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IDENTIFICATION AND QUANTIFICATION OF
INTACT GLYCOPEPTIDES IN COMPLEX SAMPLES

CROSS REFERENCE TO RELATED APPLICATION
This application claims priority to U.S. Provisional Application No. 61/649,670, filed
May 21, 2012, the entire disclosure of which is hereby incorporated by reference.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
This invention was made with government support under DBI-0642897 and
1R01GM093322-03, both awarded by the National Science Foundation. The government has

certain rights in the invention.

TECHNICAL FIELD
The present disclosure relates, generally, to computational glycoproteomics and, more

particularly, to the identification and quantification of intact glycopeptides in complex samples.

BACKGROUND ART

Glycans are chains of sugar residues that have a variety of biological functional
attributes within cells from providing structural content to the modification of physical and
chemical properties of proteins. Glycans are also involved in extrinsic roles such as
intercellular communication and immune response to pathogen infections. As a common
protein post-translational modification, glycosylation occurs where a glycan is linked to specific
amino acid residues in a protein. N-Linked glycosylation (or N-glycosylation) involves the
attachment of a sugar chain to any Asn in the motif Asn-Xaa-Ser/Thr (where Xaa can be any
amino acid except proline). The attachment occurs prior to protein folding, implying that N-
glycosylation affects the tertiary structure and stability of a glycoprotein. Another
distinguishing characteristic of N-glycosylation is that all N-linked glycans (or N-glycans)
share a common “pentamer” core structure consisting of two N-acteylglucosamine residues
(GlcNAc) and three mannose (Man) residues. O-linked glycosylation (or O-glycosylation)
involves the attachment of a glycan to a Ser/Thr residue and occurs mostly after protein folding.
As a result, O-glycosylation is determined not only by the local peptide sequence, but also by
the global tertiary structure of proteins, and there is no known sequence motif associated with

O-glycosylation sites.
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Glycans exhibit enormous structural diversity through the presence of branching
structures, stercomeric configurations, and flexible glycosidic bonds, with O-linked glycans (or
O-glycans) showing higher structural diversity than N-glycans. In addition, a majority of
human proteins have been reported to be glycosylated, making glycosylation the most prevalent
and heterogencous post-translational modifications in human proteins. Given their role in
physiological and pathological responses, many glycosylation events have been connected to
human diseases. Glycan recognition is fundamental to host-microbe interaction, of which the
infection of influenza viruses is the most studied. Glycosylation has also been associated with
various cancers where variations in glycan and glycoprotein abundance have been observed in
cancer patients in comparison with healthy individuals. This association warrants the study of
glycosylation to develop potential disease biomarkers, especially from human serum samples.
Although computational methods based on mass spectrometry data have proven to be effective
in monitoring changes in the glycome, developing such methods for the glycoproteome could
be challenging, largely due to the inherent complexity in simultancously studying glycan

structures and corresponding glycosylation sites.

DISCLOSURE OF INVENTION

The present invention may comprise one or more of the features recited in the appended
claims and/or one or more of the following features and any combinations thereof.

A method of identifying one or more intact glycopeptides in a sample may comprise
receiving data representing a plurality of mass spectra obtained from mass spectrometry of the
sample, scoring data representing each of the plurality of mass spectra against data associated
with target glycopeptides, and identifying one or more intact glycopeptides in the sample based
at least in part on the scoring of the data representing each of the plurality of mass spectra.

Each of the one or more intact glycopeptides may comprise one or more glycans
attached to a peptide. Identifying one or more intact glycopeptides in the sample may comprise
identifying, for each of the one or more intact glycopeptides, one or more glycosylation sites at
which the one or more glycans are attached to the peptide.

The one or more intact glycopeptides may comprise an N-linked glycopeptide. The one
or more intact glycopeptides may comprise an O-linked glycopeptide. The sample may be a

complex sample comprising a plurality of intact glycopeptides.
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Receiving data representing a plurality of mass spectra may comprise receiving
collision-induced dissociation (CID) data representing a plurality of mass spectra obtained after
CID fragmentation, receiving high-energy C-trap dissociation (HCD) data representing a
plurality of mass spectra obtained after HCD fragmentation, and receiving electron transfer
dissociation (ETD) data representing a plurality of mass spectra obtained after ETD
fragmentation.

Scoring data representing cach of the plurality of mass spectra may comprise scoring
HCD data associated with an ion from the sample and determining whether the ion from the
sample is a glycopeptide ion based at least in part of the scoring of the HCD data.

Scoring data representing each of the plurality of mass spectra may further comprise
scoring ETD data associated with a glycopeptide ion and identifying a candidate glycopeptide
for the glycopeptide ion based at least in part on the scoring of the ETD data.

Scoring ETD data associated with the glycopeptide ion may comprise calculating a
plurality of ETD scores by comparing the ETD data associated with the glycopeptide ion to a
plurality of theoretical fragmentation spectra associated with a plurality of candidate
glycopeptides.

Identifying one or more intact glycopeptides in the sample may comprise constructing a
glycan sequence for the glycopeptide ion based at least in part on the candidate glycopeptide
identified for the glycopeptide ion and the CID data associated with the glycopeptide ion.

The method of identifying one or more intact glycopeptides in a sample may further
comprise scoring data representing each of the plurality of mass spectra against data associated
with decoy glycopeptides and estimating a false detection rate (FDR) based at least in part on
the scoring of the data representing each of the plurality of mass spectra against the data
associated with target glycopeptides and the scoring of the data representing each of the
plurality of mass spectra against the data associated with decoy glycopeptides. The FDR may
comprise a ratio of a number of decoy ETD scores that exceed a threshold to a total number of
ETD scores that exceed the threshold.

The method of identifying one or more intact glycopeptides in a sample may further
comprise quantifying an abundance of one or more intact glycopeptides identified in the
sample. Quantifying the abundance of one or more intact glycopeptides may comprise

determining a spectral count of the one or more intact glycopeptides identified in the sample.



10

15

20

25

30

WO 2013/177121 PCT/US2013/041962

4-

The abundance of one or more intact glycopeptides in the sample may be increased in a sample
associated with cancer as compared to a control sample.

The method of identifying one or more intact glycopeptides in a sample may further
comprise performing tandem mass spectrometry on the sample to generate the data representing
the plurality of mass spectra. Performing tandem mass spectrometry on the sample may
comprise performing a mass spectrometry scan of the sample after collision-induced
dissociation (CID) fragmentation, performing a mass spectrometry scan of the sample after
high-energy C-trap dissociation (HCD) fragmentation, and performing a mass spectrometry
scan of the sample after electron transfer dissociation (ETD) fragmentation.

One or more computer-readable media may comprise a plurality of instructions that, in
response to being executed by one or more processors, result in the one or more processors
performing any of the methods disclosed herein.

Apparatus may comprise at least one mass spectrometer, one or more processors, and
one or more computer-readable media comprising a plurality of instructions that, in response to
being executed by the one or more processors, result in the one or more processors performing
any of the methods disclosed herein, wherein the one or more processors receive the data
representing the plurality of mass spectra from the at least one mass spectrometer. At least one
of the one or more processors may be configured to control operation of the at least one mass

spectrometer to generate the data representing the plurality of mass spectra.

BRIEF DESCRIPTION OF DRAWINGS

The detailed description particularly refers to the accompanying figures in which:

FIG. 1A illustrates one example of a high-energy C-trap dissociation (HCD) spectrum
of a glycopeptide from Fetuin protein;

FIG. 1B illustrates one example of a collision-induced dissociation (CID) spectrum of a
glycopeptide from Fetuin protein;

FIG. 2A illustrates one example of an electron transfer dissociation (ETD) spectrum of a
glycopeptide from Fetuin protein;

FIG. 2B illustrates a region of the ETD spectrum of FIG. 2A between 0 and parent m/z
(1470.64);

FIG. 3 illustrates one embodiment of the operation of a glycan sequencing algorithm;
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FIG. 4 illustrates one embodiment of a workflow within the presently disclosed
framework;

FIG. 5 illustrates one example of fragmentation events for a Fetuin LC-MS cluster;

FIG. 6A illustrates one example of a glycomap with both target and decoy
representative glycopeptide-spectra matches plotted based on their ETD and CID sequencing
scores;

FIG. 6B illustrates a glycomap of non-zero ETD and CID sequencing scores from FIG.
6A with a linear discriminant analysis decision region marked;

FIG. 7 illustrates one embodiment of a glycomap in XML format;

FIG. 8 illustrates one example of a plot of average abundances of glycopeptides between
cancer and control samples; and

FIGS. 9A-D illustrate glycopeptide abundance profiles between cancer and control

samples for various glycoproteins.

BEST MODE(S) FOR CARRYING OUT THE INVENTION

While the concepts of the present disclosure are susceptible to various modifications and
alternative forms, specific exemplary embodiments thercof have been shown by way of
example in the drawings and will herein be described in detail. It should be understood,
however, that there is no intent to limit the concepts of the present disclosure to the particular
forms disclosed, but on the contrary, the intention is to cover all modifications, equivalents, and
alternatives consistent with the present disclosure and appended claims.

In the following description, numerous specific details may be set forth in order to
provide a more thorough understanding of the present disclosure. It will be appreciated,
however, by one skilled in the art that embodiments of the invention may be practiced without
such specific details. Full software instruction sequences have not been shown in detail in order
not to obscure the invention. Those of ordinary skill in the art, with the included descriptions,

will be able to implement appropriate functionality without undue experimentation.

2% ¢ 2% ¢

References in the specification to “one embodiment,” “an embodiment,” “an example
embodiment,” etcetera, indicate that the embodiment described may include a particular feature,
structure, or characteristic, but every embodiment may not necessarily include the particular
feature, structure, or characteristic. Moreover, such phrases are not necessarily referring to the

same embodiment. Further, when a particular feature, structure, or characteristic is described in
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connection with an embodiment, it is submitted that it is within the knowledge of one skilled in
the art to effect such feature, structure, or characteristic in connection with other embodiments
whether or not explicitly described.

Some embodiments of the invention may be implemented in hardware, firmware,
software, or any combination therecof. By way of example, embodiments of the invention may
be implemented as instructions carried by or stored on one or more machine-readable media,
which may be read and executed by one or more processors. A machine-readable medium may
be embodied as any device, mechanism, or physical structure for storing or transmitting
information in a form readable by a machine (e.g., a computing device). For example, a
machine-readable medium may be embodied as read only memory (ROM); random access
memory (RAM); magnetic disk storage media; optical storage media; flash memory devices;
mini- or micro-SD cards, memory sticks, electrical signals, and others.

The present disclosure introduces a computational framework for identifying intact N-
linked glycopeptides (i.e., glycopeptides with N-linked glycans attached to glycosylation sites)
in complex proteome samples. Within glycobiology, the use of mass spectrometry (MS) has
been gaining popularity as means of analyzing both glycans and glycoproteins. Traditionally,
glycans and their peptides have been studied as individual units using MS. According to the
present disclosure, glycans and their peptides may beneficially be considered as a single unit,
providing a holistic picture of glycosylation. Using multiple fragmentation techniques, such as
collision-induced dissociation (CID), high-energy C-trap dissociation (HCD), and electron
transfer dissociation (ETD), on enzymatically (e.g., trypsin) digested glycopeptides,
information on both glycosylation site and glycan structure can be gleaned at the same time.
Scoring algorithms are presented for tandem mass spectra of glycopeptides resulting from CID,
HCD, and ETD fragmentation methods. The present disclosure focuses primarily on tryptically
digested N-linked glycosylations and, unless noted otherwise, all references below to glycans
and glycopeptides are of N-linked type.

In CID, the kinetic energy that accelerates the ions is converted to internal energy that
breaks the linkage between molecules when the sample is collided with gas-phase neutral
molecules. CID of N-glycopeptides using ion-trap MS/MS (IT-MS/MS) is dominated by B and
Y ions that correspond to glycosidic fragmentation of the sugar chain. There may also be B and
Y ions from the peptide fragmentation methods, but these are usually of minimal abundance

because glycosidic bonds are weaker than peptide bonds and thus fragment easier. Previously
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developed bioinformatic tools have utilized CID fragmentation information along with
precursor ion mass to reduce spurious hits. In HCD, which is typically coupled to CID, ions
from monosaccharide, disaccharide or even trisaccharide can be observed with high mass
accuracy that can be used to detect glycopeptides. ETD of glycopeptides involves the
fragmentation of the peptide backbone producing primarily ¢ and z product ions with intact
glycan still mostly attached to the residue (although exceptions may be observed). While the
HCD and CID spectra typically show intense fragment ions, as illustrated in FIGS. 1A and 1B,
respectively, the informative fragments in ETD are typically of low abundance and present in
the O-parent m/z range. FIG. 2A illustrates ETD fragmentation of an example glycopeptide
from fetuin sample, while FIG. 2B is zoomed in to illustrate the region between 0 and parent
m/z (1470.64). Peaks corresponding to ¢ and z fragmentation can be observed although at very
low intensities.

The present disclosure introduces an informatics framework to characterize the intact
glycopeptides in complex proteome samples, using novel scoring schemes of ETD spectra (to
determine the peptide sequence) and a glycan sequencing algorithm from CID spectra (to
characterize the glycan). The term “glycan sequence” is used to indicate a representation of
glycans that contains monosaccharide composition and topology. The term “glycan
sequencing” is used to denote an algorithm of constructing the topological arrangement of
monosaccharides from CID spectra. The power of the presently disclosed methods may be
further enhanced when multiple datasets are pooled together from replicates. Using the
presently disclosed framework, 103 highly confident N-linked glycopeptides from 54 sites
across 34 glycoproteins were identified from complex human serum proteome samples using
conventional proteomic platforms without any glycopeptide enrichment.

The present disclosure also implements a target-decoy search approach in order to
estimate a false discovery rate (FDR), so as to integrate these complementary scores for
accurate glycopeptide assignments. The performance of the framework was demonstrated
using simple mixtures of model glycoproteins, standard glycoprotein mixtures, and complex
human serum samples. Notably, these samples were analyzed using liquid chromatography
MS/MS (LC-MS/MS) protocols commonly used in proteomics without further enrichment of
glycoproteins and glycopeptides. The present disclosure shows that a significant number of N-
linked glycopeptides can be identified in complex human serum samples at high confidence

level, demonstrating the applicability of this framework in studying complex glycoproteomes.
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In one illustrative embodiment, this framework may be implemented in a software tool that
analyzes multiple pre-aligned LC-MS/MS datasets and reports a list (referred to herein as a
“glycomap”) of identified intact glycopeptides with their mass, elution time, and abundance.

The present disclosure also describes a novel statistical method for assessing
quantitative alteration of protein glycosylation at site-specific levels. Currently, simple
methods that measure the total glycoprotein expression do exist, but there are no algorithms that
consider the source of the differences. In the present disclosure, a linear model based approach
is developed that characterizes variations in glycoprotein abundance in a mass spectrometry-
based quantification experiment. This model was applied to an esophageal cancer study based
on blood serum samples to detect several potential N-linked glyco-biomarkers that show
significant abundance alteration at glycopeptide level, but not at the corresponding glycoprotein
level, indicating that the presently disclosed method is ready to be used for the discovery of
biomarkers on site-specific glycosylations.

L. Experimental Procedures

In the illustrative embodiment, the following experimental procedures were used. It will
be appreciated by those of skill in the art that, in other embodiments, additional or different
experimental procedures may be used.

A. Materials

Bovine fetuin, human ol-acid glycoprotein (AGP), bovine pancreatic ribonuclease
(RNase B), porcine thyroglobulin (PTG), and human fibronectin were purchased from Sigma-
Aldrich (St. Louis, MO). DL-dithiothreitol (DTT), iodoacetamide (IAA), ammonium
bicarbonate, and MS-grade formic acid were also obtained from Sigma-Aldrich (St. Louis,
MO). HPLC-grade isopropanol and acetonitrile were acquired from Fisher Scientific
(Pittsburgh, PA), while HPLC grade water was acquired from Mallinckrodt (Hazelwood, MO).
Trypsin gold (mass spectrometry grade) was purchased from Promega (Madison, W1).

B. Depletion of the 7-Most Abundant Blood Serum Proteins

Agilent Plasma 7 multiple affinity removal spin (MARS) cartridge (Agilent
Technologies, Santa Clara, CA) was used to deplete the 7-most abundant proteins, namely
albumin, antitrypsin, IgA, IgG, transferin, haptoglobin, and fibrinogen. Two sets of blood
serum samples were obtained from patients diagnosed with esophageal adenocarcinoma
(cancer, N=15) and disease-free subjects (control, N=15). Two 15-pl aliquots of pooled human

blood serum were depleted. The buffer of the depleted samples was exchanged into 50mM
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ammonium bicarbonate using SkDa MWCO spin concentrators (Agilent Technologies, Santa
Clara, CA).
C. Protein Assay
Prior to tryptic digestion, the protein concentrations of depleted cancer and control
samples were determined by micro BCA protein assay (Thermo Scientific/Pierce, Rockford,
IL). A bovine serum albumin (BSA) standard stock solution of 2.0 mg/ml concentration
provided in the micro BCA assay kit was used to prepare a calibration curve spanning from
200pg/ml to 1pg/ml. Ammonium bicarbonate (50mM) buffer was used to prepare the BSA
standard samples. The micro BCA working reagent required for the assay was prepared by
mixing reagents A, B, and C (provided by the vendor) at a ratio of 50:48:3. Next, two 10-pl
aliquots of samples were diluted in 140 pl of 50mM ammonium bicarbonate buffer. BSA
standard and the samples were then mixed with 150-ul aliquots of the working reagent and
transferred to a 96-Well Plate prior to incubation at 37°C for 2 hours. The concentration was
then measured at 620 nm wavelength on Multiskan plate-reader (Thermo Scientific, Rockford,
IL).
D. Tryptic Digestion of Model Glycoproteins
The 5 model glycoproteins (fetuin, AGP, RNase B, PTG, and fibronectin) were reduced
by adding a 10-pl aliquot of 10mM DTT prior to incubation at 60°C for 45 min. The reduced
model glycoproteins were then alkylated with the addition of a 20-pl aliquot of 20mM IAA and
incubation at 37.5°C for 30 min in the dark. Unreacted IAA was consumed by the addition of a
second 10-pl aliquot of 10mM DTT. The reaction was allowed to proceed at 37.5°C for 30 min
in the dark. The samples were then tryptically digested at 37.5°C overnight followed by
microwave digestion at 45°C and 50W for 30min. Tryptic digestion was quenched by the
addition of a 0.5-ul aliquot of neat formic acid to the samples. Subsequently, these five
standard glycoproteins (5SG) were mixed in the ratio of 2:2:4:1:1 w/w (fetuin: AGP: RNase B:
PTG: fibronectin). Fetuin glycopeptides were also prepared for separate experiments.
E. Tryptic Digestion of Blood Serum Proteins
The depleted cancer and control proteins were thermally denatured at 65°C for 10 min.
A 1.25-pl aliquot of 200mM DTT solution was added to the samples prior to incubation at 60°C
for 45 min. The samples were then alkylated by the addition of a 5-ul aliquot of 200mM of
IAA and incubation at 37.5°C for 45min in the dark. Excess IAA was consumed by adding a
second aliquot of DTT and incubation at 37.5°C for 30 min. This was followed by tryptic
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digestion involving the addition of trypsin and overnight incubation at 37.5°C. The amount of
trypsin added to the samples (enzyme/substrate ratio of 1:25 w/w) was determined based on the
protein concentration calculated from the BCA protein assay. To ensure complete enzymatic
digestion, samples were subjected to microwave digestion at 45°C and S50W for 30min. Finally,
the enzymatic digestion was terminated by the addition of a 1-pl aliquot of neat formic acid.

F. LC-MS/MS Conditions

LC-MS/MS analysis was performed using Dionex 3000 Ultimate nano-LC system from
Dionex (Sunnyvale, CA) interfaced to LTQ Orbitrap Velos mass spectrometer (Thermo
Scientific, San Jose, CA) equipped with a nano-ESI source. The samples were online-purified
using a PepMap 100 C18 cartridge (3 pm, 100A, Dionex) and separated using a PepMap 100
C18 capillary column (75 pm id x 150 mm, 2 pm, 100A, Dionex). Solvent A was a 2% can
aqueous solution containing 0.1 % formic acid while solvent B was 98% ACN aqueous solution
containing 0.1% formic acid. Tryptically digested fetuin, 5SG, and serum glycopeptides were
analyzed with different liquid chromatography (LC) gradients and scan times. The first
separation and scan time was set to 60min. The separation of all fetuin and three datasets of
5SG was achieved using a reversed-phase gradient, 10% solvent B at 350nl/min flow rate over
10 min, 10-45% over 35 min, 45-80% over 6 min, 80% over 4 min, 80-10% over 1 min, and
10% over 9min. The second separation and scan time was set to Shours. One of 5SG datasets
and all serum samples was separated based on 10% solvent B at 350nl/min flow rate over 10
min, 10-35% over 260 min, 35-80% over 10 min, 80% over 18 min, 80-10% over 1 min, and
10% over 1min.

An LTQ Orbitrap Velos mass spectrometer was operated with three scan events. The
first scan event was a full MS scan (500-2000 m/z) with a mass resolution of 15,000. The
second scan event was CID MS/MS of parent ions selected from the first scan event with an
isolation width of 3.0 m/z, normalized collision energy (CE) of 35%, and an activation Q value
0f 0.250 with an activation time of 15ms. The third scan event was HCD MS/MS of parent ions
selected from the first scan event. The isolation width was 3.0 m/z while normalized CE was
45% with an activation time of 0.1ms. The CID and HCD MS/MS were performed on the 8
most intense ions observed in the first scan event. Five technical replicates each for cancer and
control serum were acquired using HCD/CID.

In a separate LC-MS/MS, ETD MS/MS was set up along with CID and HCD. The first

scan event was a full MS scan and 15 scan events were followed alternating between CID,
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HCD, and ETD. This enabled MS/MS of the 5 most intense ions observed in the first scan. For
ETD parameters, the isolation width was set to 4.0 m/z with the default charge state of 4. The
reaction time was set to 100ms and 150ms allowing a supplemental activation. The LTQ
Orbitrap Velos mass spectrometer was externally calibrated, permitting mass accuracy of less
than 2 parts per million (ppm). One technical replicate each for cancer and control was
acquired using CID, HCD and ETD.
G. Datasets and Databases

Three separate analysis were conducted: a simple glycoprotein (Fetuin) study, a mixture
of standard glycoproteins (5SG) study and a complex serum (Serum) study. Details on the
datasets and databases that were used in the present disclosure are summarized in Table 1 and
Table 2 below. The Fetuin study involved three datasets, one of which had all three modes of
fragmentation while the remaining two had only HCD/CID. All four datasets were
HCD/CID/ETD in the 5SG study, which involved the analysis of samples containing five model
glycoproteins: bovine fetuin, human al-acid glycoprotein (AGP), bovine pancreatic
ribonuclease (RNase B), porcine thyroglobulin (PTG), and human fibronectin, as described
above. One of these 5SG datasets was run on a separate 5-hour column, as opposed to the rest
which were run on a 2-hour column. The Serum study involved the pooling of serum samples
into two groups (cancer and control) of six each, with one in each group being an

HCD/CID/ETD dataset and the remaining five being HCD/CID.

TABLE 1
Analysis | No. HCD/CID | No. HCD/CID/ETD Total Comment(s)
Name Datasets Datasets Datasets
Fetuin 2 1 3 Fetuin sample on 1 hour LC
58G 0 4 4 Three datasets on 1 hour; one

dataset on 5 hour LC

Serum 10 2 12 Two sample types (cancer and
control); all 5 hour LC

Databases were built according to individual study type. The Fetuin study used a
database constructed from a Fetuin A and B glycoproteins (referred to herein as “Fetuin dB”).
The 5SG study used a database constructed from a FASTA file containing the five model
glycoproteins (referred to herein as “5SG_dB”). For the Serum study, the CID fragmentation
spectra of each of the ten HCD/CID datasets were searched against the IPI database (version

3.79). Only identified proteins containing the glycosylation sequon were retained as putative
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glycoproteins. A list of 116 glycoproteins was obtained which was trimmed down to a list of
105 unique and reviewed UniProtKB/SwissProt IDs in the UniProtKB database (referred to
herein as “SerumMascot dB”). In order to test the robustness of all identifications, larger
databases were also constructed. Both the Fetuin study and the 5SG study involved the analysis
of the corresponding datasets against a database of 71 glycoproteins (referred to herein as
“Test dB”). Among these 71 glycoproteins, 2 were Fetuin, 5 were model glycoproteins from
5SG_dB, and the rest were randomly chosen from the SerumMascot dB. In order to construct
a larger database for the Serum study, the identified glycoproteins from previous serum
glycoproteome studies were combined with glycoproteins in SerumMascot dB. For ecach of
these studies, the identified glycoproteins were mapped to unique and reviewed
UniProtKB/Swissprot IDs in the UniProtKB database. In total, 566 glycoproteins were
obtained from combining these four lists of glycoproteins and were compiled into a database

(referred to herein as “SerumCombined dB”).

TABLE 2
Database Name No. Glycoproteins
Fetuin dB 2
5SG _dB 5
Test dB 71
SerumMascot_dB 105
SerumCombined dB 566

The list putative glycans was created as follows. The glycans used in Mayampurath et
al., “Improving Confidence for Identification of Protein Glycosylation Using a Combination of
HCD/CID Dissociation and a Unified Scoring Scheme,” 57th ASMS Conference on Mass
Spectrometry and Allied Topics (2009), the entire disclosure of which is hereby incorporated by
reference, were combined with glycans that were downloaded from GlycomeDB using a query
based on presence of the common pentasaccharide core of N-linked glycans. Manual validation
was performed to weed out glycan compositions that are not present in humans. These steps
collectively resulted in a list of 319 glycan compositions that contained glycans of all three
types (i.e., complex, hybrid, and highmannose) and also accounted for fucosylated and

sialylated structures.
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II. Computational Framework
A. Scoring CID/HCD Spectra of Glycopeptides

In the illustrative embodiment, the framework utilizes a scoring scheme for HCD that
was introduced in Mayampurath et al., “Improving Confidence for Identification of Protein
Glycosylation Using a Combination of HCD/CID Dissociation and a Unified Scoring Scheme,”
57th ASMS Conference on Mass Spectrometry and Allied Topics (2009), the entire disclosure
of which is hereby incorporated by reference. In that HCD scoring scheme, the presence of
seven characteristic ions corresponding to mono-, di-, and trisaccharide combinations are tested
in the HCD spectra. The p-value from this binomial distribution may be used in tandem with a
length-of-longest-path-based CID scoring algorithm and accurate precursor deisotoping using
the THRASH algorithm to facilitate confident detection of glycopeptide ions. Further,
sialylated glycopeptides may be detected using the observance of N-acetylneuraminic acid
(NeuAc) in HCD.

B. Scoring ETD Spectra of Glycopeptides

In order to score an ETD fragmentation spectrum, a set of target (i.e., candidate)
glycopeptides is first constructed. For this purpose, a library of intact N-linked glycopeptides
was built by attaching each N-glycan from the glycan list described above to peptides
containing sequon(s) obtained from in-silico tryptic digest (allowing up to two mis-cleavages)
of all glycoproteins in the target database (in FASTA format). Carbamidomethylation was
considered as a fixed modification for each glycopeptide. For purposes of estimating FDR of
glycopeptide identifications, a library of decoy glycopeptides is also constructed by attaching
cach of the above N-glycans to the reversed sequence of each tryptic peptide. The position of
the sequon was kept intact while reversing the original peptide sequence, in order to construct a
similar peptide sequence as the target glycopeptide sequence, thereby assuring better estimates
of FDR. The target and decoy glycopeptides were combined to form a database against which
the ETD fragmentation spectra may be searched. This was done for each of the databases listed
in Table 2 above.

As illustrated in FIGS. 2A and 2B, ETD fragmentation of a glycopeptide typically
results in low abundant fragments that are mostly observed at m/z values below that of the
parent ion. The presently disclosed framework adopts a dual strategy for all peaks within a
specified range. In a first pass, the top peak in a five Thompson (or m/z) bin is selected, thereby

ensuring both resolution of peaks with isotopic signatures and the use a local noise threshold.
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Secondly, the top twenty overall observed peaks, excluding the precursor peak, are chosen for
peak matching to theoretical fragments of glycopeptides. For each ETD spectrum, a list of
target and decoy glycopeptides within 10 ppm of the precursor mass is considered from the
database. For each candidate, a theoretical fragmentation spectrum is constructed using the
peptide backbone with the attached glycan as an Asn (N) modification. Theoretical ion
intensities are assigned as follows: ¢ and z ions are considered with intensity of 100, b and y
ions are considered with intensity of 50, and b and y ions necutral loss are considered with
intensity of 25 each. These values were empirically assigned after manual validation of several
annotated experimental spectra. While matching, both theoretical and observed spectra are
binned into one Thompson bins. A bin is considered to be a “match” if both the corresponding
theoretical and observed values are non-zero. Considering an observed spectrum of bin size n
out of which m bins are found to be matched against a theoretical spectrum, the ETD score can

be calculated as:

21
ETD _ i [ n =1 J,observed
— score = Jstheoretical

n
7=l Zi:l [i,observed

Essentially, this ETD score is the summation of all matched theoretical intensities with a
decimal component as the percentage of matched observed intensity. Glycopeptide candidates
with two or more sequons are considered separately for each sequon position. The match with
the highest ETD score is retained as the best match, with either a TRUE or FALSE designation
depending on whether the highest scoring match corresponds to a target glycopeptide or a
decoy glycopeptide, respectively.

C. Estimating FDR of Glycopeptide Identifications Based on ETD Scoring

After all ETD fragmentation spectra are scored for all glycopeptide candidates that were
within a specified tolerance of parent monoisotopic mass, an ETD-based FDR may be estimated
by sorting all spectra in decreasing order of their ETD score. For each scan, the FDR may then
be allocated as the ratio of the number of decoy identifications with a higher ETD score to the
total number of scans with a higher ETD score.

D. Glycan Sequencing Using CID Spectra

In the illustrative embodiment, the framework also implements a de novo sequencing
algorithm using the CID spectrum in order to annotate the glycan component(s) of an N-linked
glycopeptide. In the illustrative embodiment, this heuristic algorithm uses only the CID

spectrum, the peptide mass-over-charge ratio (m/z) or the peptide sequence, the parent charge
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state, and the parent m/z as inputs. The algorithm starts from the position of the y1 ion, derived
from the peptide mass plus one GIcNAc mass and incorporating an appropriate charge (which
usually carries one less charge than the parent charge). Since all N-linked glycans have the
same pentasaccharide core (GluNAc,Mans), the algorithm predicts the next m/z values
continuously until the core is completed and accounted for in the spectrum. In the illustrative
embodiment, the algorithm includes allowances for a fucosylated core GIcNAc thereby
expanding the search pool of glycans.

The algorithm proceeds to grow the glycan outside the core in a non-linear fashion
based upon the peaks observed in the CID spectrum. Peak matching is done with an
empirically chosen tolerance of 0.8 m/z. In order to limit the size of the candidate search space
at every step, the algorithm uses a set of glycan synthesis rules emulating the N-glycan
synthesis process to guide the sequencing procedure. For example, fucose can only be attached
to a GIcNAc and not a Man or a Gal. The complete set of rules used in the illustrative
embodiment is set forth below in Table 3 and Table 4. In particular, Table 3 includes a list of
enzymes and substrates involved in N-linked glycan synthesis. These reactions are used as a
guide for growing the non-linear part of the N-glycan in order to select candidates to add to the
search at each round of pool to spectrum matching. Combining these with the additional rules
listed in Table 4 allows a reduction in size of the N-glycan sequence candidate pool.

Given a glycan sequence from the candidate pool, the algorithm will add each putative
monosaccharide to this sequence, calculate the total glycan m/z, and match it to observed peaks
in the CID spectrum. If there is a match, the new monosaccharide is attached to the partial
glycan sequence based on the glycotransferase rules and the updated sequence is inserted into
the candidate pool for the next round. This attaching and matching procedure begins with the
core and continues until the maximum observed m/z is reached in the CID spectrum. One
illustrative example of the algorithm’s operation is illustrated in FIG. 3. Starting with the y1
ion at 972.72 m/z, the core was grown till completion at 1316.43 m/z. Next, ecach
monosaccharide was continuously added and peak matched until the m/z limit reached beyond
the observed m/z range in the CID spectrum (as illustrated by the glycan marked with the * at
1865.80 m/z). Usually, at this point, the parent m/z is utilized to select the monosaccharides that
filled the missing segments. If successful, the algorithm is terminated, and the completed
sequence or the closest glycopeptide candidate to the precursor mass within a user-defined

tolerance (e.g., 80 ppm) is returned.
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Many CID spectra, however, have one or more missing peaks that hamper the
sequencing. While the algorithm has the functionality to add a di- and tri-saccharide to a partial
glycan sequence (thereby accounting for up to 2 missing fragments), the algorithm may still
sometimes return an incomplete sequence, primarily because of charge state difference. While
the almost-complete glycan sequence carried a charge that was typically one less than the
precursor, sometimes the fragment ions were observed to carry an extra charge. In order to
account for this, the algorithm increases the charge state by 1 and repeats the sequencing
procedure starting from the beginning of the CID spectrum. This iterative procedure is also
illustrated in FIG. 3, in which the first pass of the glycan sequencing algorithm was done with
charge state +2 and terminated at 1865.80 m/z (marked with * in FIG. 3). Upon incrementing
the charge state to +3, the algorithm detects the matching candidate, marked with ** (the peak
at 1340.91 m/z) and *** (the peak at 1438.29 m/z). The terminal NeuAc mono-saccharide was
added based the m/z difference between the sequenced glycopeptide and the parent as
mentioned above. The final output of the sequencing algorithm is the complete N-glycan
sequence, or the top-ranked partial N-glycan sequence, encoded as an ITUPAC string along with
a matching score calculated as the log-2 of the summed matched intensities in the CID
spectrum. While the illustrative embodiment of the glycan sequencing algorithm described
above is used for N-linked glycans, it is contemplated that a different set of synthesis rules

pertaining to O-linked glycans might be used to facilitate O-glycan sequencing.

TABLE 3
Enzyme Substrate
beta-galactoside alpha-2,6- CMP-N-acetylneuraminate+beta-D-galactosyl-1,4-N-
sialyltransferase acetyl-beta-D-glucosamine

monosialoganglioside sialyltransferase | CMP-N-acetylneuraminate+D-galactosyl-N-acetyl-D-
galactosaminyl-(N-acetylneuraminyl)-D-galactosyl-D-
glucosyl-(1<->1)-ceramide

alpha-N-acetylgalactosaminide alpha- CMP-N-acetylneuraminate + glycano-1,3-(N-acetyl-

2,6-sialyltransferase alpha-D-galactosaminyl)-glycoprotein

CMP-N-acetylneuraminate + protein MUC1-MFP6
beta-galactoside alpha-2,3- CMP-N-acetylneuraminate + beta-D-galactosyl-1,3-N-
sialyltransferase acetyl-alpha-D-galactosaminyl-R

CMP-N-acetylneuraminate + beta-D-galactosyl-O-R
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galactosyldiacylglycerol alpha-2,3-
sialyltransferase

CMP-N-acetylneuraminate +1,2-diacyl-3-beta-D-
galactosyl-sn-glycerol

CMP-N-acetylneuraminate + Galbetal -
3GIcNAcbetal-3Galbetal-4Gle

CMP-N-acetylneuraminate + Galbetal-3GlcNAcR
CMP-N-acetylneuraminate + Galbetal-4GlcNAc
CMP-N-acetylneuraminic acid + 1,2-diacyl-3-beta-D-
galactosyl-sn-glycerol

CMP-N-acetylneuraminic acid + NeuAcalpha-(2-3)-
Galbeta-(1-4)-GlcNAcbeta-1-octyl

N-acetyllactosaminide alpha-2,3-
sialyltransferase

CMP-N-acetylneuraminate +beta-D-galactosyl-(1->4)-
N-acetyl-D-glucosaminyl-glycoprotein

alpha-N-acetylneuraminyl-2,3-beta-
galactosyl-1,3-N-acetylgalactosaminide
6-alpha-sialyltransferase

CMP-N-acetylneuraminate +N-acetyl-alpha-
neuraminyl-(2->3)-beta-D-galactosyl-(1->3)-N-acetyl-
D-galactosaminyl-R

alpha-N-acetylneuraminate alpha-2,8-
sialyltransferase

CMP-N-acetylneuraminate +alpha-N-
acetylneuraminyl-(2->3)-beta-D-galactosyl-R

lactosylceramide alpha-2,3-
sialyltransferase

CMP-N-acetylneuraminate + beta-D-galactosyl-(1-
>4)-beta-D-glucosyl-(1<->1)-ceramide

neolactotetraosylceramide alpha-2,3-
sialyltransferase

CMP-N-acetylneuraminate + beta-D-galactosyl-(1-
>4)-N-acetyl-beta-D-glucosaminyl-(1->3)-beta-D-
galactosyl-(1->4)-D-glucosyl-(1<->1)-ceramide

lactosylceramide alpha-2,6-N-
sialyltransferase

CMP-N-acetylneuraminate + beta-D-galactosyl-(1-
>4)-beta-D-glucosyl-(1<->1)-ceramide

3-galactosyl-N-acetylglucosaminide 4-
alpha-L-fucosyltransferase

GDP-beta-L-fucose + beta-D-galactosyl-(1->3)-N-
acetyl-D-glucosaminyl-R

glycoprotein 6-alpha-L-
fucosyltransferase

GDP-beta-L-fucose + N4-{N-acetyl-beta-D-
glucosaminyl-(1->2)-alpha-D-mannosyl-(1->3)-[N-
acetyl-beta-D-glucosaminyl-(1->2)-alpha-D-
mannosyl-(1->6)]-beta-D-mannosyl-(1->4)-N-acetyl-
beta-D-glucosaminyl-(1->4)-N-acetyl-beta-D-
glucosaminyl}asparagine

galactoside 2-alpha-L-
fucosyltransferase

GDP-beta-L-fucose + beta-D-galactosyl-(1->3)-N-
acetyl-beta-D-glucosaminyl-(1->3)-beta-D-galactosyl-
(1->4)-beta-D-glucosyl-(1<->1)-ceramide

4-galactosyl-N-acetylglucosaminide 3-
alpha-L-fucosyltransferase

GDP-beta-L-fucose + (1->4)-beta-D-galactosyl-N-
acetyl-D-glucosaminyl-R
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glycoprotein 3-alpha-L-
fucosyltransferase

GDP-beta-L-fucose + N4-{N-acetyl-beta-D-
glucosaminyl-(1->2)-alpha-D-mannosyl-(1->3)-[N-
acetyl-beta-D-glucosaminyl-(1->2)-alpha-D-
mannosyl-(1->6)]-beta-D-mannosyl-(1->4)-N-acetyl-
beta-D-glucosaminyl-(1->4)-N-acetyl-beta-D-
glucosaminyl}asparagine

ursodeoxycholate N-
acetylglucosaminyltransferase

UDP-N-acetyl-D-glucosamine + ursodeoxycholate

chitin synthase

UDP-GIcNAc + GlecNAc
6-O-dansyl-N-acetylglucosamine + [1,4-(N-acetyl-
beta-D-glucosaminyl)|n

acetyl-D-glucosamine + [1,4-(N-acetyl-beta-D-
glucosaminyl)|n

UDP-N-acetyl-D-glucosamine + N-acetyl-D-
glucosamine

UDP-N-acetyl-D-glucosamine + [1,4-(N-acetyl-beta-
D-glucosaminyl)|n

steroid N-acetylglucosaminyltransferase

UDP-N-acetyl-D-glucosamine + estradiol-17alpha 3-
D-glucuronoside

lipopolysaccharide N-
acetylglucosaminyltransferase

UDP-N-acetyl-D-glucosamine + lipopolysaccharide

poly(ribitol-phosphate) N-
acetylglucosaminyltransferase

UDP-N-acetyl-D-glucosamine + poly(ribitol
phosphate)

protein N-acetylglucosaminyltransferase

UDP-N-acetyl-D-glucosamine + [protein]-L-
asparagine

alpha-1,3-mannosyl-glycoprotein 2-
beta-N-acetylglucosaminyltransferase

UDP-N-acetyl-D-glucosamine + 3-(alpha-D-
mannosyl)-beta-D-mannosyl-R

beta-1,3-galactosyl-O-glycosyl-
glycoprotein beta-1,6-N-
acetylglucosaminyltransferase

UDP-N-acetyl-D-glucosamine + beta-D-galactosyl-(1-
>3)-N-acetyl-D-galactosaminyl-R

mannotetraose 2-alpha-N-
acetylglucosaminyltransferase

UDP-N-acetyl-D-glucosamine + (1->3)-alpha-D-
mannosyl-(1->2)-alpha-D-mannosyl-(1->2)-

alpha-D-mannosyl-D-mannose

N-acetylglucosaminyldiphosphodolichol
N-acetylglucosaminyltransferase

UDP-N-acetyl-D-glucosamine + N-acetyl-D-
glucosaminyl-diphosphodolichol

alpha-1,6-mannosyl-glycoprotein 2-
beta-N-acetylglucosaminyltransferase

UDP-N-acetyl-D-glucosamine + 6-(alpha-D-
mannosyl)-beta-D-mannosyl-R

beta-1,4-mannosyl-glycoprotein 4-beta-
N-acetylglucosaminyltransferase

UDP-N-acetyl-D-glucosamine + beta-D-mannosyl-R
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alpha-1,3-mannosyl-glycoprotein 4-
beta-N-acetylglucosaminyltransferase

UDP-N-acetyl-D-glucosamine + 3-(2-[N-acetyl-beta-
D-glucosaminyl]-alpha-D-mannosyl)-beta-D-
mannosyl-R

beta-1,3-galactosyl-O-glycosyl-
glycoprotein beta-1,3-N-
acetylglucosaminyltransferase

UDP-N-acetyl-D-glucosamine + beta-D-galactosyl-(1-
>3)-[N-acetyl-D-glucosaminyl-(1->6)]-N-acetyl-D-
galactosaminyl-R

acetylgalactosaminyl-O-glycosyl-
glycoprotein beta-1,3-N-
acetylglucosaminyltransferase

UDP-N-acetyl-D-glucosamine + N-acetyl-beta-D-
galactosaminyl-R

acetylgalactosaminyl-O-glycosyl-
glycoprotein beta-1,6-N-
acetylglucosaminyltransferase

UDP-N-acetyl-D-glucosamine + N-acetyl-beta-D-
glucosaminyl-1,3-N-acetyl-D-galactosaminyl-R

N-acetyllactosaminide beta-1,3-N-
acetylglucosaminyltransferase

UDP-N-acetyl-D-glucosamine + beta-D-galactosyl-(1-
>4)-N-acetyl-D-glucosaminyl-R

N-acetyllactosaminide beta-1,6-N-
acetylglucosaminyl-transferase

UDP-N-acetyl-D-glucosamine + beta-D-galactosyl-(1-
>4)-N-acetyl-D-glucosaminyl-R

dolichyl-phosphate alpha-N-
acetylglucosaminyltransferase

UDP-N-acetyl-D-glucosamine + dolichyl phosphate

alpha-1,6-mannosyl-glycoprotein 6-
beta-N-acetylglucosaminyltransferase

UDP-N-acetyl-D-glucosamine + 6-(2-[N-acetyl-beta-
D-glucosaminyl]-alpha-D-mannosyl)-beta-D-
mannosyl-R

beta-galactosyl-N-
acetylglucosaminylgalactosylglucosyl-
ceramide beta-1,3-
acetylglucosaminyltransferase

UDP-N-acetyl-D-glucosamine + beta-D-galactosyl-(1-
>4)-N-acetyl-beta-D-glucosaminyl-(1->3)-beta-D-
galactosyl-(1->4)-beta-D-glucosyl-(1<->1)-ceramide

galactosyl-N-
acetylglucosaminylgalactosylglucosyl-
ceramide beta-1,6-N-
acetylglucosaminyltransferase

UDP-N-acetyl-D-glucosamine + D-galactosyl-(1->4)-
N-acetyl-beta-D-glucosaminyl-(1->3)-beta-D-
galactosyl-(1->4)-beta-D-glucosyl-(1<->1)-ceramide

high-mannose-oligosaccharide beta-1,4-
N-acetylglucosaminyltransferase

UDP-N-acetyl-D-glucosamine + O-mannopyranosyl-
alpha-1,3-[O-mannopyranosyl-alpha-1,3-(O-
mannopyranosyl-alpha-1,6)-O-mannopyranosyl-alpha-
1,6]-O-mannopyranosyl-beta-1,4-N-acetyl-D-
glucosamine

phosphatidylinositol N-
acetylglucosaminyltransferase

UDP-N-acetyl-D-glucosamine + 1-phosphatidyl-1D-
myo-inositol

alpha-1,6-mannosyl-glycoprotein 4-
beta-N-acetylglucosaminyltransferase

UDP-N-acetyl-D-glucosamine + 2,6-bis(N-acetyl-beta-
D-glucosaminyl)-alpha-D-

mannosyl-R

lactosylceramide 1,3-N-acetyl-beta-D-
glucosaminyltransferase

UDP-N-acetyl-D-glucosamine + beta-D-galactosyl-(1-
>4)-beta-D-glucosyl-(1<->1)-ceramide
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O-fucosylpeptide 3-beta-N-
acetylglucosaminyltransferase

UDP-beta-D-GleNAc¢ + PCQNGGS(O-beta-L-
fucosyl)-CKDQL

glucuronyl-galactosyl-proteoglycan 4-
alpha-N-acetylglucosaminyltransferase

UDP-N-acetyl-D-glucosamine + beta-D-glucuronosyl-
(1->3)-beta-D-galactosyl-(1->3)-beta-D-galactosyl-(1-
>4)-beta-D-xylosyl-proteoglycan

glucuronosyl-N-acetylglucosaminyl-
proteoglycan 4-alpha-N-
acetylglucosaminyltransferase

UDP-N-acetyl-D-glucosamine + beta-D-glucuronosyl-
(1->4)-N-acetyl-alpha-D-glucosaminyl-proteoglycan

undecaprenyldiphospho-
muramoylpentapeptide beta-N-
acetylglucosaminyltransferase

UDP-N-acetylglucosamine + Mur2 Ac(oyl-L-Ala-
gamma-D-Glu-L-Lys-D-Ala-D-Ala)-
diphosphoundecaprenol

[Skp1-protein]-hydroxyproline N-
acetylglucosaminyltransferase

UDP-N-acetylglucosamine + [Skp1-protein]-
hydroxyproline

protein O-GlcNAc transferase

UDP-N-acetyl-D-glucosamine:protein-O-beta-N-
acetyl-D-glucosaminyl transferase

UDP-N-acetylglucosamine 1-
carboxyvinyltransferase

phosphoenolpyruvate + UDP-N-acetyl-D-glucosamine

loliose synthase

UDP-galactose + sucrose

lactose synthase

UDP-galactose + D-glucose

sphingosine beta-galactosyltransferase

UDPgalactose + D-1,3,4-trihydroxy-2-
aminooctadecane

UDPgalactose + DL-erythro-1,3-dihydroxy-2-amino-
4-cis-octadecene

UDPgalactose + DL-erythro-trans-sphingosine
UDPgalactose + DL-threo-1,3-dihydroxy-2-amino-4-
cis-octadecene

UDPgalactose + DL-threo-1,3-dihydroxy-2-amino-4-
octadecyne

UDPgalactose + DL-threo-1,3-dihydroxy-2-amino-4-
trans-heptadecene

UDPgalactose + DL-threo-1,3-dihydroxy-2-amino-4-
trans-nonadecene

UDPgalactose + DL-threo-1,3-dihydroxy-2-amino-4-
trans-octadecene

UDPgalactose + DL-threo-1,3-dihydroxy-2-
aminooctadecane

UDPgalactose + N-acetyl-DL-threo-trans-sphingosine

fucosylgalactoside 3-alpha-
galactosyltransferase

UDP-galactose + alpha-L-fucosyl-(1->2)-D-
galactosyl-R
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beta-N-acetylglucosaminylglycopeptide
beta-

1,4-galactosyltransferase

UDP-galactose + N-acetyl-beta-D-
glucosaminylglycopeptide

lipopolysaccharide 3-alpha-
galactosyltransferase

UDP-galactose + lipopolysaccharide

2-hydroxyacylsphingosine 1-beta-
galactosyltransferase

UDP-galactose + 2-(2-hydroxyacyl)sphingosine

2-hydroxyacylsphingosine 1-beta-
galactosyltransferase

UDP-galactose + 2-(2-hydroxyacyl)sphingosine

N-acylsphingosine galactosyltransferase

UDP-galactose + N-acylsphingosine

procollagen galactosyltransferase

UDP-galactose + procollagen 5-hydroxy-L-lysine

ganglioside galactosyltransferase

UDP-galactose + N-acetyl-D-galactosaminyl-(N-
acetylneuraminyl)-D-galactosyl-1,4-beta-D-glucosyl-
N-acylsphingosine

galactinol-raffinose
galactosyltransferase

alpha-D-galactosyl-(1->3)-1D-myo-inositol + raffinose

galactoside 2-alpha-L-

GDP-beta-L-fucose + beta-D-galactosyl-(1->3)-N-

fucosyltransferase acetyl-beta-D-glucosaminyl-(1->3)-beta-D-galactosyl-
(1->4)-beta-D-glucosyl-(1<->1)-ceramide
glycosaminoglycan UDP-galactose + glycosaminoglycan

galactosyltransferase

galactinol-sucrose galactosyltransferase

alpha-D-galactosyl-(1->3)-1D-myo-inositol + sucrose

glucosaminylgalactosylglucosylceramid
¢ beta-galactosyltransferase

UDP-galactose + N-acetyl-beta-D-glucosaminyl-(1-
>3)-beta-D-galactosyl-(1->4)-beta-D-glucosyl-(1<-
>1)-ceramide

N-acetyllactosaminide 3-alpha-
galactosyltransferase

UDP-galactose + beta-D-galactosyl-(1->4)-beta-N-
acetyl-D-glucosaminyl-R

N-acetyllactosamine synthase

UDP-galactose + N-acetyl-D-glucosamine

(N-acetylneuraminyl)-
galactosylglucosylceramide N-
acetylgalactosaminyltransferase

UDP-N-acetyl-D-galactosamine + 1-O-[O-(N-acetyl-
alpha-neuraminosyl)-(2->3)-O-beta-D-
galactopyranosyl-(1->4)-beta-D-glucopyranosyl]-
ceramide

sn-glycerol-3-phosphate 1-
galactosyltransferase

UDPgalactose + sn-glycerol 3-phosphate

glycoprotein-N-acetylgalactosamine 3-
beta-galactosyltransferase

UDP-galactose + glycoprotein N-acetyl-D-
galactosamine

inositol 3-alpha-galactosyltransferase

UDP-D-galactose + myo-inositol
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xylosylprotein 4-beta-
galactosyltransferase

UDP-galactose + O-beta-D-xylosylprotein
UDP-galactose + p-nitrophenyl-beta-D-xyloside

UDP-glucose + 4-methylumbelliferyl-beta-D-
xylopyranoside

UDP-xylose + 4-methylumbelliferyl-beta-D-
xylopyranoside

UDPgalactose + N-acetyl-beta-D-glucosamine

UDPgalactose + beta-galactosyl-1,4-N-acetyl-beta-D-
glucosaminyl-1,6-(N-acetyl-beta-D-glucosaminyl-1,2)-
alpha-D-mannosyl-1,6-beta-D-mannosyl-octyl
UDPgalactose + N-acetyl-beta-D-glucosaminyl-1,2-
alpha-D-mannosyl-1,6-beta-D-mannosyl-octyl
UDPgalactose + N-acetyl-beta-D-glucosaminyl-1,6-
(beta-galactosyl-1,4-N-acetyl-beta-D-glucosaminyl-
1,2)-alpha-D-mannosyl-1,6-beta-D-mannosyl-octyl

UDPgalactose + O-beta-D-xylosylprotein

UDPgalactose + p-nitrophenyl N-acetyl-beta-D-
glucosaminide

UDPgalactose + xylose

galactosylxylosylprotein 3-beta-
galactosyltransferase

UDP-galactose + 4-beta-D-galactosyl-O-beta-D-
xylosylprotein

sn-glycerol-3-phosphate 2-alpha-
galactosyltransferase

UDP-galactose + sn-glycerol 3-phosphate

indolylacetyl-myo-inositol
galactosyltransferase

UDPgalactose + indol-3-ylacetyl-myo-inositol

N-
acetylneuraminylgalactosylglucosylcera
mide beta-1,4-N-
acetylgalactosaminyltransferase

UDP-N-acetyl-D-galactosamine + N-
acetylneuraminyl-(2->3)-alpha-D-galactosyl-(1->4)-
beta-D-glucosyl-(1<->1)-ceramide

raffinose-raffinose alpha-
galactosyltransferase

raffinose + raffinose

sucrose 6F-alpha-galactosyltransferase

UDPgalactose + sucrose

lactosylceramide beta-1,3-
galactosyltransferase

UDP-galactose + D-galactosyl-(1->4)-beta-D-
glucosyl-R

galactolipid galactosyltransferase

2 3-(beta-D-galactosyl)-1,2-diacyl-sn-glycerol

galactogen 6beta-galactosyltransferase

UDP-galactose + galactogen

1,3-beta-galactosyl-N-acetylhexosamine
phosphorylase

beta-D-galactopyranosyl-(1->3)-N-acetyl-D-
glucosamine + phosphate

lactosylceramide 4-alpha-
galactosyltransferase

UDP-galactose + beta-D-galactosyl-(1->4)-D-
glucosyl-(1<->1)-ceramide
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kaempferol 3-O-galactosyltransferase

UDP-galactose + kaempferol = UDP + kaempferol 3-
O-beta-D-galactoside

digalactosyldiacylglycerol synthase

UDP-galactose + 3-(beta-D-galactosyl)-1,2-diacyl-sn-
glycerol = UDP + 3-[alpha-D-galactosyl-(1->6)-beta-
D-galactosyl]-1,2-diacyl-sn-glycerol

beta-D-galactosyl-(1->4)-L-rhamnose
phosphorylase

beta-D-galactosyl-(1->4)-L-rhamnose + phosphate =
L-rhamnose + alpha-D-galactose 1-phosphate

soyasapogenol B glucuronide
galactosyltransferase

UDP-galactose + soyasapogenol B 3-O-beta-D-
glucuronide

glucosylceramide beta-1,4-
galactosyltransferase

UDP-galactose + beta-D-glucosyl-(1<->1)-ceramide

lactotriaosylceramide beta-1,4-
galactosyltransferase

UDP-galactose + beta-D-glucosyl-(1<->1)-ceramide
UDP-galactose + N-acetyl-beta-D-galactosaminyl-(1-
>3)-beta-D-galactosyl-(1->4)-beta-D-glucosyl-(1<-
>1)-ceramide

cyclin-dependent kinase

ATP + a protein = ADP + a phosphoprotein
ATP + ADAQHATPPKKKRKVEDPKDF
ATP + amphiphysin |

ATP + axonal cytoskeleton protein

ATP + axonal cytoskeleton protein

ATP + B-cell lymphoma protein 2

TABLE 4
Rule Specification
| All candidates have a penta-saccharide code with the sequence

Hex-(Hex-Hex-HexNAc-HexNAc.

2 A DeHex can only be attached to the 1st HexNAc in the core
or any HexNAc in the non-reducing end.

3 Hex and HexNAc can attach up to four antennas .

4 After the core is complete, HexNAc can attach to any of the
three Hex present in the core.

5 No HexNAc can attach to a HexNAc.

6 Sialic acid can only be attached to a terminal Hex. However,
if all terminal Hex are occupied, it can attach to a HexNAc.
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E. Analyzing Features Across LC-MS/MS Replicate Datasets

Recently, MS instruments have been developed that are capable of multiple sources of
fragmentation in a single run. Previously, runs have typically employed individual or paired
(e.g., CID-HCD or CID-ETD) fragmentation. In order to combine fragmentation information
for a single glycopeptides, individual datasets must be aligned so that MS/MS information
associated with different fragmentation types can be pooled together. The presently disclosed
framework implements a functionality to analyze multiple glycoproteomic datasets that were
previously aligned, taking an aligned “map” (e.g., from the commercially available MultiAlign
software tool), the individual datasets, the target glycoprotein database (as a FASTA file), and a
list of glycans as inputs. For instance, the default glycan list described above may be used.
Alternatively, a user may define another glycan list. One illustrative embodiment of a
workflow within the presently disclosed framework is illustrated in FIG. 4. An aligned map of
datasets contains a bunch of LC-MS cluster records, with each one pertaining to a common ion.
As a typical map contains thousands of such LC-MC clusters (denoted as circles in FIG. 4), the
framework only considers those clusters that are indicative of being a glycopeptide of interest.
This determination may be made by matching the mass of each LC-MS cluster record (using a
parameterized tolerance of 10 ppm) against a target plus decoy glycopeptide database created
from the FASTA file and the glycan list.

Once a set of candidate glycopeptides is created for a LC-MS record, the presently
disclosed framework proceeds to gather fragmentation event information by pooling together
MS/MS spectra. Each fragmentation event may comprise a collection of HCD, CID, and ETD
MS/MS spectra from a single parent ion within a dataset. FIG. 5 shows one illustrative
example for a Fetuin LC-MS cluster with three fragmentation events across three datasets. Two
of these fragmentation events have both HCD and CID data, whereas the third has HCD, CID,
and ETD data. A typical LC-MS record will have such multiple fragmentation events occurring
both within a single dataset (either from different parent ions or the same parent ion but at
different elution points within a cluster) and across datasets (as shown in FIG. 5). These events
may be scored using a multi-step procedure.

First, all the HCD spectra may be scored one event at a time in order to limit the number
of LC-MS records that go into further analysis. As mentioned above, an aligned map may have
thousands of LC-MS records, perhaps more in case of complex samples. Filtering using mass

to gather only glycopeptides of interest (as discussed above) decreases this number but also
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results in a large number of false hits. The HCD fragmentation methods appears to be the most
sensitive in determining if a particular parent ion was a glycopeptide ion to begin with.
Therefore, the presently disclosed framework checks the minimum HCD score across all the
fragmentation events; only clusters with a minimum HCD score of less than one (implying one
of the seven characteristic peaks have been observed) are considered further. This simple
filtering eliminates a large number of false identifications. Second, the framework scores the
CID spectra individually for each fragmentation event. Third, the ETD spectrum for each
fragmentation event are scored using cach candidate glycopeptide and HCD glycan type
information (since sialylated vs. non-sialylated compositions can be distinguished based on the
HCD spectrum). In the illustrative embodiment, all of the events with their corresponding
spectra, the scores, and the identifications are retained within a record for subsequent analysis.
F. Assignment of Glycopeptides in Maps

In traditional proteomics, the concept of peptide spectrum matches (or PSM) is
prevalent, where a PSM within a dataset typically contain a one-to-one mapping between
peptide and spectrum and receives a single score. The presently disclosed framework instead
utilizes a glycopeptide-spectra match (GSM) that contains a one-to-many mapping between a
glycopeptide candidate and multiple spectra (e.g., HCD, CID, ETD) and thus receives multiple
scores (e.g., HCD score, CID path score, ETD score, CID glycan sequencing score). When
both target and decoy glycopeptides are used in the spectrum scoring of a single dataset, a
collection of GSMs is obtained, resulting from matching to target glycopeptides (target-GSMs)
or from matching to decoy glycopeptides (decoy-GSM). In the illustrative embodiment, each
fragmentation event is compiled into a GSM with a corresponding HCD score, a corresponding
CID score, the highest ETD scoring glycopeptide, and an associated ETD score. The GSM
with the highest ETD score is chosen as the representative (rep-GSM) that either matches a
target glycopeptide (target rep-GSM) or a decoy glycopeptide (decoy rep-GSM). Finally, the
glycopeptide candidate in each rep-GSM is used with the corresponding CID spectra for glycan
sequencing. The sequencing scores may be retained as part of the rep-GSM.

G. Estimating FDR Based on Combined ETD/CID Scoring

The presently disclosed framework also implements a novel target-decoy search
approach for estimating FDR in glycopeptide identification by combining ETD and CID scores
of the rep-GSM. FIG. 6A illustrates the principle of this approach on a glycomap created using

twelve datasets from the Serum analysis and the SerumMascot dB as the target glycoprotein
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database. Both target (denoted as ‘T”) and decoy (denoted as ‘F’) rep-GSMs are plotted based
on their ETD (x-axis) and CID sequencing (y-axis) scores. Most of the target rep-GSMs are
located in the top right corner with a high ETD score and a high CID sequencing score, whereas
most of the decoy rep-GSMs are located in the bottom left corner of the plot. Such clustering
behavior may be exploited by using Linear Discriminant Analysis (LDA). Clustering of target
and decoy rep-GSMs was done using the CID sequencing score and the ETD score as the two
dimensions. A new score, called an ETD-Sequencing (ES) score, was computed for every rep-
GSM using these weights as coefficients. Similar to the ETD FDR approach for a dataset, FDR
measures for glycomaps were computed for each rep-GSM (one for each LC-MS record) using
the ES score.

FIG. 6B illustrates a 2D-plot for non-zero ETD and CID sequencing scores from FIG.
6A with the LDA decision region marked. The discriminant line created using the projection
weights, marked by the decision boundary, was moved across different values of ETD score
and CID sequencing score. At each stage, the numbers of False and True hits above the line
were noted to get an estimation of FDR. In the illustrative embodiment, the rep-GSMs with
FDR less than 0.05 were deemed to be confidently identified (i.e., “Verified”) and assigned
intact glycopeptides, while the rep-GSMs with FDR equal to or greater than 0.05 were deemed

2

“Tentative.” The fragmentation event with the highest ETD score was chosen to be the rep-
GSM fragmentation event for both these labels. Those rep-GSMs without any ETD spectra
were labeled as “Unverified” and were not involved in FDR estimation. The GSM with the
lowest HCD score was chosen as the rep-GSM for these records. Glycopeptide assignments for
unverified rep-GSMs were made based on mass and glycan type.
H. Output

The collective information that was obtained for each LC-MS rep-GSM may be printed
into an output glycopeptide map, referred to herein as a “glycomap.” This glycomap may be
illustratively embodied in a comma separated value (CSV) format containing the mass, NET,
abundance in datasets, and scores. In other embodiments, the glycomap may be output in an
XML format that contains additional information such as dataset specific information and
representative spectra in a base 64 format. One example of an XML format glycomap is shown
in FIG. 7. The XML format permits additional applications. For example, an experimental
CID spectrum of a glycopeptide might be searched against an XML format glycomap to
identify glycoforms (i.e., two glycopeptides that contain same peptide but different glycans)
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within a sample. Additionally, a glycoproteomic dataset run can be simply aligned to the
glycomap and glycopeptides identified.
L. Statistical Model for Quantification

In order to estimate glycoprotein differential expression between two sample groups
(e.g., cancer and control), an ANOVA-based model was constructed. This model is comprised
of terms accounting for glycoproteins, their corresponding peptides (i.e., glycosylation sites),
and glycans, along with corresponding interaction terms. Consider a glycomap containing /
glycoproteins constructed from a set of V replicate disease and healthy samples. The observed
abundance of a particular glycopeptide within glycoprotein i, with a corresponding site j, glycan
k, and observed in dataset g is represented as a product term:

PR, Fyi,Geiins By E

ie2 T @) Tk(jE)?

Y.

Li@OkG)eq T i,j(i),k(j(i)),c,qJ’

where P; is an abundance of glycoprotein 7 in a single dataset ¢, with i = 1...7, the number of
glycoproteins in a sample; R;. indicates class effect for glycoprotein i indicative of abundance
variation across two classes (e.g., cancer and control); Fj; indicates the site-protein effect
indicative of abundance variation of all glycopeptides containing site j in glycoprotein i; Gisp))
indicates the glycan-site-protein effect indicative of abundance variation of glycopeptide
containing glycan & that is attached to glycosylation site j within glycoprotein i; B, is
experiment effect, with ¢ = number of datasets [/...N] indicative of total abundance variation
on account of experimental conditions; and E; g #46)),c 4 15 unmeasured error.

The term j(i) indicates the glycosylation site j in glycoprotein 7, and k(j(i)) represents the
index of glycans that present at the site j that in-turn is from glycoprotein i thereby indicating
nesting. It will be appreciated that “nested” interaction effects are different from “crossed”
effects, which consider the effects of all possible glycans with all possible sites within a
glycoprotein. The framework is primarily interested in the behavior of particular glycosylated
sites with particular glycans between the disease class and the healthy class. In order to build
the linear model, the log-2 transformation is done since expression changes are typically
multiplicative effects. Thus, the product term above becomes:

Yijwkgineq = Pi T Tic Yo + &gy T by T eijakgin.cq

The model in this equation was solved using an ANOVA-mixed effects model. Each
term was considered as a factor and was defined as cither fixed or random, as sct forth in Table
5 below. The abundance of a glycopeptide can be broken down in contributions from a

summation of these factors. Using log likelihood hypothesis testing between a model
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containing all factors against a null model of only Class and Experiment effect, glycoproteins as
well as site-specific glycosylations showing significantly different abundances in disease and

control samples can be revealed.

TABLE 5
Description Type
Class Class effect Fixed
protein Protein effect Random
F Site:Protein effect Random
G Glycan:F Random
Experiment | Replicate experiment effect | Random

III.  Experimental Results

Using the illustrative embodiment described above, several glycomaps were built by
analyzing datasets from samples of low to high complexity with putative glycoprotein databases
as target databases. The summary of all identifications in these glycomaps is given in Table 6
below, which lists the total numbers of glycoproteins, glycosylation sites, and glycopeptides
with an estimated FDR less than 0.05. Table 6 also notes the number of glycopeptides for
which a complete sequence was derived, and the glycan type distribution for these glycopeptide
identifications. Each glycomap analysis is explored individually below. The present disclosure
also reports identification numbers for each analysis using a larger size database as a target
database. As described further below, the presently disclosed framework gives robust
glycopeptide identification even when using a larger target database (containing many more
proteins that are not present in the sample), as compared to using an appropriate putative

database.

TABLE 6

Glycomap No. No. No. No. Glyco- | Glycan Class Distribution for
Analysis Protein Sites Glyco- peptides Completely Sequenced Glycans

IDs | Detected | peptides | with Glycan

Sequences No. No. No.
Completely Complex Mngh Hybrid
annose
Sequenced
Fetuin 2 5 22 8 8 0 0

(against
Fetuin dB)
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5SG 4 5 11 6 6 0 0

(against
5SG dB)

Serum 33 53 103 94 &4 4 6

(against
Serum
Mascot_dB)

A. Efficacy of ETD Scoring and ES scoring

In order to test the efficacy of the ETD scoring and the ES Scoring algorithms
described above, the number of identifications (across proteins, glycosylation sites, and
glycopeptides) using both scoring schemes on both individual dataset and a map of replicates
were compared. A single Fetuin dataset containing HCD, CID and ETD data was analyzed
against both the Fetuin_dB and the Test dB databases (see Table 1 above). The ETD scan
corresponding to each GSM for each precursor was matched against candidate target and decoy
glycopeptides within 10 ppm of the precursor mass, provided the corresponding HCD score and
CID score indicated the presence of a glycopeptide. The highest scoring glycopeptide was
recorded as part of the GSM and used in the glycan sequencing algorithm. When only ETD
scoring was applied in conjunction with the Fetuin dB database, all five sites corresponding to
the two Fetuin proteins along with twenty-two glycopeptides were detected at FDR less than
0.05. However, when the larger Test dB database (consisting of 71 glycoproteins) was used,
only three out these five sites were retained along with eight associated glycopeptides. On the
other hand, when the ES scores (ecach of which integrates an ETD score and an glycan
sequencing score) were used, all 5 sites with 10 glycopeptides were identified. This illustrates
that even when a larger Test dB database was used, all five sites corresponding to the Fetuin A
and Fetuin_B proteins were covered, indicating robustness of the framework.

A comparison of ETD scoring and ES Scoring on the serum map built using the
SerumMascot_dB as the target database was also performed. Here, each rep-GSM contains a
glycopeptide candidate that has the maximum ETD score. When using only the ETD score, 65
glycopeptides across 33 glycosylation sites from 25 glycoproteins were detected with FDR less
than 0.05. The glycopeptide candidate in each rep-GSM was given to the glycan sequencing
algorithm, and the corresponding CID sequencing score was recorded. Based on the ETD score
and the glycan sequencing score, the ES score was calculated, and corresponding FDR was

estimated for each rep-GSM. The number of identifications at less than 0.05 FDR increased
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significantly (103 glycopeptides across 53 sites in 33 glycoproteins) when using the ES score,
thereby indicating that the combining complementary scoring schemes improved glycopeptide
identifications. All analyses discussed below were done using the ES score model.
B. Simple Glycoprotein Study
Fetuin glycomaps were built from the Fetuin LC-MS/MS datasets using -either
Fetuin dB or Test dB as a target database. As expected, the number of verified rep-GSMs
dropped when using the larger database. Comparing the identifications within these rep-GSMs,
however, the most highly scoring proteins were still fetuin in both cases. When Test dB was
used, one glycopeptide of complex N-glycan type is identified in the human Complement 5
protein with high ETD and CID sequencing score, which may correspond to a contaminant
glycoprotein in the sample. Nevertheless, 10 out 11 glycopeptides identified from the Test dB
analysis were attributed to fetuin and matched the top 10 out of 22 glycopeptides identified
from matching using the Fetuin dB database. Out of these 22 glycopeptides, eight were
completely sequenced and were all sialylated complex structures. All eight completely
sequenced glycans matched observed structures in GlycosuiteDB and the CFG database.
C. Mixture Glycoproteins Study
When the standard mixture glycoprotein datasets were analyzed using the 5SG_dB and
the Test_dB databases as target databases, the presently disclosed framework identified four out
of five glycoproteins in sample with high confidence (FDR<0.05). RNAS1 BOVIN was
missed in both cases. Out of a total of eleven glycopeptides, six were completely sequenced
and matched with observed structures in external databases, and all eleven glycopeptides were
found to be of complex type with sialic-acid terminations. The number of verified rep-GSMs
dropped when using the larger database. However, out of eleven glycopeptides identified using
the 5SG_dB as the target database, seven were found using the Test dB without any additional
glycopeptides being identified. This again is indicative of the robustness of the ES Score
model.
D. Serum Glycoproteins Study
A serum map was also built using the presently disclosed framework. The default N-
glycan list described above was used, but several other glycan lists are available for serum
analysis. When the SerumMascot dB was used as a target database, 103 glycopeptides across
53 N-glycosylation sites in 33 glycoproteins were identified at FDR less than 0.05. All but one

of the reported glycosylation sites in the glycoproteins identified were confirmed to be
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annotated by UniprotKB. The glycoprotein HPTR_HUMAN (Haptoglobin-related protein)
with a reported glycosylation at site N-126 was not annotated in current UniprotKB. 94 out of
103 glycopeptides were completely sequenced, and a majority (86%) of them were found to be
of complex-type. Four high-mannose glycans were identified to be from CO3 HUMAN
(Complement C-3) and CO7 HUMAN (Complement C-7) glycoproteins. Out of the six
identified glycopeptides with hybrid-type glycans, two were from attachments to N-869 in
A2MG_HUMAN (Alpha-2-macroglobulin), two were attached to N-169 in VINC_HUMAN
(Vitronectin), and the remaining two were attached to N-85 in Complement C-3 and at N-271 in
ATAT HUMAN (Alpha-1-Antitrysin). Out of the 84 complex-type glycopeptides, four
contained non-sialylated (or a-sialylated) glycans, 26 contained mono-sialylated glycans, 46
contained di-sialylated glycans, and eight contained trisialyated glycans. = When the
SerumCombined dB was used as a target database, 34 glycoproteins were found with 50 sites
and 89 glycopeptides at FDR less than 0.05. An overlap of 68 glycopeptides was observed
between these two analyses. It will be appreciated that, in order to increase coverage, inclusion
lists may be built using the tentative and the unverified rep-GSMs. Subsequent rounds of
analysis can then be used to delve deeper into the glycoproteome. Irrespective of the
complexity of the database and datasets, the scoring schemes (on HCD, CID and ETD spectra)
and the overall framework described in the present disclosure are largely robust and ready-to-
use.
E. Quantification of Glycoproteins

The 103 verified glycopeptides from the serum map built using the SerumMascot dB
database as a target database were analyzed to reveal glycopeptides with significantly different
abundances between cancer and control datasets. The datasets containing ETD in both cancer
and control groups were ignored since these samples were at a higher concentration.
Glycopeptides that were observed in at least three (out of five) replicates in each group were
retained. The missing values were imputed using the average of the observed non-zero
abundances in the remaining replicates. Additional or different methods of accounting for
missing values might be used, in other embodiments. After these filtering and imputation steps,
twenty-seven glycopeptides were retained for quantitative analysis. FIG. 8 depicts an
illustrative scatter plot of average abundances of glycopeptides between cancer and control
groups. The green points are nonsialylated glycopeptides, which on examination were

glycopeptides with high-mannose attached glycans from the Complement C-3 glycoprotein (site
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N-85). All points on the straight line do not show a change in abundance, but the off-line
glycopeptides show a differential change between cancer and control. As can be seen, most
glycopeptides show an increased abundance in cancer.

In order to detect differential abundances at site-specific levels with a glycoprotein, the
twenty-seven glycopeptides were analyzed using the quantification model described herein.
The protein, glycosylation site, and glycan effects for each individual glycoprotein were
gathered from the glycopeptide assignments made from the serum map. The hypothesis testing
for the linear mixed effects model was performed against the null model. The utility of using
the mixed effects quantification model is illustrated in FIGS. 9A-D, which each depict
glycopeptide abundance profiles between cancer and control for the glycoproteins that were
found to be significant (i.e., p-value < 0.005). The distribution of glycopeptide abundance
across replicates within a group is expressed as a box plot. The box plots for cancer and control
replicates are stacked right next to each other. This was done for all glycopeptides identified
for a particular glycoprotein, thereby indicating abundance profiles at all sites and glycan levels
for a particular glycoprotein within a single plot. The glycan sequences for each glycopeptide
were obtained from the sequencing algorithm and then matched to structures pertaining to
homosapiens that are observed in the CFG database.

In FIG. 9A, abundance profile for glycopeptides from haptoglobin are shown with two
glycosylation sites and two sialylated glycans. Although haptoglobin is one of the proteins
targeted for depletion by the MARS column, it is not completely depleted on account of
secondary interactions with other proteins or homologous proteins. Moreover, if this protein is
in higher abundance in one sample then it will not be effectively depleted relative to another
sample in which it is less abundant. All haptoglobin glycopeptides were observed to increase in
abundance in cancer with the disilylated glycopeptides at site N-184 and N-241 showed a
slightly bigger increase than the mono-sialylated one at N-184. Haptoglobin has been
previously associated as being increased in inflammatory processes, as well as in ovarian and
pancreatic cancer. From the spectral count data collected from a Mascot identification of non-
glycosylated peptides, an elevated spectral count was observed for the protein correlating with
the increased abundance shown across all quantified glycopeptides.

FIG. 9B depicts the same for the glycoprotein CO3 _HUMAN (Complement 3 protein)
that was found with one glycosylation site (N-85). All sites were attached to glycans of high-

mannose type. Again, all glycopeptides showed increased abundance in cancer with a slight
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variation among them. High-mannose glycans have been associated regularly with elevation in
cancer (e.g., breast cancer). Incidentally, the complement C-3 glycoprotein is part of the
complement cascade system that has been observed to play a role in cellular proliferation. The
increased abundance in esophageal cancer was observed to be consistent at protein level as well
from the observations in the spectral count data. Although this protein is of high abundance,
the intact glycopeptides are low abundant and show differential glycosylation between cancer
and control samples.

FIG. 9C shows the abundance profile of protein HEMO HUMAN (Hemopexin), which
also indicates overall increase in glycosylation with mono-sialylated structures at site N-453
showing a lesser increase compared to di-sialylated structures at site N-187. The glycoprotein
was observed to be abundant as observed from the protein spectral count. Hemopexin is a
heme-binding protein whose fucosylated N-linked glycans have been observed to be
significantly abundant in hepatocellular carcinoma.

FIG. 9D shows the abundance profile of VINC_HUMAN (Vitronectin), which shows
site-specific differential glycosylation.  The increase in the fucosylated tri-sialylated
glycopeptide at N-242 between cancer and control appears to be much more than the increase in
the disialylated glycopeptide at N-169. A separate study that performed MRM (Multiple
Reaction Monitoring) quantitation blood serum glycoproteins enriched by lectin affinity
chromatography and hydrazide chemistry also identified hemopexin and vitronectin as highly
expressed glycoproteins in cancer with p-value less than 0.05. From the above results, those of
skill in the art will appreciate the utility of the presently disclosed framework for selecting
biomarker candidates.

While the disclosure has been illustrated and described in detail in the drawings and
foregoing description, such an illustration and description is to be considered as exemplary and
not restrictive in character, it being understood that only illustrative embodiments have been
shown and described and that all changes and modifications that come within the spirit of the

disclosure and the appended claims are desired to be protected.
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WHAT IS CLAIMED IS:

1. A method of identifying one or more intact glycopeptides in a sample, the
method comprising:

receiving data representing a plurality of mass spectra obtained from mass spectrometry
of the sample;

scoring data representing cach of the plurality of mass spectra against data associated
with target glycopeptides; and

identifying one or more intact glycopeptides in the sample based at least in part on the

scoring of the data representing each of the plurality of mass spectra.

2. The method of claim 1, wherein each of the one or more intact glycopeptides

comprises one or more glycans attached to a peptide.

3. The method of claim 2, wherein identifying one or more intact glycopeptides in
the sample comprises identifying, for each of the one or more intact glycopeptides, one or more

glycosylation sites at which the one or more glycans are attached to the peptide.

4. The method of claim 1, wherein the one or more intact glycopeptides comprise

an N-linked glycopeptide.

5. The method of claim 1, wherein the one or more intact glycopeptides comprise

an O-linked glycopeptide.

6. The method of claim 1, wherein the sample is a complex sample comprising a

plurality of intact glycopeptides.
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7. The method of claim 1, wherein receiving data representing a plurality of mass
spectra comprises:

receiving collision-induced dissociation (CID) data representing a plurality of mass
spectra obtained after CID fragmentation;

receiving high-energy C-trap dissociation (HCD) data representing a plurality of mass
spectra obtained after HCD fragmentation; and

receiving electron transfer dissociation (ETD) data representing a plurality of mass

spectra obtained after ETD fragmentation.

8. The method of claim 7, wherein scoring data representing each of the plurality of
mass spectra Comprises:

scoring HCD data associated with an ion from the sample; and

determining whether the ion from the sample is a glycopeptide ion based at least in part

of the scoring of the HCD data.

9. The method of claim 8, wherein scoring data representing each of the plurality of
mass spectra further comprises:

scoring ETD data associated with a glycopeptide ion; and

identifying a candidate glycopeptide for the glycopeptide ion based at least in part on
the scoring of the ETD data.

10.  The method of claim 9, wherein scoring ETD data associated with the
glycopeptide ion comprises calculating a plurality of ETD scores by comparing the ETD data
associated with the glycopeptide ion to a plurality of theoretical fragmentation spectra

associated with a plurality of candidate glycopeptides.

11.  The method of claim 9, wherein identifying one or more intact glycopeptides in
the sample comprises constructing a glycan sequence for the glycopeptide ion based at least in
part on the candidate glycopeptide identified for the glycopeptide ion and the CID data

associated with the glycopeptide ion.
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12.  The method of claim 1, further comprising:

scoring data representing cach of the plurality of mass spectra against data associated
with decoy glycopeptides; and

estimating a false detection rate (FDR) based at least in part on the scoring of the data
representing cach of the plurality of mass spectra against the data associated with target
glycopeptides and the scoring of the data representing each of the plurality of mass spectra

against the data associated with decoy glycopeptides.

13.  The method of claim 1, wherein the FDR comprises a ratio of a number of decoy

ETD scores that exceed a threshold to a total number of ETD scores that exceed the threshold.

14.  The method of claim 1, further comprising quantifying an abundance of one or

more intact glycopeptides identified in the sample.

15.  The method of claim 14, wherein quantifying the abundance of one or more
intact glycopeptides comprises determining a spectral count of the one or more intact

glycopeptides identified in the sample.

16. The method of claim 14, wherein the abundance of one or more intact
glycopeptides in the sample is increased in a sample associated with cancer as compared to a

control sample.

17.  The method of any of the proceeding claims, further comprising performing
tandem mass spectrometry on the sample to generate the data representing the plurality of mass

Spectra.
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18.  The method of claim 17, wherein performing tandem mass spectrometry on the
sample comprises:

performing a mass spectrometry scan of the sample after collision-induced dissociation
(CID) fragmentation;

performing a mass spectrometry scan of the sample after high-energy C-trap
dissociation (HCD) fragmentation; and

performing a mass spectrometry scan of the sample after electron transfer dissociation

(ETD) fragmentation.

19. One or more computer-readable media comprising a plurality of instructions
that, in response to being executed by one or more processors, result in the one or more

processors performing the method of any one of claims 1-16.

20.  Apparatus comprising:

at least one mass spectrometer;

one or more processors; and

one or more computer-readable media comprising a plurality of instructions that, in
response to being executed by the one or more processors, result in the one or more processors
performing the method of any one of claims 1-16, wherein the one or more processors receive

the data representing the plurality of mass spectra from the at least one mass spectrometer.

21.  The apparatus of claim 20, wherein at least one of the one or more processors is
configured to control operation of the at least one mass spectrometer to generate the data

representing the plurality of mass spectra.
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