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The Notch protein is a transmembrane signaling protein responsible for regulating several
important pathways among all metazoans including cell proliferation, differentiation, and death.
Notch exists as one protein in Drosophila, but has four homologs in mice and humans (Notch1-
4). A defining component of the Notch protein is the presence of 29-36 tandem epidermal growth
factor-like (EGF) repeats, small protein motifs defined by the presence of six cysteines forming
three disulfide bonds. Defects in Notch have been linked to various diseases like Alagille
syndrome and cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy (CADASIL). CADASIL is responsible for early onset of dementia in
patients aged 40-50, along with migraines and stroke. CADASIL is characterized by the presence
and accumulation of granular osmiophilic material (GOMs) and Notch3 extracellular domain in
close proximity to vascular smooth muscle cells, eventually leading to the degradation of

vascular smooth muscle cells. Previous evidence showed that mutations in Notch3 are related to
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the pathogenesis of CADASIL, mainly in EGF repeats 1-5 and 10-11. A majority of these
mutations have been identified as missense mutations leading to the addition or deletion of
cysteine residues, which is vital component of O-linked glycosylation in Notch. The two main
types of O-linked glycosylation on Notch are O-fucosylation initiated at the consensus sequence
C*XXXX(S/T)C’ by Pofutl, and O-glucosylation initiated at the consensus sequence
C'XSX(P/A)C? by Poglutl/Rumi, where C'~ are three of the 6 conserved cysteines within the
EGF repeat. After O-fucosylation, the O-fucose can be elongated by Fringe, which adds a
GlcNAc to the fucose, followed by subsequent additions by other enzymes, resulting in the
tetrasaccharide Siaa2-3GalB1-4GlcNAcB1-3Fucal-O-Ser/Thr. Similarly, O-glucose can be
elongated by Gxyltl or Gxylt2, followed by Xxyltl, resulting in the trisaccharide Xyla1—
3Xylal-3GIcP1-O-Ser. O-linked glycosylation is known to be essential for the function of
Notch. In addition, previous work showed that CADASIL mutants in mouse Notch3 EGF repeats
1-5 did not affect addition of O-fucose to Notch EGF repeats, but elongation of O-fucose by
Fringe was reduced. These results suggest CADASIL mutations may influence glycosylation of
mouse Notch3. My project has been to analyze O-fucose and O-glucose modifications on wild
type human Notch3 as a precursor to analyzing whether CADASIL mutations in the human
protein alter their structure. Using mass spectral methods I have identified O-fucose and O-
glucose glycans on the majority of predicted sites, and O-glucose was elongated to its
trisaccharide form at most sites. However, glycosylation at several “non-canonical” sites were
also identified. More work needs to be done to identify the remaining glycosylation sites on
Notch3, and then the effects of CADASIL mutations on the efficiency of modification at

individual sites can be addressed.
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Chapter 1: Introduction

The Notch protein is a transmembrane signaling receptor protein responsible for
regulating several important pathways in all metazoans (1). It is a single-pass Type 1
transmembrane protein, consisting of a large extracellular domain (ECD), followed by a
transmembrane region and an intracellular domain (ICD) responsible for downstream signaling.
The ECD contains 29-36 tandem epidermal growth factor-like (EGF) repeats and a negative
regulatory region (NRR). Notch EGF repeats are around 40 amino acids long containing exactly
six cysteines per EGF repeat. As shown in Figure 1, the six cysteines in an EGF repeat form
three intra-chain disulfide bonds as follows: Cys1 to Cys3, Cys2 to Cys4, and Cys5 to Cys6 (2).
Although only one Notch protein exists in Drosophila, four homologs of Notch exist in
mammals (Notch1-4) (2, 3). Two of Notch’s EGF repeats (EGF 11-12 for Notchl or 2, EGF 10-
11 of Notch3) have been shown to be necessary and sufficient for ligand binding (4). Notch
interacts with the transmembrane ligands of neighboring cells such as Delta (known as Delta-like
in humans) and Serrate (known as Jagged in humans). Through Notch’s interaction with these
ligands, Notch is cleaved and its ICD is released, which then travels to the nucleus to regulate the
transcription of its downstream targets. Some of the pathways regulated by the Notch pathway

are cell proliferation, cell fate, differentiation, and cell death (1).

Mutations of Notch or its downstream pathway components have been implicated in
numerous diseases. In humans, T cell acute lymphoblastic leukemia (T-ALL) results from
mutations in Notchl (4). Mutations in Notch2 have been implicated in causing Alagille
syndrome, a developmental disorder with defects in heart and liver formation, while mutations in

Notch3 cause CADASIL (cerebral autosomal dominant arteriorpathy with subcortical infarcts



and leukoencephalopathy) (4). Other diseases linked to defects in the Notch signaling pathway
include Spondylocostal Dystosis (SCD) and Multiple Sclerosis (MS) (4). In addition, although
not a disease, elimination of Notchl or Notch2 in mice results in embryonic lethality,
demonstrating the importance of Notch in mammalian development (2). However, for this thesis,

the focus will be placed on CADASIL.

CADASIL is a hereditary cerebral small vessel disease caused by dominant mutations in
the NOTCH3 gene (5). Clinical features include migraines, transient ischemic attacks or strokes,
psychiatric disorders, and cognitive impairment with an onset among patients around the age of
40 — 50. An important characteristic of CADASIL is the presence of granular osmiophilic
deposits (GOMs) within the basal membrane of dermal media, peripheral nerves, and muscle
arteries (5) along with the progressive loss of vascular smooth muscle cells (VSMCs). However,
the presence and number of GOMs appears to not have correlation to the severity of damage to
VSMC:s. Furthermore, the relationship between GOMs and VSMCs is still largely unknown,
specifically, how GOMs cause changes to the vessel wall and damage VSMCs (6). In addition to
the presence of GOMs on the VSMCs of CADASIL patients, an aggregation of Notch3 ECD
multimers have also been detected in close proximity of GOMs, although the exact relation
between GOMs and Notch3 ECD is still unknown. Although not much is known about the
composition of GOMs, they do not contain amyloid, elastin, chromatin, calcium or iron (6). As a
result of the accumulation of Notch3 ECD, degeneration of vascular smooth muscle cells occurs.
Therefore, pathogenesis of CADASIL is characterized by the accumulation of GOMs and

Notch3 ECD around vascular smooth muscle cells, eventually leading to their degradation (6).

An interesting characteristic of mutations of NOTCH3 that lead to CADASIL is that the

vast majority are missense mutations located within the EGF repeat region of Notch3’s ECD,
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resulting in either the addition or loss of cysteine residues. Specifically, mutations to EGF
repeats 1-5 and 10-11 have been found to be major hotspots leading to CADASIL (7). Since the
three intrachain disulfide bonds per EGF repeat are vital to the proper folding of EGF repeats, an
addition or loss of cysteine residues, resulting in an odd number of cysteine residues in the EGF
repeat, would lead to improper folding of EGF repeats (3). Also, by creating an odd number of
cysteines residues, a cysteine residue would be left unpaired, and this could lead to the
aggregation of Notch3 ECD through pairing among each other. Furthermore, an important
characteristic of Notch’s EGF repeat region is that it has been observed to be glycosylated,
specifically through O-linked glycosylation, with the cysteines playing a vital role in determining
its glycosylation fate (8). Therefore, there may be a link between CADASIL mutations and the

glycosylation of Notch3.

Glycosylation is one of the more common types of co/post-translational modifications
found on various proteins. The two major types of glycosylation are N-linked glycosylation and
O-linked glycosylation (9, CC). N-linked glycosylation operates through the linking of
carbohydrates (primarily N-acetylglucosamine) to the side-chain of asparagine residues that fall
under the consensus sequence of NX(S/T), where X can be any amino acid except proline. In O-
linked glycosylation, carbohydrates are linked to the side-chain of serine or threonine residues.
Unlike N-linked glycosylation, a universal consensus for O-linked glycosylation does not exist
(10). However, consensus sequences do exist for certain subclasses of O-linked glycosylation. In
Notch proteins, specific consensus sequences exist for O-linked glycosylation among the EGF

repeats of the Notch protein.

As observed in mouse Notchl (mN1), an important characteristic of Notch’s EGF repeat

region is the presence of O-fucosylation and O-glucosylation on the EGF repeats at a high, but
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variable stoichiometry (8). O-Fucose is added by protein O-fucosyltransferase 1 (Pofutl) to
serines or threonines found in the consensus sequence C2XXXX(S/T)C?, where C? and C” are the
second and third cysteine residues of the EGF repeats (Figure 1). Meanwhile, O-glucose is added
by protein O-glucosyltransferase (Poglut), also referred to as Rumi, to serines in the consensus
sequence C'XSX(P/A)C?, where C' and C? are the first and second cysteine residues of the EGF
repeats (Figure 1). Glycosylation by both enzymes requires properly folded EGF repeats (11). In
addition to the addition of the first sugar, O-fucose and/or O-glucose, to the EGF repeats, these
O-glycans can then be elongated by subsequent additions of carbohydrates on the glycan (2, 8,
11). After O-fucosylation, the O-fucose can be elongated with a GIcNAc by B1,3-N-
acetylglucosaminyltransferases of the Fringe family followed by subsequent additions by other
enzymes, ultimately resulting in the tetrasaccharide Siaa2-3Galp1-4GIcNAcB1-3Fucal-O-
Ser/Thr (Figure 1) (3). After O-glucosylation, the O-glucose can then be elongated with the
addition of xylose by glucoside xylosyltransferases (Gxyltl or Gxylt2) followed by an additional
xylose by xyloside xylosyltransferase (Xxylt1), ultimately resulting in the trisaccharide Xylal—
3Xylal-3GIcp1-O-Ser (Figure 1) (11). In addition to O-fucosylation and O-glucosylation, there
has also been evidence reported of an O-GlcNAc¢ modification on Ser or Thr residues between

the fifth and sixth cysteine residues of the Notch EGF repeats (Figure 1) (12).

Since the majority of CADASIL missense mutations either result in the addition or loss
of cysteine residues which could disrupt folding of an EGF repeat, and since O-fucosylation and
O-glucosylation is dependent on the presence of a consensus sequence within a properly folded
EGF repeat, this suggests that O-glycosylation on the EGF repeats of Notch3 could be altered in
CADASIL mutants. However, previous work in our lab suggested that O-fucosylation is not

affected in CADASIL mutants (13). Nevertheless, Fringe-mediated elongation of O-fucose



glycans was impaired in CADASIL mutants of mammalian Notch3 [mouse Notch3 (mN3)] (13).
This is an important factor since Fringe-mediated elongation of O-fucose results in a change in
ligand-dependent activation and subsequent regulation of Notch signaling (3). Nonetheless, we
do not know how CADASIL mutations affect the addition of O-glucose to EGF repeats nor how

they effect elongation of O-glucose to the trisaccharide.

Since CADASIL occurs in humans, it is important to conduct a study on O-glucosylation
and its subsequent elongations on human Notch 3 (hN3). Based on previous studies with O-
fucosylation and O-glucosylation on mN1 (8), we expect to also see O-fucosylation and O-
glucosylation present at a high, but variable, stoichiometry on the EGF repeats of hN3. Using
purified hN3 from HEK 293T cells, we were able to determine the structures of O-glucose
glycans at a majority of predicted sites and their subsequent elongation on the ECD of wild-type
hN3. Furthermore, O-fucosylation of wild-type hN3 compared to their predicted sites, in the
absence of Fringe, was also studied. In addition, because of the presence of an N-linked
glycosylation site in the hN3 ECD, we also tested the possibility of the N-linked glycan
hindering detection of the target O-linked glycopeptides. These studies provide the foundation

for future studies on the effects of CADASIL mutations on O-glycosylation of human Notch3.



Chapter 2: Materials and Methods

Materials

Purified wild-type hN3 ECD protein was a generous gift from Dr. Spyros Artavanis-
Tsakonas (Harvard Medical School). Before being sent to our lab, the hN3 ECD protein was
purified from Human Embryonic Kidney (HEK 293T) cells using the HA and 6x-His tags fused
to the end of the hN3 ECD amino acid sequence (Figure 2). All other reagents were of the

highest quality available.

hN3 ECD Glycopeptide Analysis via Nano-LC-ESI-MS and MS/MS

The methods described and used below were followed as described (8). Using seven
volumes of acetone, approximately 1 pg aliquots of hN3 ECD were acetone precipitated,
vortexed, and stored at -20 °C overnight. Protein precipitate was collected as a pellet after
centrifugation at 14,000x g at 4 °C for 15 minutes. Protein precipitate was then reduced with 8 pl
2X SB/TCEP (50 pl Laemmli Sample Buffer without Reducing Agents + 2 ul 0.5 M TCEP),
followed by 30 minutes of carbamidomethylation (in the dark) with 100 mM iodoacetamide (20
mg iodoacetamide + 1 ml 50 mM Tris-HCI, pH 8.0). Protein concentration and purity were
assessed using SDS-PAGE and GelCode Blue Stain Reagent alongside BSA standards. hN3
ECD gel bands were cut out into several small cubes and destained using two cycles of
destaining with 30% acetonitrile (B&D) in 25 mM ammonium bicarbonate under 10 minute

vortexes. The supernatant was then removed and gel pieces were washed in 1 ml of 50%



methanol in 20 mM di-ammonium phosphate (di-AP, pH 8.0) and vortexed twice at room
temperature for 20 minutes. A third wash of 50% methanol in 20 mM di-AP was then done at 4
°C overnight before doing a fourth wash and vortex cycle for 30 minutes at room temperature the
following day. Gel pieces were then dried using 500 pl 100% acetonitrile. After gel pieces were
dried, acetonitrile was removed and the gel pieces were subjected to in-gel digestion using
combinations of proteases (300 ng per protease) trypsin, chymotrypsin (Princeton Separations),
Asp-N (Sigma), and/or V8 (Sigma, Protease Profiler) for no more than 16 hours at 37 °C using
the corresponding enzyme buffers: 20 mM di-AP (trypsin, Asp-N) and 25 mM ammonium
bicarbonate (pH 8.0, chymotrypsin, V8). Specifically, the following combinations of proteases
were used: chymotrypsin, trypsin, chymotrypsin + trypsin, Asp-N, and V8. Protein digests were
then resuspended in 5% formic acid, and then desalted and concentrated using ZipTip C18
cartridges (Millipore). Digests were then diluted in 15% of 95% acetonitrile in 0.1% acetate
before being loaded onto the ion trap mass spectrometer (Agilent model 6340) for nano-LC-ESI-
MS and MS/MS analysis with collision-induced dissociation (CID) using the settings described

below.

hN3 digests (2 pl) were injected onto a Zorbax 300 SB-C18 chip with a 40 nl enrichment
column and a 43 mm x 75 pum separation column (Agilent). Samples were loaded on the
enrichment column at 4.0 pl/min in 5.0% buffer B and then fractionated on the separation
column at 450 nl/min with a 26 min non-linear gradient from 5.0 to 95% buffer B (buffer A:
0.1% formic acid; buffer B: 95% acetonitrile in 0.1% formic acid). Effluents from the HPLC
chip were then sprayed into the ion trap mass spectrometer, operating in positive ion mode,
where MS/MS was set to be performed on the three most abundant ions per scan. In addition, 30

second active exclusion was set to be triggered after two consecutive spectra with a recurring



ion. In addition, the following settings were used for MS/MS: capillary voltage, 1700-1950 V,
end plate Offset, -500 V; dry gas, 5.0 liters/min at 325 °C; trap drive, 100; smart target, 500,000;

maximum accumulation time, 150 ms; and scan range, 300 —2200 m/z.

PNGase F Cleavage of N-linked Glycans

The methods described and used below were followed as described (14). Aliquots
designated for PNGase F (produced in-house) digestion were subjected to PNGase F digestion
first, before undergoing the same methods used for glycopeptide analysis, mentioned above.
After acetone precipitation and collection of the protein pellet, the protein pellet is resuspended
in 25 pl of 1% SDS, 1% B-mercaptoethanol and boiled at 100 °C for 5 minutes. The samples are
then cooled and 225 pl of 50 mM Tris-HCI (pH 8.6), 0.7% Nonidet P-40, and Protease inhibitor
cocktail (1 Protease inhibitor tablet per 10 ml buffer) was added to the sample. Samples were
digested with 5 U of PNGase F for at least eight hours at 37 °C before going through the same

methods listed above for glycopeptide analysis.

Site-Mapping of O-linked Glycopeptides

The methods described and used below were followed as described (8). Prior to analyzing
data from the mass spectrometer, putative sites of O-linked glycosylation in hN3 EGF repeats
were identified using the amino acid sequence of the ECD from hN3 provided by the Artavanis-
Tsakonas laboratory. EGF repeats were predicted to be O-fucosylated if the consensus sequence

C*XXXX(S/T)C? (8) was seen in the EGF sequence, and O-glucosylated if the consensus



sequence C'XSX(P/A)C? (11) was observed (Figure 2). Some EGF repeats are predicted to be

both O-fucosylated and O-glucosylated (8).

In addition to predicting the sites of O-fucosylation and O-glucosylation on the EGF
repeats, in silico digests were performed on hN3 ECD with various proteases using the
PeptideMass tool from the ExXPASy Bioinformatics Resource Portal website
(http://web.expasy.org/peptide mass/). PeptideMass calculates the masses of the predicted
peptides, taking into account the added mass of carbamidomethyl groups for each cysteine. In
addition to carbamidomethylated cysteines, missed cleavages of up to 3 were used in
PeptideMass’ settings to take into account possible aberrant proteolytic cleavages as a result of
presence of glycans (10). Also, after obtaining the mass spectrometry data, a mass list was
exported in mascot generic format (.mgf) and submitted to either GPM’s X! P3
(http://ppp.thegpm.org/tandem/thegpm_ppp.html) or Matrix Science’s MASCOT
(http://www.matrixscience.com/search _form_select.html) online search engines for confirmation
that the protein submitted was indeed our target protein (hN3). Peptides identified from these

online database searches were used to determine sequence coverage of our in-gel digests.

From the mass spectrometry data, Constant Neutral Loss (CNL) and Extracted Ion
Chromatogram (EIC) searches were used to identify which ions represent glycopeptides. CNL
searches allow us to search MS/MS spectra for ions that have lost a mass consistent with that of
one of our known glycans (neutral loss). For O-fucosylation, CNL searches of 73, 48.7, 36.5
were used (Figure 3). From the filtered MS/MS spectra, if a dominant peak is found that loss one
of the aforementioned masses (73, 48.7, or 36.5) from the parent ion, this suggests that the
MS/MS spectra may be an O-fucosylated peptide. In addition, the charge state of the O-

fucosylated peptide in the MS/MS spectra can be determined, based on the mass loss, denoting a
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charge state of +2, +3, or +4 for 73, 48.7 and 36.5, respectively (Figure 3). The ion representing
the unmodified peptide in the MS/MS spectra was then used to mathematically determine the
mass of the peptide in the +1 charge state and compared to the in silico digests of the ECD. In
addition, the actual b- and y-fragment ions of the peptide were compared to theoretical b- and y-
fragment ions for the peptide, with an error of up to 0.5 mass units, obtained from the University
of California, San Francisco’s MS-Product (http://prospector.ucsf.edu/prospector/cgi-
bin/msform.cgi?form=msproduct), to confirm the peptide’s identity. After confirming the
identity of the peptide, an EIC search was used to give an estimate of the relative quantities of
the different possible glycoforms that may be present for the peptide (e.g. unmodified, mono-, di-
, tri-, and tetrasaccharide glycoforms). Searches for O-fucose disaccharide and longer chains
were not focused on in this study because previous evidence suggests that Fringe elongation of
O-fucose is not abundant in HEK 293T cells (Kakuda S and Haltiwanger RS, unpublished).
Similar CNL and EIC searches were used for identifying O-glucosylated peptides.
Monosaccharide forms of O-glucosylated peptides were determined by searching for a neutral
loss of 81, 54, and 40.5 in the +2, +3, and +4 forms, respectively (Figure 3). In addition,
trisaccharide forms were detected by an order of losses in the following pattern (A-[A+B]-
[A+B+C]; first-second-third, right to left): 66-132-213, 44-88-142, and 33-66-106.5 in the +2,

+3, and +4 forms, respectively.

Site-Mapping of Aberrant Cleavages

If putative glycopeptides were found using the CNL method described above, but did not

match with the predicted masses found from in silico digests, it was assumed that an aberrant
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cleavage had occurred. As a result, the amino acid sequence provided by the Artavanis-Tsakonas
lab was used with the FindPept tool from the ExPASy Bioinformatics Resource Portal website

(http://web.expasy.org/findpept/) with the determined mass of the unmoditied peptide found in

the MS/MS spectra. Putative peptide sequences provided by FindPept were then input into MS-

Product for confirmation by comparing b- and y-peptide fragment ions.
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Chapter 3: Results

Total Sequence Coverage and Summary

Based on the sequence of hN3 ECD (Figure 2), a total sequence coverage map was made
from the peptide sequences identified by GPM, MASCOT, and manual CNL searches for
glycopeptides (Figure 4). Approximately 64.4% of hN3 ECD sequence was found (1042 out of
1619 of total amino acids in the Notch3 ECD). Of the region encoding EGF repeats,
approximately 63.0%, of the amino acids were identified (841 out of the 1334 amino acids
coding for EGF repeats). Figure 5 summarizes the glycans mapped to predicted sites of hN3, 24
of which are predicted to be O-glycosylated. Glycopeptides from 16 out of the 24 predicted sites
were identified. In addition, one O-fucose modified peptide was found from a site not predicted
to be modified in EGF repeat 23 (Figure 5). Table 1 summarizes the peptide sequences of the
identified glycopeptides along with the predicted and actual masses of the unmodified peptides,
and the mass difference between the found glycopeptide and unmodified peptide, where all
masses were denoted in the +1 charge state. In addition, peptides were matched with their amino
acid sequence numbers and corresponding EGF repeats (Table 1). It should be noted that lack of
observation of the glycopeptides from the remaining predicted sites does not indicate that those
EGF repeats are not O-glycosylated, but rather, the glycopeptides were simply not observed at

the time of this study.

Human Notch3 EGF Repeats Modified with O-Fucose Monosaccharide
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Using CNL searches of 73, 48.7, 36.5 to represent the +2, +3, and +4 charge states of
fucose, respectively, along with corresponding masses for di-, tri-, and tetrasaccharide forms
(Figure 3), O-fucosylated peptides were discovered and compared to predicted masses from in
silico digests of hN3 ECD. Using the O-fucosylation consensus sequence C*XXXX(S/T)C?,
glycopeptides from 10 of hN3’s EGF repeats are predicted to only contain this consensus
sequence with no O-glucose consensus sequence (Figure 5, all red). Out of these ten sites, O-
fucosylated glycopeptides were identified from five, in EGFs 6, 7, 8, 24 and 28 (Figures 12A,
13A, 14A, 25A, 26A). EIC searches for naked, mono-, di-, tri-, and tetrasaccharide glycoforms
of the peptides showed that all 5 glycopeptides were found to be mainly in the monosaccharide
form (Figures 12B, 13B, 14B, 25B). The glycopeptide from EGF repeat 28 showed the presence
of a di- and trisaccharide form and will be discussed at a later section (Figure 26B). CNL and
EIC searches of the matching di-, tri- and tetrasaccharide glycoforms also showed lack of
elongated forms of O-fucosylated peptides. This is consistent with previous data that Notch
proteins derived from HEK 293T cells show essentially no elongation of O-fucose on Notchl by
Fringe family members. As a result, O-fucosylated peptides cannot be elongated to the
GlcNAcB1-3Fucal-O-Ser/Thr disaccharide form, which is required for further elongation to the
tri- and tetrasaccharide forms by corresponding enzymes (Kakuda S and Haltiwanger RS,

unpublished).

Human Notch3 EGF Repeats Modified with the O-Glucose Trisaccharide

Similar to the methods used for discovering O-fucosylated peptides, trisaccharide O-

glucosylated peptides were discovered using CNL searches of 213, 142, and 106.5 for the
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respective +2, +3, and +4 charge states denoting loss of the full O-glucose trisaccharide in the
MS/MS (Figure 3). In addition, unlike finding peptides with O-fucose monosaccharides, a
distinct pattern of neutral losses could be seen in the order xylose, xylose, glucose in order to
definitively identify the glycopeptide. Since O-glucosylated peptides are elongated in a specific
order, observing a different fragmentation pattern is unlikely (8). Using the consensus sequence
C'XSX(P/A)C?, 10 of the EGF repeats in hN3 are predicted to be only O-glucosylated with no
O-fucose (Figure 5, all blue). Out of these ten sites, O-glucosylated glycopeptides were identified
from seven sites: EGFs 2, 3, 12, 13, 16, 23, and 32. The O-glucose was elongated to the Xylal—
3Xylal-3GIcP1-O-Ser trisaccharide form in most cases (Figures 7A, 10A, 17A, 18A, 19A, 20A,
21A), but EGF repeat 32 was only found in the monosaccharide form which will be discussed
later (Figure 28A). Furthermore, EGF repeat 23 was found to also be O-fucosylated, which will
also be discussed later (Figure 24A). EIC searches of corresponding glycopeptides showed that
EGFs 12, 13, and 16 were predominantly found in the Xyla1-3Xyla1-3Glcp1-O-Ser
trisaccharide glycoform (Figures 17B, 18B, 19B, 20B, 21B). However, corresponding EIC
searches of the naked, mono-, di-, and trisaccharide glycoforms of the peptides from EGFs 2 and
3 showed that these peptides were not found predominantly in the trisaccharide form, but instead,

were predominantly in the GIcf1-O-Ser monosaccharide form (Figures 7B, 10B).

Human Notch3 EGF Repeats Modified with the O-Glucose Monosaccharide

As mentioned above, EGF repeats 2 and 3 were found to be O-glucosylated, but were not
elongated to the predicted trisaccharide form by Gxyltl, Gxylt2, and Xxylt2 at a high efficiency.

As aresult, the EICs of the two EGFs were found to be predominantly in the monosaccharide
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form (Figures 7B, 10B). To confirm these findings, CNL searches for loss of the O-glucose
monosaccharide were performed using 81, 54, and 40.5 for the +2, +3, and +4 charge states,
respectively, to identify peptides that were only O-glucosylated, but not further elongated (Figure
3). Using this search, of the ten EGF repeats predicted to be O-glucosylated, O-glucose
monosaccharide glycopeptides corresponding to EGF repeats 2 and 3 were found (Figures 6A,
8A, 9A, 11A). In addition, an O-glucose monosaccharide glycopeptide from EGF repeat 32 was
also identified (Figure 28A). Using EIC searches of the different glycoforms, EGFs 2, 3 and 32
were all found predominantly in the GlcB1-O-Ser monosaccharide form (Figures 6B, 8B, 9B,
11B, 28B). It should be noted that the O-glucose monosaccharide has only been previously
observed at a few sites in mouse Notch3, where the O-glucose monosaccharide form has been
observed on EGF repeats 2, 12, and 25 (Tan E and Haltiwanger RS, unpublished), and on several
EGF repeats from Drosophila Notch (Rana N and Haltiwanger, unpublished). In contrast, O-

glucose was found fully elongated to the trisaccharide at all 17 predicted sites on mouse Notchl

(8).

Human Notch3 EGF Repeats Modified with Both O-Fucose and O-Glucose Glycans

Since O-fucosylation and O-glucosylation on Notch EGF repeats have different
consensus sequences on different regions (Cys2-Cys3 and Cys1-Cys2, respectively), it is
possible that Notch EGF repeats can have both consensus sequences in the same EGF repeat. In
addition, it has been previously observed that EGF repeats with both consensus sequences can be
both O-fucosylated and O-glucosylated at the same time (8). As such, four EGF repeats on hN3

are predicted to be both O-fucosylated and O-glucosylated at the same time: EGFs 11, 17, 19,
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and 29 (Figure 5, both red and blue). Of these, a glycopeptide modified with both O-fucose
monosaccharide and O-glucose trisaccharide was detected from EGF repeat 11 (Figure 15A).
The specific order of mass losses during MS/MS fragmentation of this glycopeptide (i.e. either
the fucose or a xylose can be lost first) demonstrate that the O-glucose trisaccharide is
independent from the O-fucose monosaccharide, further suggesting that both O-fucosylation and
O-glucosylation is present on EGF repeat 11 (Figure 15C). In addition, a glycopeptide from EGF
repeat 19 modified with O-fucose monosaccharide was also observed (Figures 22A, 23A).
Unfortunately, the peptide sequence begins after the Ser residue that is supposed to be O-
glucosylated, thus suggesting that it is still possible that O-glucosylation occurs on EGF repeat

19, but was not observed at the time of this study (Table 1).

Non-Canonical Forms of O-Glycosylation on Human Notch3

In addition to the predicted forms of O-glycosylation observed above, several unusual
forms of O-glycosylation were also observed. For instance, as mentioned above, a glycopeptide
from EGF repeat 28 appeared to be modified with an O-fucose disaccharide based on the EIC
search (Figure 26B). However, in the MS/MS fragmentation of the glycopeptide, losses of
masses corresponding to the GIcNAc and fucose were observed to be independent of each other,
suggesting that the two carbohydrates are not linked together as a disaccharide (Figure 26A).
Furthermore, upon closer observation of the identified peptide, a large portion of EGF repeat
27’s amino acid sequence was seen. These data suggest that an O-GIcNAc modification exists on
this peptide since O-GlcNAc modifications on Notch EGF repeats have been observed on Ser

and Thr residues between Cys5 and Cys6 (12), which are present in this peptide’s sequence
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(Figure 26A). Although not analyzed in detail, the trisaccharide glycoform of this peptide
detected in the EIC (Figure 26B) is most likely elongation of the O-GlcNAc by galactose plus O-

fucose.

As mentioned above, another unusual form of O-glycosylation was observed on EGF
repeat 23 (Figure 24A). EGF 23 does not contain a predicted O-fucose site based on the
C*XXXX(S/T)C? consensus (Figure 2), but it does have a similar sequence: C:\GPGTC?, with
only three amino acids between C* and the modified threonine. The glycopeptide from EGF
repeat 23, which contains an O-glucose consensus sequence and is modified with O-glucose
trisaccharide, is also modified with O-fucose monosaccharide (Figure 24A, C). The EIC suggests
that the fully O-fucosylated and O-glucosylated glycoform is the major species (Figure 24B).
These results suggests that three variable amino acids, except for proline, can be used for O-
fucosylation in addition to the known four variable amino acids of the consensus sequence
(Figure 24A). This is an interesting observation because the old consensus sequence for O-
fucosylation was C*X;.s(S/T)C> before it was later revised to the current consensus sequence

because a similar site on EGF15 of mouse Notchl is not O-fucosylated (15).

Finally, on EGF repeat 30, the unmodified peptide was observed instead of the predicted
modification with O-fucosylation (Figure 5). This was interesting to observe because, based on
previous work, all EGF repeats predicted for O-glycosylation should be modified. However, this
peptide was observed as one of the peptides found during a MASCOT database search that was
not set to detect glycosylated peptides. Based on MASCOT’s identification of the peptide’s
compound number in the appropriate mass spectra, the b- and y- ions were found to match the
peptide’s sequence, without the presence of a fucose (Figure 27A). An EIC search of the possible

forms of O-fucosylation of the peptide further suggests that this peptide was indeed found in its
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unmodified form (Figure 27B). However, it is interesting to note that the sequence also contains
a consensus sequence for N-linked glycosylation of NX(S/T) (10). This suggests that N-linked
glycosylation is responsible for blocking O-fucosylation at this EGF repeat. Furthermore, this
peptide was only observed when the protein was first digested with PNGase F, which removes
N-linked glycans from peptides, strongly suggesting that N-linked glycosylation may be

responsible for blocking O-fucosylation at this EGF repeat (Table 1).
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Chapter 4: Discussion

The results from this study are largely consistent with previous findings; the identified
EGF repeats were O-fucosylated and/or O-glucosylated in accordance with the consensus
sequences used to predict the O-glycosylation modifications. As summarized in Figure 5, six out
of the ten EGF repeats predicted to be only O-fucosylation were identified, seven out of the ten
EGF repeats predicted to be only O-glucosylated were also identified, and finally, two of the
three EGF repeats predicted to be both O-fucosylated and O-glucosylated were also identified,
although O-glucosylation was only observed on one of the two EGF repeats. Furthermore, it was
shown that, in contrast with previous observations (8), the elongation of O-glucose was variable
among different EGF repeats. As observed in EGF repeats 2, 3 and 32, instead of the fully
modified trisaccharide, the O-glucose monosaccharide was found to be the predominant form
(Figure 5). However, further work needs to be done to determine the reason for variability in

elongation of O-glucosylated EGF repeats in hN3.

Furthermore, Figure 5 also shows the presence of non-canonical O-linked modifications
for two of the identified EGF repeats in addition to another EGF repeat that was previously
predicted to not have an O-linked modification. EGF repeat 23 was observed to be O-fucosylated
in the absence of the current O-fucosylation consensus sequence C*XXXX(S/T)C>. At one point,
O-fucosylation was believed to use the consensus sequence, C*X3.5(S/T)C’. This consensus
sequence was refined based on the observation showing the absence of O-fucosylation at a site in
EGF repeat 15 in mouse Notch! with the sequence, C'HYGSC? (15). The fact that EGF repeat

23 is O-fucosylated in hN3 is efficiently O-fucosylated suggests that sites with just three amino
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acids between C2 and the modified residue need to be re-examined, and the consensus sequence
needs to be expanded back to C*X;3.5(S/T)C3. In addition, it suggests that there is something
about EGF repeat 15 from mouse Notch1 other than the three amino acids that is preventing O-

fucosylation.

The data in Figure 25 suggests that EGF repeat 27 may contain an O-GIcNAc
modification. Although the Ser and Thr residues between the fifth and sixth cysteine residues in
an EGF repeat are known targets (12), a consensus sequence for O-GlcNAc modifications is still
unknown. Finally, EGF repeat 30 contains an O-fucosylation consensus sequence, but was found
unmodified. However, the consensus sequence for O-fucosylation in EGF 30 was found to also
contain the consensus sequence for N-linked glycosylation (Table 1). The fact that the peptide
from EGF repeat 30 was only detected after PNGase F digestion strongly suggests that this site is
modified with an N-glycan and suggests that N-glycosylation, normally a co-translational

process, occurs before O-fucosylation, and blocks addition of fucose.

Based on the observations made in this study, it is clear that more work needs to be done
to determine the O-glycosylation pattern of the remaining 37% of EGF repeats predicted to be
modified that were not mapped during this study’s analysis. By determining the O-glycosylation
pattern of the remaining 37%, more insight can be made of the existence of further “non-
canonical” glycosylation sites, as well as to confirm whether the remaining unmapped sites are
indeed glycosylated in accordance to their consensus sequences. At the time of this study, the
major proteases used were chymotrypsin, trypsin, Asp-N, V8 (i.e. Glu-C) and combinations of
chymotrypsin + trypsin and chymotrypsin + PNGase F. Unfortunately, the V8 used in this study
resulted in aberrant peptide cleavages, which could not be identified even with the method

described to identify peptides with aberrant cleavages using FindPept. However, the discovery of
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an additional identified EGF repeat, EGF repeat 6, using a combination of chymotrypsin and
trypsin, suggests that other combinations of proteases may be promising in identifying the O-

glycosylation patterns of the remaining EGF repeats of human Notch3.

In addition, in contrast to previously used methods where truncated groups of Notch EGF
repeats were used for O-glycosylation analysis (8, 13), a full-length protein of human Notch3’s
ECD was used for this thesis. The advantage of using a full-length protein, as opposed to
truncated versions, is that the full-length protein might more closely reflect the glycosylation
patterns that would be observed in the protein in vivo. However, the ion trap mass spectrometer
that was used was set to fragment the three most prevalent ions in each MS spectra for MS/MS
analysis. As a result, it is possible that some peptides containing EGF repeats were ignored due

to the prevalence of other peptides.

In addition to increasing the coverage of identified peptides, possible factors for
variability in elongation of O-glucosylated peptides in hN3 should be studied. As done by
Takeuchi et al. 2012 (11), analysis of enzyme activity of Gxyltl, Gxylt2 and Xxyltl on single
EGF repeat constructs of hN3 may provide some insight to the efficiency of these elongation
enzymes on specific EGF repeats. Preliminary studies suggest that amino acids in the X position
of the O-glucose consensus sequence of EGF repeats from mouse Notchl and mouse Notch2
may contribute to the extent of elongation of O-glucose (11). Comparison of EGF repeats 2, 3,
and 32 (all of which are only elongated to the O-glucose monosaccharide form) with other EGF
repeats from hN3 in in vitro assays with purified Gxyltl may provide a useful platform to test

this hypothesis.
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Finally, a notable characteristic of hN3 is its relation to the pathogenesis of CADASIL.
Here we have laid the groundwork for these studies by analyzing the glycosylation of wild-type
hN3. However, in common with how O-fucosylation and elongation by Fringe was studied
previously (13), O-glucosylation and elongation by Gxyltl, Gxylt2, and Xxyltl could now be
studied in CADASIL mutants of hN3 and compared to the findings made in this thesis. As
described before, a diagnostic characteristic of CADASIL is the accumulation of GOMs and
Notch3 ECD around vascular smooth muscle cells, and it is possible that changes in the O-
glycosylation of hN3 may contribute to the aggregation of hN3 ECD. Since O-glucosylation and
elongation are also major components of Notch, a comparison between the results of this study
and of CADASIL mutants should be made to determine key differences that may be responsible

for aggregation of hN3 ECD in CADASIL patients.
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Chapter 5: Conclusion

In comparison to previous studies (8), the results presented in this thesis show that hN3’s
ECD, in general, follows the pattern of O-fucosylation and/or O-glucosyation and elongation
among the predicted sites of O-linked glycosylation. As such, hN3 EGF repeats were seen to be
O-fucosylated in the presence of the consensus sequence C*XXXX(S/T)C’ (8), but not elongated
with GIcNAc by Fringe to the disaccharide form because of lack of or little Fringe activity in
HEK 293T cells (Kakuda S and Haltiwanger RS, unpublished). However, hN3 EGF repeats were
found to O-glucosylated and, usually, elongated to their trisaccharide form by Gxyltl, Gxylt2
and Xxyltl in the presence of the consensus sequence C'XSX(P/A)C? (11). However, it is
important to note that this is not always the case as EGF repeats 2, 3, and 32 in hN3 have been
found to be only O-glucosylated, but not predominantly elongated to the trisaccharide form
(Figure 5). In addition, several “non-canonical” forms of O-linked glycosylation were found.
This suggests that more work is needed on determining the various mechanisms of O-linked

glycosylation.

In addition, because mutations exclusive to human Notch3 contribute to the pathogenesis
of CADASIL, it is important to determine the O-linked glycosylation pattern of wild-type hN3 in
order to compare it to the O-linked glycosylation pattern of CADASIL mutants of hN3. Wild-
type hN3 was done for this thesis, but future work needs to be done for CADASIL mutants of
hN3 in order to determine how O-glucosylation and elongation is affected in CADASIL. O-
fucosylation was found to be unaffected on mouse Notch1 EGF repeats, but evidence exists

suggesting that elongation of O-fucose by Fringe is affected (13).
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Figure 1: Graphical Representation of an EGF Repeat, Modified from (2): Modified from (2), a 40
amino acid motif of a Notch EGF repeat with canonical O-Glucosylation and O-Fucosylation consensus
sequences with maximum possible elongation modification and elongation of these sites are shown
above. Enzymes responsible for addition of each sugar are indicated. Cysteine residues of the EGF repeat
have been colored yellow and numbered. Cysteine residues have also been paired with their
corresponding cysteine residues that they form disulfide bridges with in a properly folded EGF repeat. A
consensus sequence for O-GIcNAc addition is unknown, but serine and threonine residues between the
fifth and sixth cysteine residues have been observed to exhibit this modification.
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1 5 10 15 20 25 30

HA | Hisx6
Human Noteh 3: (JSGOOO00S0GO0000S000008000600800 = |

. EGF repeat with O-glucose site C,XSX(P/A)C,
. EGF repeat with O-fucose site C,X,(S/T)C,

.EGF repeat with both O-fucose and O-glucose sites

Figure 2: Graphical Representation of hN3 ECD + HA-Hiss Tag Used in this Study. hN3
ECD contains 34 EGF repeats with 24 EGF repeats predicted to be modified by O-linked
glycosylation. Provided hN3 ECD contains HA tag and Hiss tag at C-terminus. EGF repeats
(ovals) are colored red if they contain an O-Fucose consensus, blue if they contain an O-glucose
consensus, and both if they contain both.
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Charge State Modification Charge
Modification Type (+) Mass Type State (+) Mass

| 2 | s | | 2 | &
. a4 | 35 | | a4 | 45
| 2 | a5 | | 2 | 17
| a4 | s | | a | 735

| 2 | 255 | | 2 | 213
a4 | a5 4 | 1065
| 2 | ;s | | 2 | &
| 4 | s | | a | 3

Figure 3: Constant Neutral Loss Mass Numbers of Carbohydrates. Listed above are the
expected mass losses of specific carbohydrates and carbohydrates according to specific charge
state of the peptide in the MS/MS spectra during Constant Neutral Loss searches.
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APPCLDGSPCANGGRCTQLPSREAACLCPPGWVGERCQLEDPCHSGPCAGR
GVCQSSVVAGTARFSCRCPRGFRGPDCSLPDPCLSSPCAHGARCSVGPDGR
FLCSCPPGYQGRSCRSDVDECRVGEPCRHGGTCLNTPGSFRCQCPAGYTGP
LCENPAVPCAPSPCRNGGTCRQSGDLTYDCACLPGFEGQNCEVNVDDCPGH
RCLNGGTCVDGVNTYNCQCPPEWTGQFCTEDVDECQLQPNACHNGGTCFENT
LGGHSCVCVNGWTGESCSQNIDDCATAVCFHGATCHDRVASFYCACPMGKT
GLLCHLDDACVSNPCHEDAICDTNPVNGRAICTCPPGFTGGACDQDVDECSIG
ANPCEHLGRCVNTQGSFLCQCGRGYTGPRCETDVNECLSGPCRNQATCLDRI
GQFTCICMAGFTGTYCEVDIDECQSSPCVNGGVCKDRVNGFSCTCPSGFSGS
TCQLDVDECASTPCRNGAKCVDQPDGYECRCAEGFEGTLCDRNVDDCSPDP
CHHGRCVDGIASFSCACAPGYTGTRCESQVDECRSQPCRHGGKCLDLVDKYL
CRCPSGTTGVNCEVNIDDCASNPCTFGVCRDGINRYDCVCQPGFTGPLCNVEI
NECASSPCGEGGSCVDGENGFRCLCPPGSLPPLCLPPSHPCAHEPCSHGICY
DAPGGFRCVCEPGWSGPRCSQSLARDACESQPCRAGGTCSSDGMGFHCTC
PPGVQGRQCELLSPCTPNPCEHGGRCESAPGQLPVCSCPQGWQGPRCQQD
VDECAGPAPCGPHGICTNLAGSFSCTCHGGYTGPSCDQDINDCDPNPCLNGG
SCQDGVGSFSCSCLPGFAGPRCARDVDECLSNPCGPGTCTDHVASFTCTCPP
GYGGFHCEQDLPDCSPSSCFNGGTCVDGVNSFSCLCRPGYTGAHCQHEADP
CLSRPCLHGGVCSAAHPGFRCTCLESFTGPQCQTLVYDWCSRQPCQNGGRCV
QTGAYCLCPPGWSGRLCDIRSLPCREAAAQIGVRLEQLCQAGGQCVDEDSSH
YCVCPEGRTGSHCEQEVDPCLAQPCQHGGTCRGYMGGYMCECLPGYNGDN
CEDDVDECASQPCQHGGSCIDLVARYLCSCPPGTLGVLCEINEDDCGPGPPLD
SGPRCLHNGTCVDLVGGFRCTCPPGYTGLRCEADINECRSGACHAAHTRDCL
QDPGGGFRCLCHAGFSGPRCQTVLSPCESQPCQHGGQCRPSPGPGGGLTFT
CHCAQPFWGPRCERVARSCRELQCPVGVPCQQTPRGPRCACPPGLSGPSCR
SFPGSPPGASNASCAAAPCLHGGSCRPAPLAPFFRCACAQGWTGPRCEAPAA
APEVSEEPRCPRAACQAKRGDQRCDRECNSPGCGWDGGDCSLSVGDPWRQ
CEALQCWRLFNNSRCDPACSSPACLYDNFDCHAGGRERTCNPVYEKYCADHF
ADGRCDQGCNTEECGWDGLDCASEVPALLARGVLVLTVLLPPEELLRSSADFL
QRLSAILRTSLRFRLDAHGQAMVFPYHRPSPGSEPRARRELAPEVIGSVVMLEI
DNRLCLQSPENDHCFPDAQSAADYLGALSAVERLDFPYPLRDVRGEPLEPPEP

S8y PYDVPDYAHHHHHH|

Figure 4: Total Amino Acid Sequence Coverage of hN3. Total amino acid sequence of hN3
ECD. Highlighted amino acids denote amino acids identified by GPM, MASCOT or manual
searches (e.g. identified glycopeptides identified using CNL searches). Green amino acids denote
amino acids that code for EGF repeats. Blue amino acids denote those predicted O-glucosylated.
Red amino acids denote those predicted to be O-fucosylated. ﬁ amino acids
denote HA + His x6 Tags. 1042 out 1619 AAs were identified.
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hN3 O-Glycosylation Sites (WT)

O-fucose consensus
sequence not seen

1 5 10 15 20 l’ 25 30

*

Human Notch 3:

*

f

O-GlcNAc
@ Glucose
. EGF repeat with O-glucose site C,XSX(P/A)C, % Xylose
. EGF repeat with O-fucose site C,X,(S/T)C, O Galactose
A Fucose
‘EGF repeat with both O-fucose and O-glucose sites B GIcNAc

Figure 5: Graphical Summary of Predicted and Identified Sites of hN3. Identified sites of O-
linked glycosylation sites of EGF repeats on wild-type hN3 were marked according to the legend
key shown above. Faded colors on EGF repeats 2 and 3 signify that the trisaccharide form is not
the predominant form.
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Parent

lon (M
AA Sequence
1907.5| 1744.6 162.9 1743.6 Tryp 5
2172.4| 1744.6 427.8 1743.6 Tryp 6
2 |’5CQLEDPCHSGPCAGR®® 1890 | 1727.2 162.8 1743.6* Tryp 7
2317.9| 2155 162.9 2155.3 Tryp 8
114GPDCSLPDPCLSSPCAHGAR133 2581 | 2155.6 425.4 2155.4 Tryp 9
3 |13RGPDCSLPDPCLSSPCAHGARCSVGPDGRFL43 3563.4| 3400.2 163.2 3400.8 Chym 10
6 |*CLNGGTCVDGVNTY?58 1677 | 1530.2 146.8 1529.6 | Chym +Tryp| 11
7 |*°NCQCPPEWTGQFCTEDVDECQLQPNACHNGGTCF?%? 4267 | 4120.2 146.8 4119.4 Chym 12
8 [*HGATCHDRVASFY338 1668.4| 1520.8 147.6 1520.6 Chym 13
437SGPCRNQATCL*4? 1837.6| 1263.8 573.8 1263.5 Chym 14
11 [*?8CETDVNECLSGPCR**! 2124.6| 1697.2 427.4 1696.6 Tryp 15
12 |*7'DECQSSPCVNGGVCK?*& 2124.6| 1697.6 427 1696.6 Asp-N 16
488VNGFSCTCPSGFSGSTCQLDVDECASTPCR>Y 3786.2| 3359 427.2 3358.6 Tryp 17
488VNGFSCTCPSGFSGSTCQLDVDECASTPCRNGAK>2 4157.8| 3730.6 427.2 3729 Tryp 18
13 [P°°SGSTCQLDVDECASTPCRNGAKCVDQPDGY>?° 3793.3| 3366.7 426.6 3349.5* Chym 19
16 [%93LCRCPSGTTGVNCEVNIDDCASNPCTF®31 3530.4| 3106.2 424.2 3106.4 Chym 20
2543.8| 2397.4 146.4 2397.6 Tryp 21
19 [*SAGGTCSSDGMGFHCTCPPGVQGR’¢’ 2543.2| 2397.1 146.1 2397.6 | Chym+Tryp| 22
23 [872SCSCLPGFAGPRCARDVDECLSNPCGPGTCTDHVASF®%8* 1 4690.2| 4117.8 572.4 4117.5 Chym 23
24 POSTCTCPPGYGGFHCEQDLPDCSPSSCFNGGTCVDGVNSF®46|4393.4| 4247 146.4 4246.5 Chym 24
27-28/1070CYCPEGRTGSHCEQEVDPCLAQPCQHGGTCRGY!102*  14213.8| 3865.4 348.4 3865.2 Chym 25
Chym +

30 |[178HNGTCVDLVGGF!182 1277.4| 1276.6 0.8 1275.6 PNGase F 26
32 |1248SPCESQPCQHGGQCRPSPGPGGGLTF?73 2919.7| 2755.9 163.8 2757 Chym 27

Table 1: Summary of Identified Glycopeptides from Human Notch3. Amino acid sequences
of identified glycopeptides are paired with their corresponding EGF repeat number, parent ion
mass, naked peptide mass, mass difference between parent ion and naked peptide, predicted mass
of naked peptide, enzyme used during in-gel digestion and corresponding figure number (Figures
5-27). Observed masses were all converted to their +1 charge state. Predicted mass numbers with
asterisk (*) denote loss or gain of H,O between actual and predicted naked peptide (~18). Mass
differences are compared to masses in Figure 3, and corresponding masses indicate specific O-
linked glycosylation exhibited such as 572 corresponding with peptide exhibiting O-glucose
trisaccharide and O-fucose monosaccharide. Blue, red, and green respectively indicate O-
glucosylated, O-fucosylated and O-GIcNAc modified amino acids.
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Figures 6A-28A: MS, MS/MS Spectra of Identified EGFs.
Figures 6B-28B: EICs of Identified EGFs.
Figures 15C, 24C: Zoomed in MS/MS Spectra of Identified EGFs.

MS, MS/MS Spectra, EICs, and Zoomed in MS/MS spectra shown in the following pages
correlate with their Figure ID number shown in Table 1. Top half spectra in “A’s” denote MS
spectra while bottom half spectra in “A’s” denote MS/MS spectra with identified b- and y- ions
marked in the MS/MS spectra. Glycopeptide forms found were marked using the following key:
“naked” glycopeptide = grey rectangle, +glucose = blue circle, +xylose = orange star, +fucose =
red triangle, +GIcNAc = blue square, +galactose = yellow circle, +NANA = purple diamond.
Zoomed in MS/MS (Figures 14C, 23C) show independent fragmentation of O-fucose from O-
glucose trisaccharide, indicating that the two carbohydrates are independent modifications on the
glycopeptide.
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Mass: 1744.6 = (582.2x3) -2
'nt:gé- +MS, 3.5min #268
X
125
636.2 "
1.00
075
050
0259 3195 7410 8459 11105
891.6917,0 944.4
000 :
03 3 +NIS2(724.8), 3.5min #269
41 582.2 t] +3
b5-H,088.6
3 b4 (62826361 %] 8-H,O
. y8-H, .
2] (631.1) (yg’17_5 b5 680.1{7704.4) (823.4) ?gsg.%? +228.7
- 4750 +3 934 42049
0] (s0.2) (402.2) 5498 381 +148.1 10197
4356 -322.6 232225 l 762.9 +84. 13038-25 8729 l
4022 : 633,
0 38?.2' P Il.ll. 'IIAAL' 'I L lk i VI 'J.' ' I.L' TN
300 400 500 900 1000 1100 miz
CQLEDPCHSGPCAGR (EGF 2)
7B O-Glucosylation (Tri)
Mass: 1744.6 = (582.2x3) -2
Intens.
%106 | —[—1 Naked Peptide: 582.2
104 — 25 Mono: 636.2
o) &,
0.6 _i Tri: 724.2
0.4 4
0.2+
"
0-0 T T T 7I7 | T I’il::fhl~ll T T | T T T T | T T T T | T T T T | T T T
3.2 3.3 3.4 3.5 3.6 Time [min]
—— EIC 582.2 +All MS ——EIC 636.2 +All MS
EIC 680.2 +All MS ——EIC724.2 +All MS




CQLEDPCHSGPCAGR (EGF 2)
O-Glucosylation (Mono)

8A
Mass: 1727.2=(864.1x2)-1
'me;g% +MS, 4.3min #339
X107 ]
125 806.9
100
075 -
050 5 049
538.3
0251 507.3 590.5
3192 4072 4624 6306 9780
0.0 | I [ A BT T
xi0 " MS2(045.5), 4.3min #340
5.
4] 8541
3] 395.6
549.8 7-NH, b6-NH,
27 3 ba-NH, |y5 v6 bs-{riﬁ’?’) {7704 ;:26:;) 8-NH, 72
{617.3) b3-NH, yﬁg? (514.3) | (560.4)  (617.3)559 ) .241:0 (743.5) {824.5; (_%141.05)
11 (385.2) (436.2) -328.1 -
5872 5503 5243 1434.5 438.9l l 6173 ‘l 7045 l 1248415 ¢]
358.3 4609 5066
L v, e gaves ey Jb W Y vy eyl T
300 400 500 600 700 800 900 miz
CQLEDPCHSGPCAGR (EGF 2)
SB O-Glucosylation (Mono)
Mass: 1727.2=(864.1x2)-1
Intens. 1
107 —[__1 Naked Peptide: 864.1
61 —i} Mono: 945.1
44
— Tri: 1077 .1
2_
,8/\ P
0 T T I T T T I T 1 T I
3.8 4.0 4.2 44 4.6 Time [min]
——EIC 864.1 +All MS ——EIC 945.1 +All MS
EIC 1011.1 +All MS ——EIC 1077.1 +All MS
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GPDCSLPDPCLSSPCAHGAR (EGF 3)
O-Glucosylation (Tri)

oA
Mass: 2155.6 =(719.2x3) -2
Intens. +MS, 5.4min #453
x106_
N 7050734 4 E .
4.
655.0
2 12 4359 4996 5969 500.3 89199200 9616 102848 3 1148.31180'5
o L. bt L
x10 +3 TNIS2(861.0), 5 4min 7454
8- —1
A48 -
N 7192 s
G o
773.3
4 y4 b5 440 o b9 y10
: 9 (440.2) 5 (517.3) 2037 817.0 (842 ) s (940.1) (1055.6)
{303.3) (430.2) (511.5) b6-H,O b6 §57.3 185 +298.0
2 (612.3) (63Q.3) :
o \ w7 ) o7 X-ﬁ%‘g o |28 i ey LITIVRRNPS IR 11500
3714 512'3 g AR 6303 | gga9 7318-5 3450763 1y, 10779
0l S RUTIOTHD SOV Sl TSP T PN 'lllull Ao
300 400 500 600 700 800 900 1000 1100 miz
GPDCSLPDPCLSSPCAHGAR (EGF 3)
9B O-Glucosylation (Tri)
Mass: 2155.6 = (719.2 x3) -2
Intens. 1
x108 T —[—1 Naked Peptide: 719.2
2.0+
1 — Mono: 773.2
o] &,
] _i} Tri: 861.2
1.0 1
0.5
i 74
00 T T T T T T T | T ’\| T A|
5.0 5.2 5.4 5.6 5.8 Time [min]
——EIC719.2 +All MS ——EIC 773.2 +All MS
EIC 817.2 +All MS ——EIC 861.2 +All MS
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GPDCSLPDPCLSSPCAHGAR (EGF 3)

10A O-Glucosylation (Mono)
Mass: 2155.6 = (719x3) -2
Intens. { +3 +MS, 5.4min #4671
X107
251 7730
204
157
861.0
10
05 5308
7645
4425 4913 t 56755908 6204 g47 1 696.0 7345
0.0, b b .
xi0! +3 +NIS2(773.3), 5.4min #462
—1
10 543
7190
A16.1
081 657.1
064 b3
(270.2) b5 b6 v6 103
04+ v2 l . b4 ys (617:3) (613%_94) (671.5) 350 7630 10
(246.2) y (430.2) (440 4) (511.4) 519 e 7382 844.2
02- 5031 400 3885 209 1998 6304 906 3 H62 77400
702 303 3647 o 5734 L 827 J e R T
0.0 Lt IS WY .I psas st .A'J. Iu.u » 4822 ‘ P .J'L AI L' oW LA'IlI‘ .InrJu anllil Q' TNV, Yo .L'L '
200 300 400 500 600 700 800 miz
GPDCSLPDPCLSSPCAHGAR (EGF 3)
10B O-Glucosylation (Mono)
Mass: 2155.6 = (719 x 3) - 2
Intens. 1
108 1 —[—1 Naked Peptide: 719
2.0
] —®5 Mono: 773
o] "t
] _i Tri: 861
1.0 1
0.5
] 74
00 T | T | T | T | T | A{‘
5.0 5.2 5.4 5.6 5.8 Time [min]
—EIC719 +tAllMS  —— EIC 773 +All MS EIC 817 +All MS
——EIC 861 +All MS
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RGPDCSLPDPCLSSPCAHGARCSVGPDGRFL (EGF 3)

11A O-Glucosylation (Mono)
Mass: 3400.2 Da = (850.8x4) -3
Intens. +MS, 6.5min #586
x107_
7135
3-
2
1] 9575
503.1 8313 891.0
. 568.3 6286 g54.5° 02 7855 9196 1053.0
%. YT RN | ERNETE DN 1 N TV :
X109 ] " +M1S2(891.6), 6.5min #5688
1
08
6- 850.8
b7
(786.5)
4-
b4 va y5-NH, b6 v6 2’7761 '5)1/.90,0 06
(426.3) 1492.5) (590.3) (673.5) (704.5) 801.6 .
21 399.1 405.1 998.5
644 4353 4905 2718 206.1 7865 +181.14206.3
73 4564 | 619.8 685.5 \ 1072.71098.0
0 . 'I " l'. : Il' .'"I 'l...l' .'A.n'l I.L.' .'.u'uu' { .: ‘-1
400 500 600 700 800 900 1000 miz
RGPDCSLDPCLSSPCAHGARCSVGPDGRFL (EGF 3)
11B O-Glucosylation (Mono)
Mass: 3400.2 Da = (850.8x4) - 3
Intens. J —[—] Naked Peptide: 850.8
x107 3
—i] Mono: 891.3
] &
41
3] _i} Tri: 957.1
2
1
0 -I T LI T I T T LI | I T T T T I T T T T I/.I T T T I T T T .I
6.2 6.3 6.4 6.5 6.6 Time [min]
——EIC 850.8 +All MS —— EIC 891.3 +All MS
EIC 924.3 +All MS —— EIC 957.1 +All MS
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CLNGGTCVDGVNTY (EGF 6)

12A O-Fucosylation (Mono)
Mass: 1530.2 = (765.6 x2) -1
Intens. MS, 5.8min #436
X077
0.8
1050
06 5905 -
044 5613 t]
024 5848 6549 ga74
269 318 403 09 sehue 56 szf"‘ '
0_%_ I L , ] M 1 T B llln |l.l |
x10 - 152(839.0), 5.8min #437
2] rie
765.6
b2
(273.9) y6
1] {2282.9) (388 0) (?ﬁ? B ?5502.1) 2/5553.2) ?§03.1) (668'_?%&8
l \gwgw l &75.2 t]m ;
Yl ) 8633
[] T T | T I T T T T | T T T T | T T T T | T T T T | T
300 400 500 600 700 800 m/z
CLNGGTCVDGVNTY (EGF 6)
12B O-Fucosylation (Mono)
Mass: 1530.2 = (765.6 x2) -1
'“tjgs;i —g=== Naked Peptide: 765.6
X pu
. _ﬁ Mono: 838.6
1.25 !
1.00 3
0.75 —
0 50; Tri: 1021.1
0.25 —
0.00 doon el [ =X\ ‘@*Z/l.\‘ Tetra: 1166.1
52 54 56 58 6.0 Time [min]
——EIC765.6 +tAll MS
—— FEIC 838.6 +All MS
EIC 940.1 +All MS
——EIC1021.1 +All MS
——EIC 1166.1 +All MS
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NCQCPPEWTGQFCTEDVDECQLQPNACHNGGTCF (EGF 7)

13A O-Fucosylation (Mono)
Mass: 4120.2 = (1030.8 x 4) - 3
Intens. +MS, 7.6min #688
X0
204
15 1038.9
+4
ik —
1066.9 1301.0
054 9758 1007.7
564 6321 6636 43 11810 12361955
0'%_ [ | .ll. | | [UTUN TRV N R PP P
¥0 W +MS2(1067.5), 7.6min #689
6 —1
367
44 v4 4 b8—H»O1030'8
(484.1) (563.2) (105§.
y6 y8 b9 b10
7] (655.3) (953.4) y9-H,0 » (1174.5) (1231.6)
4496 (1006.4) H4  HpTd
6180 l l 2 * 11@.9 1£4.6
0 T | T T T T | II T T T | T T T T | T T T T | T T T T |. T T I.I T | T T II T | T ‘.I T T | T
500 600 700 800 90 1000 1100 1200 miz
NCQCPPEWTGQFCTEDVDECQLQPNACHNGGTCF (EGF 7)
13B O-Fucosylation (Mono)
Mass: 4120.2 = (1030.8 x 4) - 3
'“)tj"{‘ﬁ_ —p=== Naked Peptide: 1030.8
| _ﬁ Mono: 1067.3
) 2,
4 4
7 Tri: 1260.05
: —il
0 - = : = Tetra: 1332.55
7.0 7.2 7.4 7.6 7.8 Time [min]
——EIC 1030.8 +All MS
—— EIC 1067.3 +All MS
EIC 1219.55 +All M3
——EIC 1260.05 +All MS
—— EIC 1332.55 +All MS
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HGATCHDRVASFY (EGF 8)

14A O-Fucosylation (Mono)
Mass: 1520.8 = (597.6 x3) -2
Intens.
x108 ]
67 6105
4
—)
2 556.4
496.4514.3 6288
36238 4447 4705
1081 +3 +MS2(556.8), 4.9min #338
] C1
] 92
151 507.6
107
1 b3
1 (266.0) y2 v3 b5 y5 b6 % Yy
05+ (329.0) (416.2) (527.5) .3 (586:3) (66:?.1%)5 (742.3004.0779.3)
| | =l At
0_0- . ' . . y — Il e " ')\77L| . oy j " ' ) 'l ' ' . . v
300 400 500 600 800
HGATCHDRVASFY (EGF 8)
14B O-Fucosylation (Mono)
Mass: 1520.8 = (597.6 x3) -2
'“t?gs; * —g== Naked Peptide: 507.6
. i
1.0 _‘ Mono: 556.3
0.8 :
0.6 1
0.4 4 Tri: 677.97
0.2
0.0 | L L L L L L L L DL L L .I — Tetra: 774.67
4.6 4.7 4.8 49 Time [min]

—— EIC 507.6 +All MS
—— EIC 556.3 +All MS

EIC 623.97 +All MS

—— EIC 677.97 +All MS
—EIC 77467 +All MS
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SGPCRNQATCL (EGF 11)

15A O-Fucosylation (Mono) & O-Glucosylation (Tri)
Mass: 1263.8 = (632.4x2) - 1
Intens. +M§,4.2min#281
X107 §+
] 966.1
2 1807 g%'%ws.e I
965.7

7954 8299

5746 640.6
3230 3535375730664195 4678 5118
%_ Ll , N [N IETE TWPTIA FAR (TP RN |
10 ) #0152(919.3), 4.2min #284
I *2 .
4 70 i ’ w2
3 6324 -206.0 §
s fjoz_n ’s 133 1398 -
1 .2 (393.1) e (592.3) - {7605 . 1795 140
(291.9) y4 ) X ) 845.3
13 14 l (oss)  ON 6?359.11 S50u1 l k
0 |29.1 'lg T T T T | T T IJ T | T T ‘I‘0I3 T | T T |67‘1'I9 69l5|“ T T T T l | T T : T . T | ? T T T
300 400 500 600 700 800 900 mlz
SGPCRNQATCL (EGF 11)
15B O-Fucosylation (Mono) & O-Glucosylation (Tri)
Mass: 1263.8 =(632.4x2)-1
Intens. .
meE —[1 Naked Peptide: 623.4
2.5—3 _i] Mono: 713.4
20 &,
1.5 §
. — Tri: 845.4
1.0
0-55 Tri + Fuc(Mono): 918.4
0.0-
4.0 4, 44  Time [min] Tri + Fuc(Di): 1019.9
——FEIC 623.4 +All M3 —EIC 713.4 +All MS
EIC 779.4 +All MS —FEIC 845.4 +All MS
—FIC 918.4 +All MS —FIC 1012.2 +All M3 Tri + Fuc(Tri): 1100.9
—EIC 1100.2 +All M3
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SGPCRNQATCL (EGF 11)

15C O-Fucosylation (Mono) & O-Glucosylation (Tri)
Mass: 1263.8 = (632.4x2) -1
Intens. § +MS2(919.3),4.2min #284
X109 2870
3] 632.4 206.0
] 7133 1398
2] 15 740 ”
] 845.3
16274 5262 359.1 24752041
12919 303.1 560.3 ) §71.9695.2 . ) 3
0 3 3 Ay N
[ | [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [
300 400 500 600 700 l 800 900 miz
Intens. +2 MS2(919.3), 4.2min #284
™ i i
1 98
2- 7795 +2 740 +2
2 #1 845,%]
1 i
UTEUT 23162241 -2%.1 32T .
; 671.96783 6877 6952 7053 187 8526
| ] | ] | ] | ] | ] | ] | ] | ] | ] ]
660 680 100 10 40 760 780 800 820 840 miz
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CETDVNECLSGPCR (EGF 11)

16A O-Glucosylation (Tri)
Mass: 1697.2 =(849.1x2)-1
Intens. +MS, 4.0min #315
x107
25
7847 8251
20
157 +2
734.1
107
05 854.1 I
577.2 708.9 978.1 .
01— A I WO o e
xi07 ] o +MS2(1062.8), 4.1min #31
C1
1.0 213.7
849.1
081
0.6 -
+2 +2
0.4+ b3 y3 y4 ?6?05 3) y6 b6 b7-H,O +2
(391.0) (432.5) (489.3) 576.4) : (689.5) (719.3) (830.7)
02 5735 b4 486.4 %’j +29.7
' l 4893 2506-2) 576.4 457.5 l l l 9303 é%‘ 3 0925
I | 5053 | ' ¢
0.0 e Il' —t 'AIA' —— e et UL bl '.ELI IOV A IL.'L'
400 500 600 700 800 900 1000 100 miz
CETDVNECLSGPCR (EGF 11)
16B O-Glucosylation (Tri)
Mass: 1697.2 =(849.1x2)-1
Intens.
1071 —[1 Naked Peptide: 849.1
—®5 Mono: 930.1
g &,
4] _i} Tri: 1062.1
2 .
01~ T T T Y ‘,L 7 /\—T ; 7
3.6 3.8 4.0 4.2 44 Time [min]
——EIC 849.1 +All MS ——EIC 930.1 +All MS
EIC 996.1 +All MS ——EIC 1062.1 +All MS
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DECQSSPCVNGGVCK (EGF 12)

17A O-Glucosylation (Tri)
Mass: 1697.6 = (849.3x2)-1
Intens. MS, 3.Amin#217
x106_ o
7181
10 10625

051 508,

869.4 8050 9399 11485

7578 1937

U. ]

Nt ] +41S2/1062.8) 3.Amin #218
—

1004 2135 .
893 2

075452, - —— %

3.2 1325 .

050 N o Sss " ©209) <33243 R (07.3) wms 1527

025 5424 / \6354 ;g;g l 1 ' H018

0[]0 | 5205 L | L T A T T T | T 4 Il T T | T T T T | T T I’ * T T 11I6l.4‘6l

0 M B0 00 1000 1y i

DECQSSPCVNGGVCK (EGF 12)
17B O-Glucosylation (Tri)
Mass: 1697.6 = (849.3x2)-1

'me”s;: —[—] Naked Peptide: 849.3
%107 ]
2.0 —®5 Mono: 930.3
1.5 é}
1.0 _i} Tri: 1062.3
0.5
0-0 1 T l T T L) L IJ_l/\lz’lﬁ—l—‘,i-‘ T T T T l I/{}
2.50 3.00 3.50 Time [min]
——EIC 849.3 +All MS
——EIC 930.3 +All MS
EIC 996.3 +All MS
—EIC 1062.3 +All MS
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VNGFSCTCPSGFSGSTCQLDVDECASTPCR (EGF 13)

18A O-Glucosylation (Tri)
Mass: 3359 = (840.5x4) -3
Inten%_ +MS, 6.5min #576
x10
8015
15 ¢
10 4
' 699.4
05
9470
4597 526.0 5515 839.7 10013
: 6613 , 898.7 ¢ :
3520 Y l 8 | l 580 6353 7481 9193
04 1 N ali ) T T TR SR T Y
X106 ] 4 +MS2(947.3), 6.5min #579
084 8405 b8-NH,
(909.6)
0.6
b9-NH.
044 y3 y4-NH, y5-NH;  b6-H,0 (1007.2)
’ (432.4) (516.5) (603.4) (647.3) b7 4
5149 y4 y5 y6 (766.5)
0.2 4324 (533.4) (620.4) +23.0
’ 464.8 413.8:390.9 #0.9 zsso .
4824 533.4 556.4 33 ‘
0.0 duurs pi sl . .

400 500

VNGFSCTCPSGFSGSTCQLDVDECASTPCR (EGF 13)

18B O-Glucosylation (Tri)
Mass: 3359 = (840.5x4) -3
Intens. ]
"jgi; — [ Naked Peptide: 840.5
] — 25 Mono: 881
251 §
2.0
] —_ Tri: 947
15
1.0
05
0.0 ] N\ N7 Y
. I T T T T T T T T T
6.0 6.2 6.4 6.6 6.8 Time [min]
——EICB840.5 +AIlMS ——EIC 881 +AIMS
EIC 914 +All MS ——EIC 947 +All MS
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VNGFSCTCPSGFSGSTCQLDVDECASTPCRNGAK (EGF 13)
19A O-Glucosylation (Tri)
Mass: 3730.6 Da =(933.4x4)-3

Intens. +MS, 6.3min #556

x108
8-
+4
8443 1008.9 %
6-
44
2-

6433 6794 7196 1260.2

b +4 +MS2(1040.2), 6.3min #558
31 b10-H,0
;ggf (1092.9)
b8
(927.5) (1024.0)
2] b4 b6 b7 4 ?111168.6)
(418.4) (666.0) (766.4) {;504-5) t] 4
1 -
4829 3192 4992 134 06 +31.0 +204.9
) 857.2 7210 841.0 9059 \ 12 1245.1
40 s0 60 7m0 &0 %00 1000 1100 1200 miz
VNGFSCTCPSGFSGSTCQLDVDECASTPCRNGAK (EGF 13)
19B O-Glucosylation (Tri)
Mass: 3730.6 Da =(933.4x4)-3
Intens. | —[—1 Naked Peptide: 933.4
x1077]
—®5 Mono: 973.9
2.5—_ ?
2.0
] — Tri: 1039.6
1.5—_
1.0
0.5 Z/\
] ‘ Xv\ ()
0.0 X LLINNATN AN NN POV T
5.8 6.0 6.2 6.4 6.6 Time [min]
——EIC 933.4 +All MS ——EIC 973.9 +All MS
EIC 1006.9 +All MS ——EIC 1039.6 +All MS
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SGSTCQLDVDECASTPCRNGAKCVDQPDGY (EGF 13)

20A O-Glucosylation (Tri)

Mass: 3366.7 Da =(1122.9x3)-2

Intens. +MS, 5.1min #426
%106
7545
61 6014 v
62I5.4 8547 04919833 ' 12646
905.2 1176.3
24 48, 5213 11222
13827 14585
%_ l|||. L |.|l “ll. | |l | "
x10 +3 +MS2(1265.1), 5.1min #429
4] —
4422
1122.9
3] 3
b6-NH, b7 y7-H,0 b8 b9 b10 KT
(604.5) (734.7) (775.4) (849.6) (948.6) (1063.6) 70
2- l B
va v5 12208 3¢
1] (513) (579.4)
8139 685.8 -387-6 21, J‘ 1294 9070
775
400 600 800 1000 1200 1400 miz
SGSTCQLDVDECASTPCRNGAKCVDQPDGY (EGF 13)
20B O-Glucosylation (Tri)
Mass: 3366.7 Da =(1122.9x3)-2
Intens. 4 —[1 Naked Peptide: 1122.9
x107
2.5 7 —i] Mono: 1176.9
20 "t
1'5': _i} Tri: 1264.9
1.0 -
0.5
] A
0.0 -
4.0 4.5 5.0 5.5 Time [min]
—EIC 1122.9 +AlMS ——EIC 1176.9 +All MS
EIC 1220.9 +All MS ——EIC 1264.9 +All MS
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LCRCPSGTTGVNCEVNIDDCASNPCTF (EGF 16)

21A O-Glucosylation (Tri)
Mass: 3106.2 Da = (1553.6 x 2) — 1
Int:)r{\;_ +MS, 6.0min #534
X
980.3
6- ¢
44 +4
2
1300.0
et O W e TR A
b E— I 5213003 6.0min #535
20] O
1553.6 w2
15 p15+2 y10 +p
b4 vero 1 bero 9 mer2 +334.4 +2
1.0 (596.5) (756.8) (915.5) {1 072.6) 4 1634.7
y3 2’4 ) X
(427.3) (524.3 +200.
51 g l 776.0 269.8 A48, i +1203+1740 oor T
0.0 3616‘3 52:}'3 101130‘5 ‘M?j Fam 1121?2‘7A 1430‘71414‘3 A bl A I
o 400 ' 600 800 ' 1000 ' 1200 ' 1400 ' 1600 ' miz
LCRCPSGTTGVNCEVNIDDCASNPCTF (EGF 16)
21B O-Glucosylation (Tri)
Mass: 3106.2 Da = (1553.6 x 2) — 1
Intens. 1 —[1 Naked Peptide: 1553.6
x106
] —i] Mono: 1634.6
43 &
i
] — Tri: 1766.6
2
; il
0 ] T T T I T T T T I T T \I IA I T T T T
5.50 6.00 6.50 Time [min]
——EIC 1553.6 +tAlMS ——EIC 1634.6 +All MS
EIC1700.6 +tAllMS ——EIC 1766.6 +All MS
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AGGTCSSDGMGFHCTCPPGVQGR (EGF 19)

22A O-Fucosylation (Mono)
Mass: 2397.4 = (799.8x3) -2
Intens. +3 +MS, 4.9min #401
-
20 :
4940 ¢
15
10
4289
05
H 4124 | 5161 5418 5647 5oy 7541 7911 8156 8974 433 9700
0.0] A Ldil Ll 7N IR PRI RN T I I B
x10 =] +NIS2(B48.6), 4.9min #404
—1
3 488
] 7998
21 y6 b9
b6 (613.5) b8 (793.7
b5H.O (534.2) (736.9)
y3 2 y5 b7-H,O
14 (360.3) (429.2) (516.3) (603.72) y7
(710.5) 182 A *3
l \ \1 4381 412915 it
7574

Tt T Tt
400 500 600 700 800 900 miz

AGGTCSSDGMGFHCTCPPGVQGR (EGF 19)

22B O-Fucosylation (Mono)
Mass: 2397.4 = (799.8 x 3) - 2
ieird —pmm  Naked Peptide: 805.1
] —‘ Mono: 853.8
1.54 :
1.0 4
] Tri: 975.47
0.5 1
E Tetra: 1072.17
00— e e s
44 4.6 4.8 5.0 5.2 Time [min]
——EIC 799.8 +All MS ——EIC 8485 +All MS
EIC 916.17 +All MS ——EIC 970.17 +All MS
——EIC 1066.87 +All MS
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AGGTCSSDGMGFHCTCPPGVQGR (EGF 19)

O-Fucosylation (Mono)

23A
Mass: 2397.1 = (799.7 x3) - 2
Intens. S, 5.4min #396
06
n 713
+3
428 tl
2 5383 6206 e B0
661.6 '
MO w3 B2 l [ wp Womy | s o ’ 884717 R 258
i ) L Ll N B o 1Ll [T 1
X10%' +MS2(848 4) 5 Amin #397
. 7997
(yg13.3) (793 8)
u y7
: fmo s s froo 736 o !
% l l o4 T8 [ﬁ]
[] T T | T T ‘I T | T T T T | T T T T | T T T T
300 400 500 600 700 800
AGGTCSSDGMGFHCTCPPGVQGR (EGF 19)
23B O-Fucosylation (Mono)
Mass: 2397.1 = (799.7 x3) - 2
Intens. 4 —p= Naked Peptide: 799.7
x107 ]
i —|—:| Mono: 848.4
2,
F
] Tri: 1030.9
1
0 - i Tetra: 1175.9
5.0 5.2 5.4 5.6 Time [min]
——EIC799.7 tAllMS
—— EIC 848.4 +All MS
EIC 949.9 +All MS
——EIC 10309 +All MS
—— FIC1175.9 +tAll MS
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SCSCLPGFAGPRCARDVDECLSNPCGPGTCTDHVASF (EGF 23)

O-Glucosylation (Tri) & O-Fucosylation (Mono)

24A
Mass: 4117.8 Da=(1173.3x4)-3
Intens. +MS, 7.0min #642
X107
+4
125 1056.6
1,004
075 11728
854.5 9419
050 8041 8799 | 974.0 ks
0.5 6235, 755.9 9346 :
25743 7 684.0 ; 1254.3
0.0%_ N ‘ Il
x10° ] a +MS2(1173.3), 7.1min #643
. -143.1 X
] 1030.2 2* A W
31 -102.5&]@ y11 b12
10
b5 b6 v7 v8 {1095_6) 10709 894 367 (1192}./71)2 (1291.9)
2 (608.3) (705.4)  (776.4) (937.2) 1103911366 +4 (1249.7)
2064 +173
1 sehserg 4194|  362.1334.9 -302.2 '967'0 7.3 12008 +1711 +253.0
506:625.5 75;1- 811.2838.5 87l1.2 ’ 106 1344 4 1426.3
0 : 1 'l . ..|' : ah .l'..u' o : L "
600 700 800 90 1000 1100 1200 1300 1400 miz
SCSCLPGFAGPRCARDVDECLSNPCGPGTCTDHVASF (EGF 23)
24B O-Glucosylation (Tri) & O-Fucosylation (Mono)
Mass: 4117.8 Da=(1173.3x4)-3
Intens. .
%1087 —[—1 Naked Peptide: 1030.2
0.8 - _i] Mono: 1070.7
0.6
0.4 —i} Tri: 1136.7
0.2 - —é} Tri + Fuc(Mono): 1173.2
0.0 - -
Tri + Fuc(Di): 1223.95
——EIC 1030.2 +All MS ——EIC 1070.7 +All MS
EIC 1103.7 +All MS ——EIC 1136.7 +All MS
—EIC 1173.2 +All MS ——EIC 1223.95 +All MS Tri + Fuc(Tri): 1264.45
——EIC 1264.45 +All MS —EIC 1336.95 +All MS
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SCSCLPGFAGPRCARDVDECLSNPCGPGTCTDHVASF (EGF 23)

24C O-Glucosylation (Tri) & O-Fucosylation (Mono)
Mass: 4117.8 Da=(1173.3x4)-3
'"tjg%-- - +MS2(173.3), 7.1min #643
T4 10302
] 4025
10709 694 367 B
2] " 1103.91136.6 173
1 57658479 4194 -362.1334.9-302.2 <00 o HT1 2530
; 9686255 A0 81126585 8712 97 Ly
' 'st')oH; T T T o oo a0 w0 me
Inten%.- %1 MS2(1173.3), 7.1min #643
0] -l% "
002 — ” )
o] 025 % .
140709 0 @ 317 %
2 s 1103.966 ; 1136.6
14 4302 254177 0587 1'10'72 500 513 408 1'133'959
: 10431 1020-81055.6 ' Toe o 11325 -
AN A A PN A A A
' | ' [ ' [ ' [ ' [ ' [
1040 1060 1080 1100 120 - mz
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TCTCPPGYGGFHCEQDLPDCSPSSCFNGGTCVDGVNSF (EGF 24)

25A O-Fucosylation (Mono)
Mass: 4247.0 Da = (1062.5x4) -3
Intens. +MS, 7.7min #706
x106
64 1067.1
7741 946.6
4_
726.3 8213 967.0 +4 1234.2
21 663.9 e EnA——J14°-1 1188.0
530.4 609.5 1098.6
33333675 4253
% Pl b W o Ll | ,
X109 +4 +MS2(1099.1), 7.7min #709
b10 :]
44 (1051.7336.5
3_
y9-H,O
7 b7 (980.9)
27 (737.5) (775.3) v8
V3 v6 (898.4) +78.0 +194.6
. . : A47. +
0 W s 55 swssmume  ap ade 2es 20T fﬁ,g 1771 12936
371 4612 5238 571260606383 e 7137 8224 20
0 — :I.'| S A .",‘I'.l —_ In ol - AV l.'“‘."‘ld l.' n ¢
300 400 500 600 700 800 900 1000 1100 1200 1300 miz
TCTCPPGYGGFHCEQDLPDCSPSSCFNGGTCVDGVNSG (EGF 24)
25B O-Fucosylation (Mono)
Mass: 4247.0 Da = (1062.5x4) - 3
Intens. Naked Peptide: 1062.5
x107 -
’ Mono: 1099.0
1.5
1.0 _
E Tri: 1190.25
0.5
] Tetra: 1262.75
0.0 -
7.4 7.6 7.8 Time [min]
——EIC 1062.5 +tAll MS  —— EIC 1099 +All MS
EIC 1149.75 +All MS ——EIC 1190.25 +All MS
—— EIC 1262.75 +All MS
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CVCPEGRTGSHCEQEVDPCLAQPCQHGGTCRGY (EGF 27 - 28)

26A O-Fucosylation & O-GIcNAc
Mass: 3865.4 Da =(967.1x4) -3
Intens, +MS, 4.5min #341
x107
3
8437
876.0
2
684.7
+4
/] w4 7429 ‘
621.1 7755 8033 855.5 1080
661.7 703.0 9330 969.9 1007.6 T
%, | | LI L .lullln Iln [N jlll 82I5.34|. Il lll Ly, ld 1o | .9816.3.1 |I Lini 10943
X0 4 +Msz(1054 7) 4 5mn #5t|
20 = +4
e BT
15 (961.4967.1 ey
' b8-NH, 10177
(944.2)
107 (656 2) (713 3) +4
4223 ‘
057 (647 o) (703 3) ?871;2,\‘:; 2/9807,5) 0 51.9 +4
3509 828.7 7o S)2733 ‘L -1591 h h 1002.3 1—g§é02 213 1+14()93.35 12736635
004 i 6470 7033 254 780? | M "6915",“ IR, | ST Jl | i'., 0' 10{5"5. .AIAA il ". A
600 700 800 900 1000 1100 miz
CVCPEGRTGSHCEQEVDPCLAQPCQHGGTCRGY (EGF 27 - 28)
26B O-Fucosylation & O-GIcNAc
Mass: 3865.4 Da =(967.1x4) -3
Intens.
x107 ] —  Unglucosylated: 967.1
4 _‘ Mono: 1003.6
3 ..
2
. O-Fuc +
1 GalB1-4GIcNAc-O-
] Ser/Thr: 1094.85
O ] T T | Ll T T T | T T 1 T | T T T T T T
4.2 4.4 4.6 Time [min] Tetra: 1166.85
——EIC 967.1 +All MS
—FIC 1003.6 +All MS
EIC 1054.35 +All MS
——EIC 1094.85 +All MS
——EIC 1166.85 +All MS
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HNGTCVDLVGGF (EGF 30)

27A *0O-Fucosylation not found (naked)*
Mass: 1276.6 Da =(638.8x2) -1
Intens. { +MS, 7.5min #619
X101
197 10277
10 4943 +2 %75
] e 6628
] 7609 7954 1064.0
057 7079 962.7
] 5458 5994 8463 9104 '
] so1q 34423762
ik +MS2(639.2), 7.5min #620
] +358.2
41 9974
3
] +2 10-H,0
2 {2380.0) y4592 2 y7 y8 y9-H,0 {1006.5)
y2 3503 va (492.2) y6 (706.4) (866.5) (949.5)
1 @229 a0 (379.1) o0 (€073 +31.0 +259.1 +415.2
' ;‘;g; ' 202 4597 J400 gy, 6301793 67102 14241461 898.3 10544 +4723
' l ML g5 w92 L : l 7535 7853 L 1115
0.'.‘. — SO NEDUDGHRN r g SO ¥ N .-l.‘-’.'....'.".-.‘.'..'.':.. P L
200 300 400 500 600 700 800 900 1000 1100 miz
HNGTCVDLVGGF (EGF 30)
27B *0O-Fucosylation not found (naked)*
Mass: 1276.6 Da =(638.8x2) -1
Intens. J Naked Peptide: 638.8
x106 ]

7.3 7.4 7.5

76 77 Time [min]

—EIC638.8 +All MS
EIC813.3 +All MS
—EIC1039.3 +All M3

—EIC 711.5 +All MS
—EIC 894.3 +All MS
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SPCESQPCQHGGQCRPSPGPGGGLTF (EGF 32)

28A O-Glucosylation (Mono)
Mass: 2755.9 =(919.3x3) -2
Inti en% 3 +MS, 6.1min 478
x10°] !
2'0'5 734
15 ¢
] 949.3
109 4704 3500 4 £99.5
151 108 6285 764 g1 003 " 1234
9] 867.3 .
; 1 13 305 3881 | 11782
x10%_ w3 +MS2(973.9), 6.2min #479
] —1
6 545
] 9193
44 b3 b4 b5 y7 b7 {;30.0) ?19075 2
] (345.0) (474.1) (561.2) (648.3) g (787.2) +60.4 :
2 (.(55563) 2096 -115.51 10343 L*”M 865
0 | T T T T T T T II T T T T | T I‘ T ‘.Ill T T II“ |l T l-I|JJ:I"I]‘|.
300 400 500 600 100 800 900 1000 1100 miz
SPCESQPCQHGGQCRPSPGPGGGLTF (EGF 32)
28B O-Glucosylation (Mono)
Mass: 2755.9 =(919.3x3) -2
'“te”*; —[—] Naked Peptide: 919.3
x10
] —®5 Mono: 973.9
0.8 §
0.6
! _i} Tri: 1061.3
0.4
/\/\A A
0.0 00<>/¥._4<
6 4 T|me mln
*Peaks are not part of the
EIC 919.3 +All MS corresponding peptide
—— EIC 973.3 +All M3
EIC 1017.3 +All M3
——EIC 1061.3 +All MS
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