TLR4/MD-2 complex (receptor for LPS) to reduce
the inflammation.>** The peptide containing the glycosylation site was also quantified from
the experiment with THP-1 monocytes, but the secretion was not regulated (fold
change=1.0), suggesting that the genetically identical cells responded differently to LPS.
Five cytokines were quantified, including CSF1, tumor necrosis factor ligand superfamily
member 15 (TNFSF15), GRN, BMP1, and CCL24. Among these, the deglycosylated
peptide containing the N154 site from CSF1 was up-regulated by over 4 times, in contrast
to the experiment with THP-1 monocytes where the peptide was not regulated. Yet, some

deglycosylated peptides, such as those with the N258 site of TNFAIP6, were also up-

regulated from cells treated with LPS, which is similar to the experiment with THP-1

monocytes. Some examples of deglycosylated peptides are displayed in Table 5.1.
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Figure 5.8. Quantification of glycoproteins and deglycosylated peptides from THP-1
MO macrophages treated with LPS. Correlation of deglycosylated peptides (A) and
glycoproteins (B) quantified from THP-1 M0 macrophages.
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5.3.6 Analysis of secreted glycoproteins from Hep G2 cells treated with TGF-f

To further demonstrate the effectiveness of the current method, we applied it to
study secreted glycoproteins from Hep G2 cells treated with TGF-B. TGF- has been
reported to induce the epithelial-to-mesenchymal transition (EMT) in Hep G2 cells, which
is a process involved in cancer metastasis where epithelial cells become more invasive and
mobile. % 3% The cells were pre-labeled with 100 pM AcsGalNAz for 12 hours and then
treated with 10 ng/mL TGF- for 48 hours before medium collection. We expanded the
number of samples analyzed by employing the TMT 10-plex reagents and performing the
experiment in biological triplicates (Figure 5.9A). We quantified 531 unique
deglycosylated peptides from 236 glycoproteins (Figure 5.9B). The glycoproteins related
to the extracellular vesicle are highly enriched with a very low P-value (P=8.8E-73), and
231 proteins are annotated with the keyword “Secreted” or “Signal”. Furthermore, 147 are
predicted to not have the transmembrane region but contain a signal peptide. We found 21
secreted glycoproteins being up-regulated and 6 being down-regulated in response to TGF-
B. The proteins that were up-regulated are involved in processes such as extracellular
matrix organization (Figure 5.9C). Latent-transforming growth factor beta-binding protein
2 (LTBP2) was up-regulated by over 6 times (Figure 5.9B). The protein was reported to be
up-regulated at both the mRNA and protein levels after TGF-B stimulation,*
corroborating the results from this experiment. Other glycoproteins that have also been
reported to be up-regulated after TGF-f3 stimulation are also shown in the figure, including
metalloproteinase inhibitor 1 (TIMP1) and lysyl oxidase homolog 4 (LOXL4).343-34

Several examples of quantified deglycosylated peptides are listed in Table 5.1.
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Figure 5.9. Quantification of secreted glycoproteins from Hep G2 cells treated with
TGF-$. (A) Experimental scheme using the TMT 10-plex platform. (B) Glycoprotein
abundance changes after the TGF-p treatment from the triplicate experiments. A t
test was used to determine the significance (shown with P<0.05 and the ratio cutoff of

1.5). (C) GO clustering of secreted glycoproteins that are up-regulated after the TGF-
B treatment based on biological process.

5.4 Conclusions

In this work, we coupled the selective enrichment of glycopeptides with a signal
boosting approach to enhance the coverage of secreted glycoproteins with low abundances
among many extremely high-abundance FBS proteins. This method was applied to globally
quantify glycoproteins secreted from THP-1 monocytes and macrophages in response to

LPS, and from Hep G2 cells treated with TGF-B. While the interference from highly
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abundant FBS proteins on analysis of secreted proteins can be eliminated by using serum-
free media, the serum starvation alters protein secretion even after a short period of time,
and thus the quantification of secreted proteins is questionable. Here, we aimed to quantify
secreted glycoproteins when cells are grown under the normal conditions, i.e., the serum-
containing media. The enrichment of secreted glycopeptides alone is not sufficient for their
comprehensive analysis because some high-abundance peptides are still present in the
enriched samples due to non-specific binding. Moreover, LC-MS has its detection limit,
which is biased against low-abundance glycoproteins. To overcome these issues, we
combined the selective enrichment of glycopeptides from secreted glycoproteins with a
boosting approach for global analysis of secreted glycoproteins by LC-MS. The boosting
sample was carefully chosen by comparing the coverage of theoretical secreted
glycoproteins from the cells or the media under serum-free or serum-containing conditions.
The results demonstrated that the serum-free medium as a glycoprotein source can best
serve as the boosting sample due to the higher coverage and the selectivity of secreted
glycoproteins. Nonetheless, the quantitative information of secreted glycoproteins was
obtained solely from the cells grown under the serum-containing conditions. We first
applied this integrated method to globally quantify secreted glycoproteins in THP-1
monocytes and macrophages in response to LPS. Almost 400 deglycosylated peptides from
~200 secreted glycoproteins were quantified from THP-1 monocytes and macrophages
treated with LPS. We further expanded the number of samples compared by using the TMT
10-plex reagents to determine secreted glycoproteins from Hep G2 cells treated with TGF-
B in the EMT context, in which we quantified over 200 secreted glycoproteins related to

the extracellular matrix organization. Here, the glycosylation site information was also
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obtained, which provides the solid experimental evidence, minimizing the false-positive

rates. Considering the importance of secreted glycoproteins, this method can be extensively

applied in the biological and biomedical research fields.

Table 5.1. Example deglycosylated peptides from secreted glycoproteins quantified
from THP-1 monocytes and macrophages in response to LPS or from Hep G2 cells

treated with TGF-p.

Cell | UniProt Gene Deglycosylated | Site | Mod | Ratio Annotation
1D peptide Score
P98066 | TNFAIP6 | KN#TSTTSTG | 258 | 150.7 | 23.10 | Tumor necrosis
NK.N 7 factor-inducible
L gene 6 protein
— 015204 | ADAMD | R.EEIKNN#QTE | 61 | 17.01 | 9.58 | ADAM DECI1
+
% EC1 K.H
‘5 P29460 IL12B | RKN#ASISVR | 303 | 1000 | 7.51 | Interleukin-12
= A subunit beta
‘23 P07996 THBS1 | KKVSCPIMP | 360 | 1000 | 4.11 | Thrombospondin-
— CSN#ATVPD 1
. GECCPR.C
= P05362 ICAM1 | R.ILNPTVTYG | 267 | 127.5 | 2.46 | Intercellular
N#DSFSAK.A 3 adhesion
molecule 1
Q01151 CDS83 RN#TTSCNSG | 96 | 100.2 | 8.94 | CD83 antigen
TYR.C 1
P98066 | TNFAIP6 | KN#TSTTSTG | 258 | 150.7 | 8.34 | Tumor necrosis
NK.N 7 factor-inducible
g gene 6 protein
’f P09603 CSF1 K.NVFN#ETK. | 154 | 73.31 | 4.23 | Macrophage
% N colony-
2D stimulating factor
5 1
‘g P17936 | IGFBP3 | K.VDYESQST | 199 | 1000 | 4.06 | Insulin-like
S DTQN#FSS growth factor-
S ESKR.E binding protein 3
E QI9BXXO0 | EMILIN2 | K.SLN#DTMH | 587 | 1000 | 0.62 | EMILIN-2
A, RK.F
E Q8IXL6 | FAM20C | RMVN#MTK. | 335 | 1000 | 0.60 | Extracellular
E protein kinase
FAM20C
014657 | TORIB | RREERPLN#AS | 64 | 1000 | 1.04 | Torsin-1B
ALK.L
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Table 5.1. Continued

Hep G2 +
TGF-p

Q14767 LTBP2 | RDECWCPAN | 421 | 1000 | 10.60 | Latent-
#STGK.F transforming
growth factor
beta-binding
protein 2
P19883 FST R.CVCAPDCS | 124 | 1000 | 3.65 | Follistatin
N#ITWK.G
P15018 LIF K.LN#ATADIL | 138 | 1000 | 2.12 | Leukemia
R.G inhibitory factor
P01031 C5 R.AN#ISHK.D | 741 | 1000 | 0.56 | Complement C5
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CHAPTER 6. DIFFERENTIAL REGULATION OF THE
PROTEOME AND PHOSPHOPROTEOME OF
NEUROBLASTOMA TUMORS IN RESPONSE TO
CHEMOTHERAPEUTIC TREATMENT BY TOPO/CTX

6.1 Introduction

Neuroblastoma is a type of extracranial solid tumor found in children especially in
early childhood.**”*® According to the American Cancer Society, the occurrence of
neuroblastoma is about 6% of all cancers in children.** Neuroblastoma tumors typically
have highly heterogeneous clinical characteristics.*>*%! Primary tumors can form in
different locations such as the adrenal glands, abdomen, chest, orbital of the eye, and bones,
and the symptoms are linked to the location of these primary tumor sites, including bone
pain, fever, lumping, swelling, and weight loss.**® In the tumor microenvironment, other
cells such as myeloid cells and fibroblasts may be recruited to enhance the chemoresistance
and immune evasion of the tumor. The immune response may be mediated by antibodies,
natural killer cells, and T cells.?>*?-3* Metastasis to the lymph node, bone marrow, and bone
are detected in about 50% of patients at diagnosis depending on the age and biological
characteristics of the tumors.?*® 3> Even though it is not certain what causes genetic
alterations in these cells, several genes have been identified, with most malignant
neuroblastoma tumors having the amplification of the MYCN oncogene while the rare
familial ones having the mutation of the ALK gene.***3%” In addition, other environmental
factors, such as maternal use of drugs, hair dyes, and pesticides in residential area, may be

associated with neuroblastoma.?>*-3¢
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Based on the criteria established by the International Neuroblastoma Risk Group
(INRG), patients can be classified into very low-, low-, intermediate-, and high-risk
groups.*®! While some neuroblastoma may disappear without any treatment, the survival
rates can vary from over 95% for low-risk patients to 40-50% for high-risk ones.>*? Relapse
occurs in about 50-60% of high-risk patients.>*’ A number of compounds have been used
to target proteins associated with neuroblastoma, such as aurora kinase inhibitors that
inhibit cell-cycle regulator proteins aurora kinase A and aurora kinase B.3633%4
Combinations of drugs have also been used, including topotecan (TOPO) and
cyclophosphamide (CTX), which is one of the most effective approach to treat relapse
patients.*** 3% TOPO intercalates between DNA strands and causes replication-mediated
DNA damage, i.e., as DNA topoisomerase I (TOP1) unwinds DNA with the intercalated
TOPO during replication, it cannot religate the strand. Consequently, the TOP1 cleavage
complex (TOPIcc) is formed and collapses with the replication fork, resulting in DNA
damage and eventually apoptosis. The drug is very selective, and its interaction with DNA
is only stable in the complex with TOP1.%°¢ CTX is a DNA alkylating reagent. This prodrug
is converted by hepatic cytochrome P-450 into the active 4-hydroxycyclophosphamide that
eventually crosslinks two guanine bases together, and thus DNA replication is interfered.
Normal cells are minimally affected by CTX since detoxification can be achieved by the
highly abundant aldehyde dehydrogenase.*®” CTX was originally used in chemotherapy,
and has recently been repurposed as a potent immune modulator in cancer immunotherapy
by targeting suppressive regulatory immune cells within the tumor microenvironment. This
enhances effector and memory cytotoxic T cells, which further increases the body immune

response against the tumors. 36836
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With recent technological advances, multiple omics approaches have been
employed to study the characteristics and treatments of neuroblastoma, including
genomics, metabolomics, transcriptomics, and proteomics, with the goal of obtaining a
personalized treatment.’®> Next-generation sequencing allows for a faster and deeper
analysis of the genome, which has obtained meaningful results such as the newly
discovered missense mutation in the ALK gene and the mutation in the bromodomain PHD
finger transcription factor from whole exome sequencing.’’%3"! Imperiale et al. described
the difference in metabolic contents, such as a higher level of creatine and glutamine, from
neuroblastoma patients compared with normal adrenal medulla using nuclear magnetic
resonance spectroscopy-based metabolomics.?”? Egler et al. employed SELDI-TOF MS to
analyze proteins from plasma samples of high-risk neuroblastoma patients and identified
seven biomarker candidates, which need further verification.?”® Proteomic analyses in other
models, including mice and cell culture, have also been performed.>’*37> However,
proteomic and phosphoproteomic analyses of neuroblastoma tumors treated with TOPO

and CTX have yet to be reported.

In this work, we systematically quantified protein expression and phosphorylation
changes in neuroblastoma tumors from the IMRS5 cell line-derived xenograft (CDX) and
COG424X patient-derived xenograft (PDX) models generated in mice after the treatment
with TOPO/CTX. Multiplexed proteomics using the TMT10plex reagent, extensive
peptide fractionation, and phosphopeptide enrichment by TiO2 beads were employed to
uncover the cellular response to the treatment. Among the two untreated tumors, several
proteins and phosphoproteins were differently expressed such as those involved in mitotic

cell cycle, programmed cell death, and DNA integrity checkpoint regulation. The response
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to the treatment centered around the regulation of the cell-cycle process, which is one of
the well-known cellular responses to DNA damage. For the CDX model, the response
occurred at the proteome level while that in the PDX model occurred at the
phosphoproteome level, indicating the sensitivity of each tumor to the treatment. Several
protein targets, phosphorylation events, and kinases that may possibly be used in
neuroblastoma treatment have also been identified. Among those, Ca**/calmodulin-
dependent protein kinase II (CAMK2) may be responsible for the lower sensitivity of
COG424X as determined by phosphorylation motif analysis, corresponding very well with
the kinase activation by autophosphorylation detected in this tumor. The results will lead

to a better understanding and aid in a better treatment of neuroblastoma with TOPO/CTX.

6.2 Materials and methods

6.2.1 Generation of xenograft models and TOPO/CTX treatment

All reagents were from Sigma-Aldrich unless noted otherwise. /n vivo studies were
performed using SCID mice (Jackson) between the ages of 4 and 6 weeks old. To establish
subcutaneous tumors, Matrigel (Corning) was frozen at -80 °C in 200 pl aliquots and
thawed on ice at 4°C for 3 hours prior to cell harvest. IMR5, a human derived
neuroblastoma cell line, (courtesy of COG Cell Line Repository and Michael D. Hogarty,
MD, Laboratory, Children’s Hospital of Philadelphia), was grown in RPMI-1640 (Life
Technologies) supplemented with 10% fetal bovine serum, 2 mM L-Glutamine, and 100
U/mL of penicillin. Tissue culture was performed at 37 °C in a humidified atmosphere of
5% COz. At confluence, cells were harvested and suspended in 200 pl of Matrigel matrix

at a concentration of 10° cells/mL and injected subcutaneously into the flank. To develop
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COG424X tumors, chunks were viably frozen in filtered 90% FBS (Gemini) and 10%
dimethyl sulfoxide at -80 °C and stored in long term liquid nitrogen storage. To thaw, these
chunks were placed in a hot water bath at 37°C for 5 minutes. Tumor chunks were
mechanically dissociated and resuspended in Matrigel at a concentration of 10° cells/mL.
When established tumors reached approximately 150 mm?, the mice began randomized
treatment. Tumor growth was assessed 2-3 times per week by caliper measurement by a
single technician with volume calculated using the formula (length x width x height) x 0.52
mm?>. For treatment, mice received intraperitoneal injections of either vehicle control
(normal saline, daily for 5 days) or a combination of cyclophosphamide (20 mg/kg) with
topotecan (0.05 mg/kg). Animals were euthanized 1 day after treatment ended and the
tumors were excised. All animal work was performed under a protocol approved by the
Children’s Hospital of Philadelphia and Emory Institutional Animal Care and Use

Committee.

6.2.2 Protein extraction and peptide purification

The tumors were roughly dissociated into individual cells using the blunt end of a
10-mL syringe plunger in ice-cold PBS buffer, collected by centrifugation at 500g, 4 °C
for 5 minutes, and washed with ice-cold PBS buffer twice to remove contaminants from
blood. The cells were lysed in a Dounce tissue grinder (Wheaton) with 40 strokes on ice
using the lysis buffer containing 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) (pH=7.4), 1% sodium deoxycholate, 150 mM sodium chloride, 1 pill/10 mL
cOmplete mini protease inhibitor cocktail (Roche), 20 units/mL benzonase, 50 mM sodium
fluoride, 50 mM [-glycerophosphate disodium salt hydrate, 1 mM sodium orthovanadate,

and 1 mM phenylmethanesulfonyl fluoride. The lysates were collected after centrifugation
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at 25,830g, 4 °C for 10 minutes to remove the cell debris, and the protein concentration
was measured with BCA assay (Thermo). The proteins were reduced with 5 mM
dithiothreitol at 56 °C for 25 minutes, alkylated with 14 mM iodoacetamide at room
temperature in the dark for 30 minutes, and purified with the methanol/chloroform
precipitation method.'® The protein pellets were resuspended in a digestion buffer
containing 50 mM HEPES (pH=8.8), 1.6 M urea, and 5% acetonitrile (ACN), and digested
with sequencing-grade modified trypsin (Promega) with the enzyme to protein ratio of
1:100 at 37 °C with shaking for 16 hours. The digestion was quenched by acidification with
trifluoroacetic acid (TFA, EMD Millipore) to pH<2. The supernatants were collected after
centrifugation at 5,000g for 10 minutes. The peptides were desalted with a Sep-Pak tC18
vac cartridge (Waters), split equally into two parts for duplicate analysis, and dried in a

vacuum concentrator.

6.2.3 Peptide labeling with TMTI0Oplex

About 1 mg peptides from each sample, based on the protein concentration
measured with the BCA assay, were resuspended in a buffer containing 200 mM HEPES
(pH=8.5) with 40% ACN. Eight out of the ten TMT10plex (Thermo) channels were
resuspended in 41 puL anhydrous acetonitrile and used to label the peptide samples as
followed: 127N for control IMRS #1; 127C for control IMRS #2; 128N for treated IMRS
#1; 128C for treated IMRS #2; 129N for control COG424X #1; 129C for control COG424X
#2; 130N for treated COG424X #1; 130C for treated COG424X #2. The reaction was
performed at room temperature with shaking for 1 hour and subsequently quenched with 8
pL of 5% hydroxylamine hydrochloride in 200 mM HEPES (pH=8.5) at room temperature

with shaking for 15 minutes.
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6.2.4 Peptide fractionation for proteomics analysis

About 50 pg of the labeled peptides from each sample were mixed in a
1:1:1:1:1:1:1:1 ratio according to a test run, dried using a vacuum concentrator, and
desalted with the Sep-Pak cartridge. After being dried in the vacuum concentrator, the
peptides were fractionated with high-pH chromatography using an Agilent 1260 Infinity
HPLC and an XBridge C18 (3.5 um, 4.6 x 250 mm) column (Waters). Buffer A was 10
mM ammonium formate (pH=10) in water and buffer B was 10 mM ammonium formate
(pH=10) in 90% ACN. The peptides were separated by a 40-minute gradient of 5% to 70%
buffer B and collected every one minute into 40 fractions, consolidated into 25 fractions,
and dried in the vacuum concentrator. Eventually, the peptides were purified with StageTip

before LC-MS/MS analysis. ¢!

6.2.5 Peptide fractionation and enrichment for phosphoproteomics analysis

Similar to the proteome analysis, the rest of the peptides after TMT labeling were
mixed equally according to the test run, fractionated with high-pH HPLC and collected
during a 40-minute gradient of 5-55% buffer B, consolidated into 25 fractions, desalted
with the Sep-Pak cartridge, and dried in the vacuum concentrator. Phosphopeptides from
each fraction were enriched with ~1 mg 5 um Titansphere TiO> beads (GL Sciences). The
beads were washed twice with a binding buffer containing 30% ACN, 1% TFA, and 70
mM glutamic acid. The phosphopeptides were enriched with the beads in the binding buffer
at 37 °C with shaking for 1 hour. The supernatant was collected and re-enriched similarly
with another 1 mg of the beads. The beads were washed twice with a wash buffer

containing 30% ACN and 1% TFA. The enriched phosphopeptides were eluted three times
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with 40% ACN and 15% ammonium hydroxide for 10 minutes at 37 °C with shaking. The

eluates were pooled, dried, and purified with StageTip before LC-MS/MS analysis.

6.2.6 LC-MS/MS analysis

The peptides were dissolved in a solution containing 5% ACN and 4% formic acid
and loaded into a microcapillary column packed in-house (Magic C18AQ, 3 pm, 200 A,
75 um x 16 cm). The peptides were separated with reverse-phase liquid chromatography
on a Dionex UltiMate 3000 UHPLC system (Thermo) using 112-minute gradients of 3-
14%, 4-17%, 8-24%, and 15-40% of ACN with 0.125% formic acid for fractions 1-5, 6-
12, 13-23, and 24-25, respectively. The UHPLC was connected on-line to an LTQ Orbitrap
Elite Hybrid Mass Spectrometer (Thermo). For each cycle, a full MS spectrum was
recorded in the Orbitrap at the resolution of 60,000 with 1x10° automatic gain control
(AGC). Peptide fragmentation was performed by higher-energy collisional dissociation
(HCD) with the normalized collisional energy of 40% using a Top15 method, i.e., up to 15
MS/MS were performed for the 15 most abundant peaks with an isolation width of 1.2 m/z.
Spectra of the fragment ions were recorded in the Orbitrap cell at the resolution of 30,000
and 2x10° AGC.?® Selected ions were excluded from further sequencing for 90 seconds.
Ions with a single or unassigned charge states were not sequenced. Maximum ion
accumulation times were 1,000 ms or 50 ms for each full MS scan or each MS/MS scan,

respectively.

6.2.7 Data processing and database searching

The raw files were converted into an mzXML format and searched using the

SEQUEST algorithm (version 28).2!7 The spectra were matched against the human
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proteome downloaded from UniProt (www.uniprot.org). The peptide mass tolerance was
20 ppm, and the fragment ion mass tolerance was 0.025 Da. The maximum number of
missed cleavages was 3 and the maximum number of differential modifications was 4. The
following amino acid modifications were used; static modifications of +57.0215 Da for the
carbamidomethylation of cysteine and +229.1629 Da for the TMT labeling at lysine and
the N-terminus, and differential modification of +15.9949 Da for the oxidation of
methionine. For the phosphoproteome experiment, an additional differential modification
of +79.9663 Da for the phosphorylation of serine, threonine, and tyrosine were included.
The target-decoy method, where each protein sequence is listed in both forward and reverse
orders, was employed to estimate the false discovery rates (FDRs) of peptide and protein
identifications.?!® Linear discriminant analysis was applied to control the quality of peptide
identification using multiple parameters such as XCorr, ppm, peptide length, and charge
state. The FDR for peptide identifications was controlled to <1%, and an additional filter
was also performed to control the FDR to <1% at the protein level. For the
phosphoproteomic analysis, the dataset was limited to only phosphopeptides and

phosphoproteins when calculating the FDRs at both levels.

6.2.8 Bioinformatics analysis

Data were processed with Microsoft Excel and Perseus.!> Contaminants and
falsely identified peptides were removed. The signal-to-noise (S/N) ratios for each of the
eight TMT channels were recorded and corrected according to the manufacturer’s
instruction for the quantification experiment. The TMT peak match tolerance was 0.003
Da and the nearest m/z peak in that tolerance window was chosen for each reporter ion.

Peptides with S/N less than 5 were removed. The signals from all channels were normalized
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assuming equal loading of all eight channels so that the summed S/N of all peptides from
each channel is equal to the others in the proteome experiment.’’” The TMT protein
intensity was eventually calculated from the median TMT S/N of all peptides, and the final
protein intensity was from the average of the two replicates. The ratios for statistical
analyses of the treated and control groups were from the same N and C channels of the 127
and 128, or 129 and 130 of the TMT reagents, i.e., the ratios of the treated to the control of
the IMRS tumors were calculated from 128N/127N and 128C/127C while those for the
COG424X tumors were from 130N/129N and 130C/129C. Gene-ontology (GO) clustering
of proteins were performed with the Database for Annotation, Visualization and Integrated
Discovery (DAVID).>’®37 For the volcano plots, the statistical significance of the
regulation of protein abundance was calculated using a one-sample t-test (S¢=0). Proteins
were considered being up- or down-regulated when the abundance changed by at least 1.5-
fold (log2(1.5)=0.58) from the control group and the P-value is less than 0.05. ANOVA
was performed using So=0 and the false discovery rate was set to 0.05 using permutation-

based FDR.

For the regulation of phosphopeptides, the criteria were set similar to the proteome
experiment. The median intensity is reported for each unique phosphopeptide and used
when determining the regulation of phosphorylation event. A probabilistic-based algorithm
called Ascore was used to determine the confidence of the phosphorylation site
localization.?!” An Ascore of 13 showing 95% confidence for the site localization is
reported. When analyzing the phosphorylation motifs, the dataset was first filtered so that

only peptides with a single phosphorylation site and an Ascore of >13 were kept. Motif
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analysis was performed using MEME suite based on motif-X algorithm.3¥"38! The

minimum number of occurrences was 20 and the cutoff P-value was 0.000001.

6.3 Results and discussion

6.3.1 Identification and quantification of proteins and phosphoproteins by MS-based

multiplexed proteomics

In this study, we aimed to explore protein expression and cellular signaling changes
in two neuroblastoma xenograft models after TOPO/CTX treatment. CDX and PDX
models were generated in mice from IMRS neuroblastoma cell line and COG424X
neuroblastoma tumor from a patient, respectively. The models were treated with a five-day
regimen of the drugs. The control and treated tumors were harvested, and the proteome and
phosphoproteome changes were analyzed using MS-based proteomics combining with
TMT10plex isobaric tagging. Extensive fractionation with high-pH chromatography was
employed to increase the proteome coverage. In addition, titanium dioxide (Ti0O2)-based
enrichment was also performed in the phosphoproteome experiment to enrich all

phosphopeptides from the samples (Figure 6.1).

In the proteome experiment, we identified 113,120 total and 60,855 unique
peptides, corresponding to 6,640 proteins with <1% FDR at both the protein and peptide
levels. The identification covered a broad range of proteins in several cellular
compartments and biological processes according to a GO clustering analysis. While in the
phosphoproteome  experiment, 12,984 unique phosphopeptides from 2,465
phosphoproteins were identified (Table S2). The majority of the identified phosphoproteins

were from the nucleus, and those involved in cellular macromolecule metabolic process,
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gene expression, and cell cycle process were highly enriched according to GO clustering
analysis. Combining the results from both the proteome and phosphoproteome
experiments, we identified a total of 7,275 proteins, with 1,830 common proteins from both

experiments (Figure 6.2A).
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Figure 6.1. Experimental procedure. CDX and PDX models were generated in mice
from IMRS cell line and COG424X tumor, respectively. The tumors were either
treated with a five-day regimen of TOPO/CTX or used as a control. The proteins
were extracted from the tumors and digested into peptides, which were subsequently
labeled with TMT10plex reagents, fractionated with high-pH, reverse-phase
chromatography, and analyzed with LC-MS/MS. Phosphopeptides were also
enriched with TiO2 beads.
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Figure 6.2. Proteins and peptides identified from the experiments. (A) Overlap of
proteins identified from the proteomic and phosphoproteomic experiments. (B) An
example tandem mass spectrum of a phosphopeptide. The insets show the region
where TMT reporter ions are used for the quantification. (C) and (D) Reproducibility
of changes in protein abundance (C) or phosphopeptide abundance (D) from replicate
experiment.

Since the isobaric TMT reagents were used, the same peptides from different
samples coeluted and fragmented together, and the peptide identification and quantification
can be obtained from the same tandem mass spectrum across multiple samples and
treatments. A powerful Orbitrap mass spectrometer with HCD fragmentation was
employed for the identification and quantification of proteins. The resolution and AGC
used in MS/MS analysis were carefully chosen so that the neutron-encoded reporter ions
can be resolved, and the coalesce artifact was reduced.’’® An example tandem mass
spectrum of phosphopeptide TFPLAHS#PQAECEDQLDAQER (# represents the
phosphorylation site) is shown (Figure 6.2B). The peptide is from protein KATS regulatory

NSL complex subunit 1 (KANSLI1), which is involved in acetylation of nucleosomal
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histone H4. We confidently identified this phosphopeptide with XCorr of 5.42 as well as
Ascore of 33.36, showing the well localization of the phosphorylation site on S1045. The
insets of the figure show clusters of the TMT reporter ions with the neutron encoded N and
C peaks that can be resolved at the minimum resolution of 30,000 in the Orbitrap cell.
These reporter ions in the m/z=127-130 region are used for peptide quantification. After
filtering out some peptides based on the S/N ratio (see the method section), 6,602 proteins
were quantified across the eight samples in the proteome experiment with relatively high
reproducibility, while a total of 12,213 unique phosphopeptides from 2,458 proteins were
quantified in the phosphoproteome experiment. The correlation of abundance changes of
proteins or phosphopeptides among different sample groups is relatively high, with the
lower correlation in the phosphoproteome experiment that might be due to the low

abundance of phosphopeptides affecting the quantification accuracy (Figure 6.2C and D).

6.3.2 Protein and phosphoprotein expression profiles of IMRS and COG424X tumors

Even though both tumors are considered as neuroblastomas, the protein expression
is expected to be different because of the intrinsic heterogeneity and the different tumor
sources. We first compared the protein expression in normal state of both tumors and found
that a total of 1,539 proteins, corresponding to 23% of the quantified proteins, were
significantly differently expressed (Figure 6.3A). In the IMRS tumor, 666 proteins were
expressed with higher abundance, and they participate in processes such as membrane
organization, exocytosis, respiratory electron transport chain, and substance transport
processes. COG424X tumor expressed more of 873 proteins, which are involved in
cytoskeletal organization, phosphate-compound metabolic process, and regulation of

transferase activity. Proteins involved in mitotic cell cycle and programmed cell death, two
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characteristics that allow for cancer progression, were highly up-regulated in COG424X.
Interestingly, the major molecular function of these differently expressed proteins is RNA
binding, indicating that the difference in protein expression of both tumors might result
from regulation through non-covalent RNA bindings. Nonetheless, multiple proteins
engaging in the same biological processes, such as nervous system development and
cellular homeostasis, were differently expressed in the tumors. The highest protein
expression in IMRS compared to COG424X is from 2-hydroxyacylsphingosine 1-beta-
galactosyltransferase (UGTS), which catalyzes the synthesis of galactocerebrosides and is
expressed 29 times higher in IMRS. The protein was recently found to be elevated in urine
of patients with basal-like breast cancer, and the knockdown of its gene resulted in
suppression of tumorigenicity and metastasis.’®> For COG424X, histone HI1.3
(HIST1H1D) is the highest expressed protein compared to that in IMRS by 28 times. This
protein was previously proposed as a biomarker for pancreatic ductal adenocarcinoma.3®?
In spite of that, the use of these proteins as general biomarkers for neuroblastoma would

be problematic since their expression is distinct for each tumor type.

Phosphoproteomic analysis also revealed different extents of phosphorylation
between the two tumor types (Figure 6.3B); 736 phosphopeptides from 290
phosphoproteins have higher abundance in IMRS tumor, while 1,482 phosphopeptides
from 750 phosphoproteins have higher abundance in COG424X tumor. The majority of
GO terms enriched from these phosphopeptides based on their phosphoproteins are found
in both tumors. Nonetheless, phosphoproteins involved in processes such as protein-DNA
complex organization and regulation of cell projection organization are enriched only in a

specific tumor. Among the extremes, a phosphopeptide from monocarboxylate transporter
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1 (SLC16AT1) with pS498 is expressed over 50 times higher in IMRS than COG424X while
its protein abundance is relatively similar. This protein was previously found to be the
direct Wnt target in colon cancer, and its high expression affected the tumor sensitivity to
drugs that target cancer metabolism due to the Warburg effect.’® The higher
phosphorylation level may indicate the activation or inhibition of transport of molecules

such as lactate that is a byproduct of the Warburg metabolism in the IMRS tumor.
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Figure 6.3. Volcano plots show proteins and phosphopeptides that were differently
expressed in the control IMRS (A) or COG424X (B) tumors. The cutoff for significant
regulation was P<0.05 and protein ratio change of 1.5. There enriched GO terms
based on biological functions are also shown. FD means fold difference.

Proteins that have been previously reported as markers for neuroblastoma were also

),35 with both the canonical

quantified, including microtubule-associated protein 2 (MAP2
form and isoform 4 detected and having similar expression in both tumors. The high level

of multidrug resistance-associated protein 1 (MRP) was found to indicate the poor
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outcome, and its expression is also similar in both models.>*® Meanwhile, the high
expressions of CD44 antigen (CD44) and high affinity nerve growth factor receptor
(NTRK1) could indicate the good clinical outcome.*®” The abundance of CD44 is slightly
higher in COG424X while NTRK 1 was not detected, which may due to several mutations
of its gene in neuroblastoma.’®® At the phosphoproteome level, phosphopeptides from
proteins that participate in the negative regulation of programmed cell death were enriched
in IMRS5, which could result in the tumor’s greater ability to evade tumor suppression
processes. In a study from Xie et al., three protein signatures that could be used to predict
the outcome of neuroblastoma were investigated, including RNA-binding protein Musashi
homolog 1 (MSI1), DNA-binding protein inhibitor ID-1 (ID1), and proliferating cell
nuclear antigen (PCNA).** While ID1 was not detected in our study, MSI1 was quantified
with similar abundance in both tumors, indicating the similar prognosis. However,
COG424X expressed over 2-fold of PCNA compared to IMRS, which could show that
COG424X is more proliferative among the tumors even though proteins relevant to
programmed cell death are up-regulated, suggesting that there may be an alternative

pathway or proteins responsible for the progression of COG424X.

6.3.3 Direct effects of TOPO/CTX treatment on proteins

The previous section showed that the untreated tumors differentially expressed
proteins and phosphoproteins. Accordingly, each tumor might employ a unique mechanism
to respond to the treatment. TOPO affects TOP1 through the formation of DNA-TOPO-
TOP1 complexes, i.e., TOP1ccs, which inhibits DNA replication and eventually leads to
TOP1 degradation through the 26S proteasome-mediated signaling pathway as a method

for cells to restore to the normal conditions, and is not always found in all cancers.***! In
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the control tumors, the abundance of TOP1 in IMRS is slightly higher than that in
COG424X. After the treatment, the abundance of the protein decreased significantly by
1.66 and 1.47 times in IMRS and COG424X, respectively (Figure 6.4A, D, and E). The
degradation of TOPI1 could lead to an up-regulation of DNA topoisomerase 2-alpha
(TOP2A), which, in contrast to TOP1, cleaves both strands of the DNA simultaneously to
relieve the strain due to the absence of TOP1.%*?> We observed a similar change, i.e., the
abundance of TOP2A increased significantly after the treatment by 1.73 and 1.15 times in
IMRS5 and COG424X, respectively (Figure 6.4A, 4D, and 4E). For CTX, the drug
crosslinks two guanine bases together and, consequently, DNA replication is inhibited.
Unlike the mechanism of TOPO, the inhibition by CTX does not directly target a specific
protein. Nonetheless, the abundance of some proteins in the process were affected. CTX is
a prodrug that must be activated by hepatic cytochrome P450, which is primarily expressed
in the liver and was not detected in this experiment.>*® Retinal dehydrogenase 1
(ALDHIAT1) is highly abundant in normal cells and has a role in detoxification of the
drug.’** The increased expression of this protein is known to be involved in tumor
resistance to CTX.?* The protein was detected and its abundance increased significantly
in the IMRS tumor, but only slightly in the COG424X tumor, potentially a cellular response
to CTX treatment (Figure 6.4C). While individual target proteins for each drug were
investigated in this section, it should be noted that the treatment using a combination of
both TOPO and CTX may also have combinatorial, off-target, and secondary effects. Yet,

the results in this part demonstrated that the treatment affected their targets as expected.
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Figure 6.4. (A), (B), and (C) Protein abundance changes under the TOPO/CTX
treatment including DNA topoisomerase 1 (TOP1) (A), DNA topoisomerase 2-alpha
(TOP2A) (B), and retinal dehydrogenase 1 (ALDH1A1) (C). P-values were calculated
by unpaired t-tests. The error bars represent one standard deviation. (D) and (E)
Volcano plots show proteins that were up- and down-regulated in IMRS (D) or
COG424X (E). The cutoff for significant regulation was P<0.05 and protein ratio
change of 1.5. FD means fold difference.

6.3.4 Protein expression pleiotropically affected by TOPO/CTX treatment

Besides the target proteins above, we systematically quantified the abundance
changes of over 6,000 proteins in both tumors after TOPO/CTX treatment. To get an
overview of the protein expression changes, an unsupervised hierarchical clustering
analysis was performed based on the protein expression profile of each tumors (Figure 6.5).
The control and treated IMRS tumors clustered together, as did the control and treated

COG424X. The protein expression varies across the tumors, and the treatment further
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altered the expression of these proteins to the level that still resembles each original tumor.
An ANOVA test revealed that 68% proteins are differently expressed in at least one tumor.
The proteins have also been grouped based on their expression patterns across the samples

and the enriched GO terms based on biological process are displayed.

We then compared proteins that were affected by the treatment in each tumor type,
shown as volcano plots in Figure 6.4D and Figure 6.4E. Proteins that participate in the
nervous system development processes were generally not affected by the treatment in both
tumors. In the IMRS tumor, 363 proteins were up-regulated while 152 were down-
regulated after the treatment, corresponding to 5.5% and 2.3% of the total quantified
proteins, respectively (Figure 6.4D). Proteins involved in the cell cycle and cytoskeletal
processes were up-regulated, while those participating in nucleic metabolic processes and
gene expression were down-regulated. In the COG424X tumor, 119 proteins were up-
regulated while 341 were down-regulated corresponding to 1.8% and 5.2% of the total
quantified proteins, respectively (Figure 6.4E). Proteins involved in the cell cycle process
were still up-regulated even though, compared to the IMRS5 tumors, the number of these
proteins decreased by over 50%. Moreover, proteins involved in cytoskeleton processes
were mostly down-regulated in contrast to the results from IMRS, and those that regulate

the nucleic metabolic processes were not enriched among the down-regulated proteins.

The abundance changes of these proteins can be explained as the cellular response
to DNA breakage caused by the treatment and the efforts of these cancerous cells to revert
to their normal proliferative state. The response, including nucleic acid regulation, gene
expression, and cytoskeletal processes, center around the regulation of the cell-cycle

process, which is expected when cells undergo a treatment with DNA damaging ability.
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The formation of DNA-TOPO-TOPI1 complexes and the alkylation of DNA strands by
CTX initially halt DNA replication or RNA transcription. Cells may try to counter the
effects by degrading TOP1 and regulating other proteins involved in the degradation
mechanisms. Eventually when the DNA is damaged, cells repair it by the regulation of
proteins in the cell cycle so that DNA strands can be repaired through several checkpoints
or DNA-repair mechanisms. One of the most important proteins in the cell-cycle process
is cyclin-dependent kinase 1 (CDK1), which coordinates with cyclins to regulate the cell-
cycle transition. CDK1 was up-regulated by 2.4 times in IMRS and 1.7 times in COG424X.
The up-regulation of cytoskeletal process-related proteins and cyclin-A2 (CCNA2)
suggests that the majority of IMRS cells after the treatment could be in the S/G2/M phase,
which requires structural proteins to segregate the two daughter cells apart and the presence
of phase-specific cyclin, and is supported by the enriched GO term for G2/M phase
transition. It may also indicate that the cells were halted in a specific phase that caused the
accumulation of these proteins.**® Meanwhile, the down-regulation of cytoskeletal proteins
in the COG424X tumor may result from a different cellular response or alternative
pathways/mechanisms and will be discussed further in the phosphoproteome analysis
section. Proteins involved in programmed cell death were also up-regulated in both tumors,
which is the expected outcome of the treatment. Interestingly, those involved in the
negative regulation of programmed cell death were also up-regulated only in the IMRS

tumor, which may show its ability to counter the effects of the treatment.
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Figure 6.5. Hierarchical clustering and heat map of protein abundances from the
proteome experiment. TMT signals were log2- and Z-score-transformed. Differential
expression of proteins from each part of the heat map were clustered and the GO
enriched terms based on biological process are shown in the plot.

6.3.5 Phosphorylation changes in response to DNA strand breakage

Protein phosphorylation plays extremely important roles in the regulation of cell

signaling, and the large-scale analysis of these proteins can reveal the signaling pathway
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changes in the tumor cells after the drug treatment. Because of the TOPO/CTX treatment,
we first looked into phosphorylation events that are indicative of DNA strand breakage.
One of the hallmarks for this event is the phosphorylation on S139 of histone H2AX
(H2AFX), a variant of histone H2A, to produce YH2AX by serine-protein kinase ATM
(ATM).**” We quantified H2AFX protein as well as several phosphorylation sites,
including S140 (the protein is cleaved at the N-terminus after the translation and therefore
previous reports referred to this site as S139). This phosphorylation event triggers other
cellular activities that lead to DNA repair and arrest of cell cycle progression, where two
major DNA repair pathways may occur; homologous recombination (HR) and non-
homologous end joining (NHEJ) that are active mainly during the S or G2 and G1 phases,
respectively.®*** However, phosphorylation on S140 in IMRS after the treatment stayed
relatively the same at 1.04 times compared to the control tumor, while that in COG424X
decreased by over five times (localized site with Ascore>13). The protein abundance in
IMRS stayed relatively the same, in contrast to COG424X in which its abundance
decreased by over 5 times, indicating that there may be a mechanism that interfered with
the phosphorylation on this site. Nonetheless, ATM can also phosphorylate histone-lysine
N-methyltransferase NSD2 (NSD2) at S102 in response to DNA damage, and the event in
COG424X increased by over 3.6 times.**® Another interesting phosphorylation event is at
S51 of DNA ligase 1 (LIG1), which is critical for the protein to repair DNA.*!
Phosphorylation on this site increased by 2.17 and 1.75 times in IMRS and COG424X,

respectively.

6.3.6  Phosphorylation pleiotropically affected by TOPO/CTX treatment
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Other phosphorylation events were also affected since cells need to recover to the
cancerous state after the treatment by employing various mechanisms through the
regulation of protein phosphorylation. These events can be observed through the changes
in phosphopeptide abundance. For IMRS, 256 phosphopeptides from 193 proteins and 351
phosphopeptides from 219 proteins were up- and down-regulated, respectively (Figure
6.6A), corresponding to a total of 4.7% of the quantified unique phosphopeptides. In
contrast, 17.4% of all quantified unique phosphopeptides were regulated in the COG424X
tumor, including 1,228 phosphopeptides from 700 phosphoproteins and 1,033
phosphopeptides from 453 phosphoproteins were up- and down-regulated, respectively
(Figure 6B). Clustering analysis of proteins from the regulated phosphopeptides revealed
some similarly enriched biological processes as in the proteome experiment, e.g., cell-cycle
processes were enriched from up-regulated phosphopeptides in both tumors. Surprisingly,
the processes enriched from the regulated phosphopeptides of COG424X are now
reflective of the expected changes from the treatment and comparable to those enriched
from the proteome experiment of IMRS. For example, phosphoproteins involved in
cytoskeleton organization were greatly up-regulated and more enriched than those from the
proteome and phosphoproteome experiments of IMRS (N=120 proteins, P=1.8E-24 for
phosphopeptides of COG424X; N=48 proteins, P=5.4E-16 for phosphopeptides of IMRS;
N=74 proteins, P=1.3E-19 for the up-regulated proteins of IMRY), unlike at the proteome
level of COG424X where cytoskeleton organization proteins were down-regulated (N=33,
P=1.1E-2). The number of proteins participating in the cell-cycle process is also higher at
the phosphoproteome level compared with the proteome level, and more of them were

enriched in the COG424X tumor than in the IMRS tumor (N=37 proteins, P=3.4E-7 for
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IMRS5 and N=123 proteins, P=1.0E-19 for COG424X). For gene expression and nucleic
acid metabolism, phosphorylation of proteins involved in these processes was found to be
down-regulated in both tumors while only proteins from IMRS were down-regulated at the
proteome level (N=154 proteins, P=1.3E-40 for IMRS and N=266 proteins, P=5.3E-44 for
C0OG424X). Among those, several phosphorylation events are still reflective of the
different regulation of the cell cycle process among the two tumors. For example, CDK 1
that was up-regulated at the proteome level may phosphorylate other proteins to regulate
the cell cycle process. One of those is the serine/threonine-protein kinase PLK1 (PLK1),
which has increased abundance in both tumors. Phosphorylation on site T214 was also
increased by over two times in COG424X, which is essential and required for PLK 1 mitotic
function.**? CDK1 can also phosphorylate retinoblastoma-associated protein (RB1), and

several peptides containing these phosphorylation sites were up-regulated in both tumors.

Benefiting from the large-scale proteomic and phosphoproteomic analyses, we
extracted proteins and phosphorylation events of the phosphoinositide 3-kinase (PI3K)
signaling pathway from the KEGG database.**> The pathway is often dysregulated in
cancers since the downstream effects include cell survival, proliferation, or cell cycle
regulation, and several cancer treatments have targeted proteins this pathway.*** While
protein and phosphoprotein regulations are observed in both tumors, the majority of the
changes happened in COG424X (Figure 6.7A and B). Proteins such as AKT
serine/threonine kinase 3 (AKT3, displayed as AKT in the figure), GTPase KRas (KRAS,
displayed as Ras in the figure), phosphoenolpyruvate carboxykinase, cytosolic [GTP]
(PCK1, displayed as PEPCK in the figure), and 5'-AMP-activated protein kinase catalytic

subunit alpha-2 (PRKAAZ2, displayed in AMPK in the figure) increased their abundance
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after the treatment. Phosphorylation events such as that on S118 of Bcl2-associated agonist
of cell death (BAD) increased in COG424X, which prevents apoptosis, may explain the
lower sensitivity of the tumor and could also be an interesting drug target for some

neuroblastoma treatment.*®

Combining the proteomic and phosphoproteomic results, IMRS is potentially more
sensitive to the treatment than COG424X considering that changes in phosphorylation is a
faster and immediate response, and these phosphorylation or de-phosphorylation events
eventually lead to changes in the protein expression. For IMRS5, the responses involving
the regulation through the cell-cycle process appeared at the proteome level, in contrast
with the changes in COG424X where most of the responses are at the phosphoproteome
level. As noted previously, the xenografts were generated from a cell line or a patient, and
some characteristics of the cell culture model could allow for a faster or more effective
delivery of the drugs even when the treatment was done in vivo for both models.
Nonetheless, the response could be due to the heterogeneity of the tumors or the different

uptake and metabolism pathways.

6.3.7 Motif analysis of up- and down-regulated phosphorylation sites

Kinases normally target the S, T, or Y residues with specific docking motifs
surrounding the phosphorylation site. These motifs can be classified into acidic, basic,
proline-directed, tyrosine, and other classes based on the decision tree classification
described previously.**® Site-specific analysis of the regulated peptides with a single,
localized phosphorylation site showed several enriched motifs. The majority of the sites

are proline-directed (SP, Figure 6.6C), which is typically the motif for CDKs, and this
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enrichment of this motif could be due to the increased regulation of the cell-cycle process
after the treatment. Notably, the abundance of phosphopeptides with the SP motif from
IMRS5 showed a relatively normal distribution and centered around the zero value (no
regulation) while the that from COG424X shifted slightly toward the positive x-axis
(Figure 6.6D). The SP motif was the only one enriched in IMRS5 while many others were
enriched in COG424X. For example, phosphorylation on the R..S.E (“.” refers to any
amino acid residue, Figure 6.6C) motif that was up-regulated in COG424X could result
from Ca**/calmodulin-dependent protein kinase II (CAMK?2). The kinase is responsible for
Ca?" homeostasis and was recently found to regulate cancer progression, cell cycle,
apoptosis, and therapy response.*?” Subunits beta, delta, and gamma were quantified in the
proteome experiment, and phosphorylation on site T287 increased in all subunits,
indicating the kinase activation.*®® The distribution of phosphopeptides with the R..S.E
motif shifted more toward the positive x-axis in COG424 compared with IMRS, showing
the different regulation of this kinase in the two tumors (Figure 6.6E). This could affect the
tumor growth and proliferation, and may be responsible for the lower sensitivity to the
treatment of COG424X. Other motifs, such as the S.E motif that could be targeted by
CAMK2 or Golgi casein kinase (G-CK), were enriched in both up- and down-regulated
phosphopeptides of COG424X (Figure 6.6C). The overall results showed specific
kinases/phosphatases that differently controlled the phosphorylation in the tumors and may
be responsible for the treatment outcome. These enzymes present a special and interesting
type of target for cancer therapy since their inhibition would pleiotropically affect other

phosphoprotein targets.
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Figure 6.6. (A) and (B) Volcano plots show phosphopeptides that were up- and down-
regulated in IMRS (A) or COG424X (B) tumors. FD means fold difference. (C) Some
enriched motifs of up- and down-regulated phosphorylation sites from both tumors.

(D) and (E) The abundance distribution of phosphopeptides with motif SP (D) or
R..S.E (E).

6.3.8 Common effects of TOPO/CTX on neuroblastoma tumors

Since neuroblastoma tumors generally have heterogeneous characteristics, the
identification of proteins and phosphoproteins that are similarly up- or down-regulated in
different tumor types could indicate the intrinsic response of neuroblastoma to TOPO/CTX
treatment. In the proteome experiment, fifteen proteins were similarly up-regulated,

including those that regulate the cell-cycle process such as aurora kinase A (AURKA),
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CDK1, and cell division cycle protein 20 homolog (CDC20) (Table 6.1). Eleven proteins
were down-regulated in both tumors, which are related to chromatin organization or
silencing, such as histone H3.2 (HIST2H3A), high mobility group protein HMG-I/HMG-
Y (HMGA1), and high mobility group nucleosome-binding domain-containing protein 3
(HMGN3) (Table 6.1). Some of these proteins are well-known drug targets, such as
AURKA that was mentioned in the introduction section, or centromere protein F (CENPF)
that has been proposed as a drug target in breast cancer cells. Similar to the proteome
experiment, multiple phosphorylation sites were also regulated in both tumors. Considering
phosphopeptides with only a single localized site, 16 and 25 phosphorylation sites were
up- and down-regulated in both tumors, respectively. Most of them are still involved in the

regulation of the cell cycle and gene expression processes. For example, phosphorylation
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on S674 of kinesin-like protein KIF18A (KIF18A) that affects the movement of
chromosomes in the congression state as cells enter anaphase in the cell cycle was found
to increase in both tumors, possibly by CDKI1 phosphorylation.*”” Some of these
phosphorylation events may be critical for tumor progression and proliferation. Other
proteins and phosphoproteins on the list may also serve as potential drug targets for

neuroblastoma treatment. Further validation is required to confirm their utilization.

6.4 Conclusions

Treatment by TOPO and CTX has been used in several types of cancers as a single
drug treatment or a combination of both. While the toxicity of the drugs to normal cells is
unavoidable, their effectiveness in cancer therapy is very distinct. CTX is considered as
one of the most potent immunosuppressors available and is currently used in cancer
immunotherapy. Nonetheless, the effects of these two drugs on proteins and
phosphorylation events have not been systematically studied. In this work, using MS-based
proteomics, we globally analyzed proteins and phosphorylation in two neuroblastoma
tumor models, i.e., the cell culture-derived xenograft (CDX) and patient-derived xenograft
(PDX) models generated in mice and treated with a five-day regimen of TOPO/CTX.
Quantification was performed by combining the method with isobaric tagging using the
neutron-encoded TMT10plex reagent. Proteomic results demonstrate that there are
dramatic differences in the protein expression of the two tumor models, and both also
respond to the treatment differently at both the proteome and phosphoproteome levels,
which may result from the difference in cells originating from in vitro or in vivo sources,
or the generally heterogeneous nature of neuroblastoma tumors. Depending on the tumor,

the cells regulate proteins involved in the cell-cycle process and a response to DNA damage
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caused by the treatment, as well as those involved in gene expression and cytoskeleton
organization processes. Most changes occurred in at the proteome level for the CDX tumor
while those in the PDX tumor occurred at the phosphoproteome level, showing the
sensitivity of different tumors to the treatment. Motif analysis showed that some kinases,
such as CAMK2, are more active in a specific tumor and may be responsible for the
sensitivity difference among the tumors. Nonetheless, we present several proteins and
phosphorylation events that were affected similarly in both tumors, as well as kinases that
regulates the response at the phosphoproteome level, which may be served as possible drug
targets for neuroblastoma treatment and need further validation and verification. The
comprehensive analysis of proteins and phosphoproteins provides insights into the
response mechanisms of neuroblastoma to chemotherapy and eventually lead to a better

treatment.

Table 6.1. Proteins that were up- or down-regulated in both tumors.

UniProt Gene Treated/control
Annotation
ID symbol IMR5 | COG424X
Q92522 HI1FX Histone H1x 0.40 0.48
Q71DI3 | HIST2H3A | Histone H3.2 0.40 0.51
P02786 TFRC Transferrin receptor protein 1 0.56 0.56

Coiled-coil domain-containing

Q9P0OB6 | CCDCI167 protein 167 0.57 0.56
High mobility group protein HMG-

P17096 HMGAI1 VHMG-Y 0.64 0.57

Q02487 DSC2 Desmocollin-2 0.30 0.58

Q51748 CRB2 Protein crumbs homolog 2 0.64 0.65
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Table 6.1. Continued

Inner nuclear membrane protein

Q9Y2US8 LEMD3 Manl 0.66 0.66
095989 | NUDT3 Eﬁgggﬁgﬁ}‘;gﬁ;"; f"lyphOSphate 1.55 1.51
P07996 THBSI1 Thrombospondin-1 1.52 1.52
P49454 CENPF Centromere protein F 2.00 1.53
QouJ70 NAGK N-acetyl-D-glucosamine kinase 1.75 1.57
Q99661 KIF2C Kinesin-like protein KIF2C 1.96 1.66
QYH492 | MAPILC3A ?ﬁff‘g‘ﬁ’g‘ﬁfﬁ;ﬁfﬁﬁ’d proteins 1.68 1.68
P68371 TUBB4B | Tubulin beta-4B chain 1.60 1.73
P06493 CDK1 Cyclin-dependent kinase 1 2.38 1.74
014965 AURKA | Aurora kinase A 2.64 1.78
P07358 CSB S}i)airr;plement component C8 beta 153 )14
J3KRF5 CLTC Clathrin heavy chain 1 9.38 2.19
Q9P2X3 | IMPACT | Protein IMPACT 2.16 2.36
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CHAPTER 7. EVALUATION AND OPTIMIZATION OF
REDUCTION AND ALKYLATION METHODS TO MAXIMIZE
PEPTIDE IDENTIFICATION WITH MS-BASED PROTEOMICS

Adapted with permission of the Royal Society of Chemistry. Suttapitugsakul, S.; Xiao, H.;
Smeekens, J.; Wu, R. 2017. Evaluation and optimization of reduction and alkylation

methods to maximize peptide identification with MS-based proteomics. Molecular

BioSystems 13:2574-2582.

7.1 Introduction

Mass spectrometry (MS)-based proteomics is currently very powerful for protein
identification and quantification.*!®#!# There are three major approaches, i.e., top-down,
middle-down, and bottom-up proteomics.*!>*?° For bottom-up proteomics, proteins are
digested enzymatically and/or chemically into peptides. The resulting peptides are
separated by high-performance liquid chromatography (HPLC), and the eluted peptides are
subsequently subjected to tandem mass spectrometric (MS/MS) analysis. Despite the fact
that some protein structure information is compromised, bottom-up proteomics currently
is still the most popular method because it has been proven to be extremely powerful to

11, 421-427

identify and quantify proteins, including the study of protein post-translational

modifications (PTMs), 0 149 134,156,227, 428-432 514§ investigation of protein interactions with

other proteins and small molecules.*33-43¢

Disulfide bonds between sulthydryl groups of cysteine side chains often regulate
protein folding and final functional structures.**’*** A typical workflow for bottom-up
proteomics includes the reduction of disulfide bonds and the alkylation of sulfhydryl

groups.*16 #0441 Without the reduction and alkylation, peptides involved in the disulfide
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bonds would be difficult to identify during database searching.**? Currently, the reduction

and alkylation are routine steps for bottom-up proteomics.

Several reducing and alkylating reagents have been commonly used in this field.
The following compounds have frequently been reported to serve as reducing reagents:
dithiothreitol (DTT), 2-mercaptoethanol (2-ME), tris(2-carboxyethyl)phosphine (TCEP)
and tris(3-hydroxypropyl)phosphine (THPP). Sulfur-containing reagents reduce disulfide
bonds through the thiol-disulfide exchange (Eq. 1),** while those containing phosphorous

form phosphine oxide after disulfide reduction (Eq. 2).**

HS-R-SH + R’SSR’ — HS-R-SSR’ + R’SH (1)

R3P + R’SSR’ + H2 O — R3P=0 + 2R’SH 2)

Regarding the alkylation, reagents typically alkylate nucleophiles through
bimolecular nucleophilic substitution (S;N) for haloalkanes or Michael addition for
maleimide.**> The following compounds have normally been employed for alkylation:
iodoacetamide (IAA), acrylamide (AA), N-ethylmaleimide (N-EM), and 4-vinylpyridine

(4-V ), 440, 446-449

Although the reduction and alkylation are critical to bottom-up proteomics, this
process may pose some problems, including the incompleteness of the reactions and side
reactions. Besides the sulthydryl group of cysteine, the alkylation may also happen at other
chemical groups, including the amino group of the peptide N-terminus, and those on the
450451

side chains of lysine, aspartic acid, glutamic acid, methionine, and histidine.

Recently, Muller and Winter have reported the systematic evaluation of protein reduction
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and alkylation, which has also included side reactions on the side chains of tyrosine, serine,
and threonine.*>* Therefore, it is critical to push the desired reaction toward completion
and minimize the side reactions. Compared to that paper,*>? the current work has several
differences: (1) The experimental designs are different. Here we compared only one
parameter with all other parameters fixed for each individual experiment, while in that
paper, different combinations of reducing and alkylating reagents were compared. (2) The
reducing and alkylating reagents compared are different. For the alkylating reagents, we
compared [AA, AA, N-EM, and 4-VP while they evaluated IAA, AA, iodoacetic acid
(IAC), and chloroacetamide (CAA). For the reducing reagents, besides DTT, TCEP, and
2-ME in that paper, we also included THPP. (3) Here we systematically investigated the
effect of the alkylation reaction conditions (concentration, temperature, and reaction time)
on the cysteine alkylation completion and side reactions on other amino acids and the
peptide N- and C-termini. (4) We further identified cysteine-containing peptides in yeast
cells using the best reducing and alkylating reagents and optimal reaction conditions after

the enrichment with Thiopropyl-Sepharose 6B resins.

In this work, we systematically evaluated the reduction and alkylation using the
most commonly used reagents, investigated side reactions during the alkylation step, and
further optimized the experimental conditions to maximize peptide identifications. The
reduction of the disulfide bonds with commonly used DTT, 2-ME, TCEP, and THPP was
systematically compared. After the reduction, the alkylation of sulfthydryl groups with the
popular reagents of iodoacetamide, acrylamide, N-EM, and 4-VP was also evaluated, and
the completion of cysteine alkylation and undesired side reactions were systematically

investigated. Alkylating conditions were further optimized for iodoacetamide, and the
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optimal conditions were then used for the analyses of the enriched cysteine-containing

peptides from yeast.

7.2 Materials and methods

7.2.1 Yeast cell culture, lysis, and digestion

BY4742 MAT alpha yeast (Saccharomyces cerevisiae) was cultured in Difco™
YPD broth (BD) overnight at 31 °C with shaking until the optical density was ~1.0 as
measured by UV-Vis spectrometry at 600 nm. Cells were harvested by centrifugation at
800g, 4 °C for 5 minutes, and washed with water. Lysis buffer containing 0.5% sodium
deoxycholate (SDC, Sigma-Aldrich), 8 M urea (Sigma-Aldrich), 1 pill/10 mL cOmplete
ULTRA Tablets protease inhibitor cocktail (Roche), and 75 mM sodium chloride (Sigma-
Aldrich) in 50 mM, pH=8.2 N-(2-hydroxyethyl)piperazine-N’-2-ethanesulfonic acid
(HEPES, Biobuffer) buffer, along with 0.5 mm zirconia/silica beads (BioSpec), were added
to the XXTuff 2 mL microvials (BioSpec). The cells were lysed using a Mini BeadBeater
(BioSpec) at the maximum speed for three cycles, 30 seconds each with a resting period of

2 minutes on ice between cycles. The lysate was then collected.

Chloroform/methanol precipitation of proteins was performed by adding methanol
(EMD Millipore), chloroform (EMD Millipore), and water to the lysate in the ratio of 4:1:3,
respectively. The protein pellet was collected and air-dried. Digestion buffer containing
5% acetonitrile (ACN, Sigma-Aldrich), 1.6 M urea, and 50 mM, pH=8.2 HEPES was added
to the dried pellet so that the concentration of proteins is ~1 mg/ mL. Protein digestion was
performed with lysyl endopeptidase (Lys-C, Wako) at 31 °C overnight and subsequently

with sequencing grade modified trypsin (Promega) at 37 °C for 4 hours (enzyme:substrate
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ratio of 1:100 for both enzymes). Trifluoroacetic acid (TFA, Sigma-Aldrich) was added to
a final pH of ~2 to quench the digestion. Peptides were desalted using a Sep-Pak Vac tC18
cartridge (Waters). Desalted peptides were aliquoted, dried using a vacuum concentrator,

and frozen at -80 °C until used.

7.2.2  Comparison of reducing reagents

Dried peptides were reconstituted in 50 mM, pH=8.2 HEPES buffer to the
concentration of 1 pg/ uL. Four reducing reagents, DTT (Sigma-Aldrich), 2-ME (Sigma-
Aldrich), TCEP (Calbiochem), and THPP (Santa Cruz Biotechnology), were compared at
the same concentration of 5 mM. The reduction took place at 56 °C for 25 minutes. Then
the mixtures were cooled down to room temperature, and iodoacetamide was added to the
final concentration of 14 mM to alkylate the peptides. The alkylation was performed in the
dark at room temperature for 30 minutes, followed by addition of the same amount of each
reducing reagent to quench the alkylation. The mixtures were left in the dark for another
15 minutes. After the comparison, DTT was chosen as the reducing reagent. Triplicate runs
were performed in each experiment. For parallel experiments, except the reducing reagents,

the amount of starting materials and any other steps were kept the same.

7.2.3  Comparison of alkylating reagents

Similar to the reduction experiment in the previous section, dried peptides were
dissolved in 50 mM, pH=8.2 HEPES buffer to the final concentration of 1 pg/ uL. After
the reduction with DTT, the alkylation with iodoacetamide, acrylamide, N-EM, or 4-VP
(all from Sigma-Aldrich) was performed and compared at the same concentration of 14

mM in the dark at room temperature for 30 minutes. Then DTT was added to the final
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concentration of 5 mM to quench the alkylation. Based on the current experimental results,
iodoacetamide was selected as the alkylating reagent for further experiments. The
following parameters were optimized: concentration (1, 2, 4, 8, 14, and 20 mM),
temperature (room temperature, 40, 70, and 85 °C), and reaction time (10, 20, and 30

minutes). Similarly, triplicate runs were performed in each experiment.

7.2.4  Enrichment of peptides with cysteine from yeast whole-cell lysate

The protocol for the enrichment of peptides containing cysteine using Thiopropyl-
Sepharose 6B resin was modified from the method described by Guo et al.*>* In summary,
300 pg of dried peptides from a yeast whole-cell lysate in 100 pL 50 mM, pH=8.2 HEPES
buffer was reduced with 5 mM DTT for 25 minutes at 56 °C. The mixture was cooled down
and incubated with rehydrated resin. Unbound or non-specifically bound peptides were
washed according to the original protocol. Enriched peptides were eluted by incubation
with DTT and alkylated with 14 mM iodoacetamide at room temperature in the dark for 30
minutes. The samples were quenched with 5 mM DTT for another 15 minutes in the dark

at room temperature prior to drying in the vacuum concentrator.

7.2.5 LC-MS/MS analysis

Eluted peptides were purified, and dried peptides were subsequently dissolved in a
solution with 5% ACN and 4% formic acid (FA) prior to LC-MS/MS analysis. Peptides
were separated by a Dionex UltiMate 3000 UHPLC system (Thermo Scientific), which is
coupled to an LTQ Orbitrap Elite Hybrid Mass Spectrometer (Thermo Scientific) with
Xcalibur software (version 3.0.63). A total of ~1 pg of peptides was loaded onto a C18-

packed microcapillary column (Magic C18AQ, 3 um, 200 A, 100 um x 16 cm, Michrom
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Bioresources) by a Dionex WPS-3000TPL RS autosampler (Thermostatted Pulled Loop
Rapid Separation Nano/Capillary Autosampler). Peptides were separated by reversed-
phase chromatography using an UltiMate 3000 binary pump with a 90-minute gradient of
4-30% ACN containing 0.125% FA. MS/MS analysis was performed with a data-
dependent Top20 method. For each cycle, a full MS scan (resolution: 60,000) in the
Orbitrap with 1 million automatic gain control (AGC) target was followed by up to 20
MS/MS in the LTQ for the most intense ions.***°> Selected ions were excluded from
further sequencing for 90 seconds. lons with single or unassigned charge were not
sequenced. Maximum ion accumulation times were 1,000 ms for each full MS scan and 50

ms for MS/MS scans.

7.2.6 Database search

Raw files from MS/MS analysis were converted to mzXML files and searched by
SEQUEST algorithm (version 28).2!7 The following parameters were used: 10 ppm
precursor mass tolerance, 0.5 Da fragment ion mass tolerance, fully tryptic digestion, up to
two missed cleavages, methionine oxidation (+15.9949 Da), alkylation at cysteine,
histidine, lysine, aspartic acid, glutamic acid, tyrosine, the peptide N- and C-termini
(+57.0215 Da for iodoacetamide, +71.0371 Da for acrylamide, +126.0555 Da for N-EM,
and +105.0579 Da for 4-VP). The target-decoy method was employed to estimate the false
discovery rate (FDR).2!% 43¢ Linear discriminant analysis (LDA) was used to filter and
control peptide identifications by parameters such as XCorr, AC,,, and precursor mass
error.**” The minimum-length peptides contain at least six amino acid residues. Peptide

spectral matches were filtered to less than 1% FDR.
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7.3 Results and discussion

7.3.1 Comparison of reducing reagents

In this study, Baker’s yeast (Saccharomyces cerevisiae) was chosen as a model,
and the peptides used were from its whole-cell lysate. The typical bottom-up approach
includes the reduction of disulfide bonds, followed by the alkylation of sulthydryl groups
prior to chromatographic separation and MS analysis. For the comparison of the reduction,
the amount of the starting peptides and all other steps were the same except using different
reducing reagents, and the same is for the alkylation comparison (Figure 7.1A and Figure

7.1B).

In the first experiment, four commonly used reducing reagents were compared, i.e.,
DTT, 2-ME, TCEP, and THPP. Each of them was used to reduce peptides at the same
concentration of 5 mM at 56 °C for 25 minutes. A control group without the reduction and
alkylation was included (Figure 7.1). Each experiment was run in triplicate, and the number
of identified peptides and proteins are the average ones with the standard deviation shown
in Figure 7.2. There were no obvious differences among four reducing reagents, which
clearly demonstrated that all these reducing reagents are similarly effective to reduce
disulfide bonds. Interestingly, without the reduction and alkylation, we obtained very
similar results. Theoretically, the reduction and alkylation increase the identification of
cysteine-containing peptides, albeit only a small portion of peptides contain cysteine. In
addition, some peptides may be lost due to the side reactions of the alkylation, as discussed

below.
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Figure 7.1. Experimental procedure to compare different reducing and alkylating
reagents. (A) Comparison of the reduction with DTT, 2-ME, TCEP, or THPP. (B)
Comparison of the alkylation with iodoacetamide, acrylamide, N-EM, or 4-VP. The
reduction and alkylation were performed at the peptide level.

Each reducing reagent has its advantages and disadvantages. TCEP is not stable in
phosphate buffer under physiological pH,** but it is more stable than DTT when there is
no metal chelator. However, a metal chelator, such as ethylene glycol-bis(B-aminoethyl
ether)-N,N,N',N'-tetraacetic acid (EGTA), can increase the stability of DTT but decrease
TCEP stability.*® Both DTT and 2-ME have shown to decrease their stability at higher pH
and temperature.*®* THPP is more stable than both TCEP and DTT at room temperature
and pH=8.*" The current results demonstrated that all reducing reagents had similar
performance. DTT was chosen for further experiments because of its popularity. It should
be noted that the number of proteins or peptides may be more fairly compared within the
same experiment, as there are some variations among different batch of samples, including

variations from the LC column and MS conditions.
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Figure 7.2. Comparison of the reducing reagents. The number of proteins and total
peptides identified from each reducing reagent were compared.

7.3.2  Side reactions during the alkylation reaction

After the reduction, the alkylation follows to stabilize free sulthydryl groups.
Several alkylating reagents have been commonly used, including iodoacetamide,
acrylamide, N-EM, and 4-VP. Figure 7.3A shows the desired alkylation at the side chain
of cysteine by iodoacetamide. Three other possible side reactions at the peptide N-terminus
and the side chains of lysine and aspartic acid are displayed in Figure 7.3B. Side reactions
may occur during the alkylation reactions with different reagents. There have been reports
regarding the alkylation at the side chains of other amino acids besides the desired
alkylation of cysteine, including aspartic acid, glutamic acid, lysine, histidine, tyrosine,
serine, and threonine.*%42 46! Even di- and tri-alkylation on the side chains of some amino
acid residues of peptides may further occur,*? but it is less common. In this study, we
mainly focused on mono-alkylation at cysteine, histidine, lysine, aspartic acid, glutamic

acid, tyrosine, and the peptide N- and C-termini.
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Figure 7.3. Possible alkylation reactions with iodoacetamide. Ideal alkylation is on the
sulfhydryl group of cysteine (A). Side reactions may occur, and the alkylation
reactions at the peptide N-terminus and the side chains of lysine and aspartic acid are
shown here as examples (B).

Examples of MS/MS spectra of peptides with side reactions, i.e.,
carbamidomethylated N-terminus and lysine, are in Figure 7.4A and Figure 7.4B,
respectively. Peptide GILVSDPAGSDALNVLK (“]” denotes the alkylation of the amino
group of the peptide N-terminus) is highly confidently identified with XCorr of 4.30 and a
mass accuracy of -0.48 ppm (Figure 7.4A). This peptide is from protein YML126C, which
is a hydroxymethylglutaryl-CoA synthase protein. The peptide does not contain any

cysteine, and the peptide N-terminus was undesirably alkylated.

Another example is peptide LQETNPEEVPK#FEK (“#” refers to the alkylation at
the side chains of other amino acids except cysteine) (Figure 7.4B). Similarly, this peptide
from protein YKLO56C, a translationally-controlled tumor protein homolog, was also
confidently identified with XCorr of 4.43 and a mass accuracy of -0.21 ppm. There is no
cysteine in the identified peptide, and undesired alkylation occurred at the side chain of

lysine.
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Figure 7.4. Examples of MS/MS spectra from peptides with (A) the alkylated N-
terminus, as shown by the “]” sign and (B) alkylated lysine, as shown by the “#” sign.

7.3.3  Comparison of alkylation with different reagents

Compared to the reduction, the alkylation of free sulthydryl groups of cysteine is
more complex. Besides the potential incompletion of the reaction, side reactions from
reactive alkylating reagents can also occur. Here we compared four commonly used
alkylating reagents: iodoacetamide, acrylamide, N-EM, and 4-VP. Peptide samples were

reduced with 5 mM DTT for 25 minutes at 56 °C before alkylated with each reagent at the
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same concentration of 14 mM for 30 minutes in the dark at room temperature. A control

group without the reduction or alkylation was included as well.

The number of proteins detected was similar, i.e., 1,700-1,800 proteins in each
experiment, except for the results with N-EM (1,447 + 153 proteins) (Figure 7.5A).
Similarly, the number of total peptides was about 8,200 except for the samples treated with

N-EM (6,672 + 589 peptides) (Figure 7.5B), as further discussed below.

7.3.4  Side reactions of the alkylation from different reagents

With reactive alkylating reagents, side reactions frequently happen, especially in
complex biological samples. These four alkylating reagents resulted in different degrees of
alkylation at other functional groups, especially the amino group at the peptide N-terminus
and the side chain of lysine. Among the four alkylating reagents, N-EM also resulted in the
greatest number of peptides with the alkylated N-termini (791 % 73), which is even greater
than the alkylation on cysteine. There are 133 + 9 peptides with the alkylated N-termini
from acrylamide, 92 + 8 peptides from iodoacetamide, and 73 + 8 peptides from 4-VP

(Figure 7.5B).

For the side reaction on the side chain of lysine, the alkylation with N-EM resulted
in the highest number of peptides with alkylated lysine among four alkylating reagents.
These results are highly consistent with previous data, i.e., the least number of total
peptides was identified using N-EM as the alkylating reagent because more peptides were
lost due to the side reactions than those rescued from the cysteine alkylation. Compared to
4-VP, N-EM was more effective to alkylate cysteine, but the side reactions were much

SEVErer.
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Figure 7.5. Comparison of the alkylating reagents. (A) Effects of different alkylating
reagents on the identification of proteins and peptides. (B) Comparison of identified
peptides with alkylated cysteine, free cysteine (due to incomplete reaction), or the side
reactions on the peptide N-terminus and the side chains of lysine and aspartic acid.
Side reactions at other amino acid residues were also studied, as shown in Figure
7.6. Based on the current results, the extent of side reactions was the N-terminus > glutamic
acid > the C-terminus = lysine > aspartic acid > tyrosine > histidine. As mentioned

previously, the alkylation using iodoacetamide could occur through bimolecular

nucleophilic substitution, where the nucleophilic sulfthydryl group attacks the C2 of

189



iodoacetamide with iodine leaving the molecule at the same time.*®> The electron-rich
groups of the side chains of other amino acids also carry out the nucleophilic substitution

reactions, as shown in this work.

Among the parallel experiments, 4-VP resulted in the least side reactions, but the
completion rate of the cysteine alkylation was the lowest. These results suggest that 4-VP
is relatively less reactive, and it is not a good choice as the alkylating reagent. N-EM has
the highest level of side reactions, especially with the amino group at the peptide N-
terminus and the side chain of lysine. After evaluating all these results with different
alkylating reagents, iodoacetamide is still the best choice because it provided the highest
completion rate of the cysteine alkylation and relatively fewer side reactions. Therefore,
iodoacetamide was chosen for further experiments. Acrylamide could also be used as an

alternative since similar results were obtained.
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Figure 7.6. Comparison of alkylating reagents: other side reactions on the side chains
of histidine, glutamic acid, tyrosine, and the peptide C-termini.
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7.3.5 Optimization of the alkylation with iodoacetamide

As shown above, even for the best alkylating reagent, the reaction completion and
side reactions still pose problems. In order to push the reaction towards completion and to
minimize side reactions, we further optimized several reaction conditions for
iodoacetamide, including concentration, temperature, and reaction time. Peptides were first
reduced with 5 mM DTT in 50 mM, pH=8.2 HEPES buffer, and then the samples were

alkylated with iodoacetamide under different conditions.

The iodoacetamide concentrations of 1, 2, 4, 8, 14, and 20 mM were examined.
Overall, the number of proteins and peptides identified were similar in all cases (Figure
7.7A). However, more peptides with alkylated cysteine were identified as the concentration
increased. The number of peptides with alkylated cysteine was the highest at the
concentration of 14 mM (446 + 13 peptides) and started to level off at 20 mM, while at the
lowest iodoacetamide concentration tested here, 1 mM, 217 + 10 peptides were detected
(Figure 7.7B). However, at 14 mM iodoacetamide, 144 + 11 peptides were still not
alkylated. Alkylation at the N-terminus is still the major side reaction, and the number of
peptides with side reactions slightly increased as the concentration went up (Figure 7.7B

and Figure 7.8A).

The temperature effect on the alkylation was also investigated, and the following
temperatures were tested: room temperature, 40 °C, 70 °C, and 85 °C. As the temperature
became higher, the number of detected proteins and peptides slightly decreased. The
highest number of proteins identified were at room temperature (1,631 & 33 proteins) and

40°C (1,655 £ 9) and the number of peptides were 7,982 + 183 and 8,132 + 72,

191



respectively. At 85°C, only 1,157 + 32 proteins and 6,178 + 315 peptides were identified
(Figure 7.7C). Temperature affects the alkylation at the peptide N-terminus the most, as
shown in Figure 7.7D. The number of peptides with the alkylated N-terminus dramatically
increased from 87 £ 4 at room temperature to 1,065 £+ 55 at 85°C (Figure 7.7D). Alkylation
at the side chains of lysine, glutamic acid, aspartic acid, and histidine also increased slightly
with the temperature (Figure 7.8B). This resulted in lower number of peptides with

alkylated cysteine as the temperature elevated.
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Figure 7.7. Optimization of alkylation conditions. (A) Effects of the iodoacetamide
concentration on the identification of proteins and peptides. (B) The number of
identified peptides with alkylated cysteine, free cysteine (due to incomplete reaction),
or the side reactions on the peptide N-terminus and the side chains of lysine and
aspartic acid as a function of the iodoacetamide concentration. (C) Effects of the
alkylation temperature on the identification of proteins and peptides. (D) The number
of identified peptides with alkylated cysteine, free cysteine, or the side reactions on
the peptide N-terminus and the side chains of lysine and aspartic acid at different
alkylation temperatures.

The effect of the alkylation reaction time on the identification of peptides and

proteins was tested as well. Peptide samples were incubated with iodoacetamide for 10, 20,
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and 30 minutes, followed by quenching with DTT as mentioned above. Alkylation time
did not markedly affect the degrees of the cysteine alkylation with iodoacetamide because
similar number of peptides with alkylated cysteine were identified. Similarly, degrees of

side reactions barely changed for the different reaction durations tested here (Figure 7.9).
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Figure 7.8. Other side reactions from the alkylation with iodoacetamide at different
concentrations (A) and temperatures (B).

7.3.6  Enrichment of peptides with cysteine

Next, we sought to identify peptides with cysteine from the yeast whole-cell lysate.
To maximize the number of cysteine-containing peptides, enrichment of peptides

containing cysteine from the lysate is critical. In addition, we need to effectively reduce
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disulfide bonds and alkylate sulfhydryl groups to boost the identification of these peptides.

The enrichment was performed by incubating peptides with Sepharose resin containing

sulfhydryl groups.
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Figure 7.9. Optimization of alkylation conditions. (A) Effects of alkylation time on the
identification of proteins and peptides. (B) The number of identified peptides with
alkylated cysteine, free cysteine (due to incomplete reaction), or the side reactions on
the N-terminus and the side chains of lysine and aspartic acid from different
alkylation times. (C) Other side reactions from the alkylation with iodoacetamide at
different reaction times.
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Figure 7.10 shows the enrichment and alkylation of peptides containing cysteine.
A commercially available Thiopropyl-Sepharose 6B was employed for the enrichment.
The resin contains 2-thiopyridyl disulfide groups attached to Sepharose through an ester
linkage. The lyophilized resin was first rehydrated in water and subsequently incubated
with peptides that were treated with DTT to reduce disulfide bonds. Several washing steps
were performed to remove non-specifically bound peptides. Enriched peptides were eluted
with 20 mM DTT solution in 25 mM NH4HCOs3 buffer before alkylating with 14 mM
iodoacetamide. During the incubation, active sulthydryl groups on the resin should form
disulfide bonds with cysteine on peptides. This resulted in effective and selective alkylation
of peptides containing cysteine. A control group without the enrichment nor the
reduction/alkylation and a group without the enrichment, but with the reduction/alkylation

were also compared.
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Figure 7.10. Enrichment of peptides containing cysteine using Thiopropyl Sepharose
6B resin. Peptides from the yeast whole-cell lysate are incubated with the resin.
Peptides containing cysteine are bound to the resin through disulfide bonds while
unbound peptides are removed. Enriched peptides are cleaved with DTT, and then
alkylated with iodoacetamide prior to LC-MS/MS analysis.
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The overlap of cysteine-containing peptides identified from the three experiments
is in Figure 7.11, and only peptides with unique sequence were compared. Without the
reduction and alkylation, 288 peptides, corresponding to 216 proteins, containing cysteine
were identified (Figure 7.11 and Figure 7.12). With the reduction and alkylation, but not
the enrichment, 831 peptides with alkylated and free cysteine, corresponding to 504
proteins, were detected. However, 2,730 peptides with alkylated and free cysteine and
1,398 proteins were identified with the enrichment (Figure 7.11). Cysteine-containing
peptides identified from the enrichment were about nine times of those without the
enrichment and reduction/alkylation. The cysteine-containing peptides identified with the
enrichment covers 81.9% of those detected from the experiment without the enrichment,
but with the reduction/alkylation. The enrichment dramatically enhanced the identification

of peptides and proteins containing cysteine.
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Figure 7.11. Comparison of peptides containing cysteine identified in yeast cells with
or without the enrichment. Overlap of unique peptides containing cysteine (both
alkylated and non-alkylated) identified from the experiments without enrichment nor
reduction/alkylation (No reduction/alkylation), the experiments with only
reduction/alkylation (Reduction/alkylation), and the experiments with both the
enrichment and reduction/alkylation (Enrichment).
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Proteins with cysteine from the enrichment experiment were subjected to clustering
analysis using The Database for Annotation, Visualization and Integrated Discovery 6.8
(DAVID).** Based on the biological process, proteins with the organic acid metabolic
process were highly enriched with a very low P-value of 2.7x107* (Figure 7.12A). Other
enriched processes include the organic acid biosynthesis process (P=9.4x107'7), nuclear
transport (P=7.2x10"%), carbohydrate biosynthesis process (P=8.6x107), and cellular
response to oxidative stress (P=1.3x10), which correspond excellently with the well-

known function of cysteine that plays a critical role in oxidation-reduction processes.

7.4 Conclusions

Bottom-up proteomics has proven to be very powerful for protein analysis. The
reduction and alkylation are routine steps during the sample preparation prior to MS
analysis. In this work, we systematically evaluated the commonly used reducing and
alkylating reagents. Four most commonly used reducing reagents were examined here and
they had very comparable performances while the results from four alkylating reagents are
notably different. In addition to the completion rate differences among alkylation reagents,
side reactions also varied at several side chains of the amino acid residues, including
histidine, lysine, aspartic acid, glutamic acid, tyrosine, and the peptide N- and C-termini.
The extents of the alkylation reaction with iodoacetamide on cysteine and undesired side
reactions were also affected by its concentration and the alkylation temperature. Based on
the current results, either of the tested reducing reagents (DTT, 2-ME, TCEP, or THPP)
can be used to perform the reduction reaction. Regarding the alkylation, iodoacetamide
provided us the best results considering the reaction completion rate and side reactions.

The optimal alkylation reaction conditions included 14 mM iodoacetamide, room
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temperature, and the reaction time of 30 minutes. The similar results were obtained using
acrylamide, which may be used as an alternative alkylation reagent. The optimal alkylation
conditions were employed to maximize the coverage of cysteine-containing peptides
identified from the yeast whole-cell lysate. The enrichment markedly enhanced the
identification of cysteine-containing peptides. The current results provide valuable
information for choosing right reagents and optimal experimental conditions to maximize

the identification of peptides, especially cysteine-containing peptides.

A Carbohydrate biosynthetic process -

Cellular response to oxidative stress -

Nuclear transport -
Organic acid biosynthetic process _
Organic acid metabolic process _

0 10 20 30
-LogP
Normal
B Reduction/Alkylation
(504)
30
Control
(No reduction/
Alkylation)
(216)

Enrichment
(1398)

Enriched proteins containing cysteine

Figure 7.12. Comparison results of the enrichment at protein level. (A) Clustering of
proteins with cysteine from the enrichment experiment according to the biological
process. (B) Overlap of identified proteins containing cysteine from the experiments
without the enrichment nor reduction/alkylation (No reduction/alkylation), the
experiments with only the reduction/alkylation (Reduction/alkylation), and the
experiments with both the enrichment and reduction/alkylation (Enrichment).
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CHAPTER 8. CONCLUSIONS AND FUTURE DIRECTIONS

8.1 Conclusions

8.1.1 Surface glycoproteomic analysis reveals that both unique and differential

expression of surface glycoproteins determine the cell type

Proteins on the cell surface are frequently glycosylated and they are essential for
cells. Surface glycoproteins regulate nearly every extracellular event, but compared to
proteins, comprehensive and site-specific analysis of surface glycoproteins is much more
challenging and dramatically understudied. Here, combining metabolic labeling, click-
chemistry and enzymatic reactions, and mass spectrometry-based proteomics, we
characterized surface glycoproteins from eight popular types of human cells. This
integrative and effective method allowed for the identification of 2,172 N-glycosylation
sites and 1,047 surface glycoproteins. The distribution and occurrence of N-glycosylation
sites were systematically investigated, and protein secondary structures were found to have
dramatic influence on glycosylation sites. As expected, most sites are located on disordered
regions. For the sites with the motif N-!P-C, about one third of them are located on helix
structures while those with the motif N-!P-S/T prefer strand structures. There is almost no
correlation between the number of glycosylation sites and protein length, but the number
of sites corresponds well with the frequencies of the motif. Quantification results reveal
that besides cell-specific glycoproteins, the uniqueness of each cell type further arises from
differential expression of surface glycoproteins. The current research indicates that
multiple surface glycoproteins including their abundances need to be considered for cell

classification rather than a single cluster of differentiation (CD) protein normally used in
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conventional methods. These results provide valuable information to the glycoscience and
biomedical communities and aid in the discovery of surface glycoproteins as disease

biomarkers and drug targets.

8.1.2 Temporal analysis of surface glycoproteins reveals distinct responses of monocytes

and macrophages to infection

Glycoproteins on the surface of immune cells play extremely important roles in
response to pathogens, including sensing their presence, initiating signal transduction,
receiving signals from other immune cells, and facilitating with cell migration to the
infection site. Nonetheless, a systematic and time-resolved investigation of surface
glycoproteins in immune response processes remains to be explored. Combining selective
enrichment of surface glycoproteins with multiplexed proteomics, we globally and site-
specifically quantitated the dynamics of surface glycoproteins on THP-1 monocytes and
macrophages by using lipopolysaccharides (LPS) as an immune modulator and during the
monocyte-to-macrophage differentiation. The time-resolved analysis reveals transient
changes and differential remodeling of surface glycoproteins on both cell types, as well as
the priming of cells during the differentiation that contributed to the different responses to
LPS in monocytes and macrophages. Besides the well-documented glycoproteins, we
identified novel surface glycoproteins participating in the immune response such as
APMAP, TSPAN3, and IGSFS. Potential upstream regulators and downstream effects of
the regulated glycoproteins were also determined. Additionally, site-specific glycosylation
changes were identified in response to the infection, for instance, glycosylation at the site
N229, but not N195 and N223 of CSF2RA after the LPS challenge. The study provides

unprecedented and valuable information about surface glycoprotein changes in response to
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the infection, facilitating a better understanding of glycoprotein functions and cellular

immune responsces.

8.1.3  Quantification of the proteome and surface glycoproteome dynamics during the

partial epithelial-to-mesenchymal transition (EMT) state

Epithelial-to-mesenchymal transition (EMT) is integral for biological processes
including embryonic development, wound healing, and cancer metastasis. While several
inducers have been reported, the most notorious one is transforming growth factor beta
(TGF-B). TGF-P initiates the transition through surface TGF- type I and type II receptors
that subsequently activate the SMAD pathway. This results in the regulation of
transcription factors such as SNAIL and ZEB, and the transformation of epithelial to
mesenchymal cells. Recent studies have shown that the partial EMT state is metastable and
can be observed. In fact, the full mesenchymal state might not occur in vivo due to the
requirement that cells must be able to propagate again. In this work, we study the EMT
process in A549 cells treated with TGF-P in a time-resolved manner. The proteomics
analysis revealed proteins that are involved in the epithelial, mesenchymal, as well as
partial states. Comparing with transcriptomics results, several novel partial EMT drivers
were discovered, including JUNB that was found to be the regulator of the partial EMT
state. Surface glycoproteomics results showed several surface glycoproteins that are
involved in the transition, but the roles of sialic acid-modified surface glycoproteins still
needs to be further investigated. The results will lead to a better understanding of the EMT

process and their use as markers for cellular development and cancer metastasis.
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8.1.4 Enhancing comprehensive analysis of secreted glycoproteins from cultured cells

without serum starvation

Glycoproteins secreted by cells play essential roles in the regulation of extracellular
activities and cellular communication. Secreted glycoproteins are often reflective of
cellular status, and thus glycoproteins from easily accessible bodily fluids can serve as
excellent biomarkers for disease detection. Cultured cells have been extensively employed
as models in the research fields of biology and biomedicine, and global analysis of
glycoproteins secreted from these cells provides insights into cellular activities and
glycoprotein functions. However, comprehensive identification and quantification of
secreted glycoproteins is a daunting task because of their low abundances compared with
the high-abundance serum proteins required for cell growth and proliferation. Several
studies employed serum-free media to analyze secreted proteins, but it has been shown that
serum starvation, even for a short period of time, can alter protein secretion. To overcome
these issues, we developed a method to globally characterize secreted glycoproteins and
their N-glycosylation sites from cultured cells by combining selective enrichment of
secreted glycoproteins with a boosting approach. The results demonstrated the importance
of the boosting sample selection and the boosting-to-sample ratio to improve the coverage
of secreted glycoproteins. The method was applied to globally quantify secreted
glycoproteins from THP-1 monocytes and macrophages in response to lipopolysaccharides
(LPS) and from Hep G2 cells treated with TGF- without serum starvation. We found
differentially secreted glycoproteins in these model systems that showed the response to
the immune activation or the epithelial-to-mesenchymal transition. Benefiting from the

selective enrichment and the signal enhancement of low-abundance secreted glycoproteins,
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this method can be extensively applied to study secreted glycoproteins without serum
starvation, which will provide a better understanding of protein secretion and cellular

activity.

8.1.5 Differential regulation of the proteome and phosphoproteome of neuroblastoma

tumors in response to chemotherapeutic treatment by TOPO/CTX

Neuroblastoma is a pediatric solid tumor that develops from immature nerve cells.
High-risk patients are often vulnerable to relapse with a low survival rate. One commonly
used treatment for relapsed patients is a combination of topotecan and cyclophosphamide
(TOPO/CTX), which causes DNA damage by interfering with the activity of
topoisomerase I and alkylating DNA strands, respectively. Using multiplexed proteomics
through TMT10plex isobaric tagging, we systematically quantified the abundance changes
of proteins and protein phosphorylation in the cell culture-derived xenograft (CDX) and
patient-derived xenograft (PDX) models generated in mice treated with a five-day regimen
of TOPO/CTX. Both tumors have distinct proteome and phosphoproteome expression
profiles considering the inherent heterogeneous nature of neuroblastoma. The response
suggests different sensitivity of the tumors to the treatment based on their proteome and
phosphoproteome changes through the regulation of the cell-cycle process, which occurred
mostly at the proteome level of the CDX models and at the phosphoproteome level of the
PDX model. Phosphorylation motif analysis revealed that Ca?‘/calmodulin-dependent
protein kinase II (CAMKZ2) is activated in the PDX model, which may be responsible for
the different behaviors and the sensitivity of the tumors to the treatment. Remarkably,
several proteins and phosphorylation events similarly affected in both tumors were

identified, and some of which have already been studied as drug targets in neuroblastoma
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such as aurora kinase A. The results will lead to a better understanding of the response of

neuroblastoma to chemotherapy and eventually a better treatment in patients.

8.1.6 Evaluation and optimization of reduction and alkylation methods to maximize

peptide identification with MS-based proteomics

Mass spectrometry (MS) has become an increasingly important technique to
analyze proteins. In popular bottom-up MS-based proteomics, reduction and alkylation are
routine steps to facilitate peptide identification. However, the reaction incompletion and
side reactions may occur, which will compromise the experimental results. In this work,
we systematically evaluated the reduction step with the commonly used reagents, i.e.,
dithiothreitol, 2-mercaptoethanol, tris(2-carboxyethyl)phosphine, or  tris(3-
hydroxypropyl)phosphine, and alkylation with iodoacetamide, acrylamide, N-
ethylmaleimide, or 4-vinylpyridine. By using digested peptides from a yeast whole-cell
lysate, the number of proteins and peptides identified were very similar using four different
reducing reagents. The results from four alkylating reagents, however, were dramatically
different with iodoacetamide giving the highest number of peptides with alkylated cysteine
and the lowest number of peptides with incomplete cysteine alkylation and side reactions.
Alkylation conditions with iodoacetamide were further optimized. To identify more
peptides with cysteine, Thiopropyl-Sepharose 6B resins were used to enrich them, and the
optimal conditions were employed for the reduction and alkylation. The enrichment
resulted in over three times more cysteine-containing peptides than without enrichment.
Systematic evaluation of the reduction and alkylation with different reagents can aid in a

better design of bottom-up proteomic experiments.
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8.2 Future directions

With the current development in extracellular glycoproteomics analysis, several
types of samples from different biological systems can be studied. These methods will
allow for the determination of the roles of surface and secreted glycoproteins in the
previously unknown biological systems. One major utilization is in clinical proteomics,
where secreted and surface glycoproteins are critical for the diagnosis and treatment of
diseases. While the current methods are mostly limited to within the lab, future
development will allow for the faster and more efficient approach to move extracellular
glycoproteomics from bench to bedside. Current methods also require a large number of
cells due to the low abundance of glycoproteins. Future development will solve this
problem and possibly scale down the analysis to the single-cell level, which will come from
the advances in both the methods to study the glycoproteins and the instrumentation
(particularly the mass spectrometer) to study them. A system-wide analysis that
incorporates extracellular glycoproteomics analysis will also further our understanding of
biological questions. Moreover, results from the glycoproteomics analysis can be
combined with other proteomics and transcriptomics analyses to decipher the biological
questions as well. Crosstalk studies between glycosylation and other post-translational
modifications of surface and secreted glycoproteins, as well as the modifications of

proteins at other locations will also facilitate the understanding.
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