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ABSTRACT
As the first reported in-vivo stable isotopic labeling strategies for quantitative
glycomics, the IDAWG (Isotopic Detection of Aminosugars With Glutamine) takes
advantage of the hexosamine biosynthetic pathway that provides the nitrogen to all
aminosugars from the side chain of glutamine (Gln). As a result, if the cells are fed with
Gln-free media and glutamine with a 15N-labeled side chain is added, all the aminosugars
produced in cells will be labeled with 15N and thus the mass of all glycan structures will
be shifted by approximately +1 dalton per aminosugar. In this work, we demonstrate the
utility of the IDAWG technique to study both static and dynamic glycomics of human
embryonic stem cells.
To compare N-linked and O-linked glycan expression levels in hESCs and hDE
and to quantify the changes in glycan expression that accompany differentiation of
hESCs into hDEs, four cell populations including light and heavy hESCs, light and heavy
hDEs have been processed and N- and O-linked glycans have been released. After the
permethylated glycan samples were analyzed by ESI-LTQ-Orbitrap, more than 20 Olinked glycan structures and 90 N-linked glycan structures were assigned in hESCs and

hDEs. Further, these glycans were quantified to show the prevalence of each structure in
the total glycan profiles. Based on the mass spectrometry data of mixed samples of hES
and hDE, glycan expression level changes were quantified for a subset of the glycans.
To apply the IDAWG technique to assess the dynamics of turnover and synthesis
for individual glycans and to provide a dynamic view of the glycome, a pulse-chase
labeling of hESCs was performed. Heavy labeled cells were shifted to light media for 0,
6, 12, 24 or 36 hr before harvesting, isolation and permethylation. Analysis of these
samples allowed us to approximate the turnover and synthesis rate of the glycans.
Interestingly, by comparing the glycan spectra of pulse-chase samples with the spectra of
real mixtures of light and heavy sample, we noticed an isotope mixture that could only be
explained by remodeling of the glycans and were able to approximate the amount of
remodeling occurring for a subset of structures.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW
1.1 GLYCOSYLATION
Post-translational modifications (PTMs) are covalent processing events that change
the properties of a protein by proteolytic cleavage or by addition of a modifying group to one
or more amino acids. Almost all proteins are modified by during or after synthese by
cleavage or chemical modifications. Post-translational modification regulates protein activity
and function and significantly increases the diversity and complexity of the proteome. The

majority of protein-based biopharmaceuticals approved or in clinical trials bears some
form of post-translational modification, which can profoundly affect protein properties
relevant to their therapeutic application1,2. Several hundred different forms of PTMs are
known and glycosylation, which is a process of covalent attachment of glycan structures

on protein backbones, is one of the most common post-translational modifications of
proteins3-5. The glycans are complex carbohydrates that are oligosaccharides chains
usually linked to proteins and lipids6,7. Generally, glycans are built up by monosaccharide
residues including N-acetylgluctosamine (GlcNAc), N-acetylgalactosamine (GalNAc);
glucose (Glc), galactose (Gal), mannose (Man), fucose (Fuc) and N-acetylneuraminic
acid (Neu5Ac, sialic acids). There are five main ways that carbohydrate chains are linked
to protein backbones: 1. N-linked glycan is linked through the side chain of an asparagine
residue present in the tripeptide consensus sequence – Asn-X-Thr/Ser (where X can be
any amino acid except proline). In some rare cases, N-glycosylation can occur even when
the serine or threonine residue is replaced with a cysteine as Asn-X-Cys8-12. N-linked
1

glycans can be classified into three types based on compositions of different branches and
they are high mannose structures, hybrid structures and complex structures. 2. O-linked
glycan is attached to the oxygen on the side chain of a serine or threonine and there is no
consensus amino acid sequence for O-glycosylation sites13-15. O-linked glycans can be
categorized as several core structures such as core 1, core 2, core 3 and core 4 structures.
3. Glycophosphatidylinositol (GPI) anchors link lipids to the carboxyl terminus of
proteins and serve to anchor these proteins to cell membranes16-18. 4.
Glycosaminoglycans (GAGs) are long unbranched polysaccharides containing a
repeating disaccharide unit, which are linked to the hydroxy oxygen of serine19,20. 5. A
mannose sugar attaches to the carbon of tryptophan residues in Thrombospondin repeats,
which is called C-mannosylation21-23.
It has been estimated that glycosylation is occurring in up to half of all gene
products24 and glycosylated proteins account for approximately 60-80% of all
mammalian proteins at some point during their existence and nearly 100% of all
membrane and secreted proteins25. Glycans often play critical roles in various
physiological processes such as cell development and differentiation,26-31 cell-cell
recognition and interaction,32,33 tumor growth and metastasis,34-39 and immune
recognition and response40-44. A correlation between glycosyltransferase expression
levels and subsequent changes in glycan structures has been reported in several diseases,
including inherited diseases45, the progression of cancer46 and autoimmune diseases47-49.
The recycling of glycoproteions has also been reported and thus the remodeling of
glycans becomes possible. In 1986, the recycling of cellular glycoproteins to the site of
Golgi mannosidase I, an enzyme of asparagine-linked oligosaccharide synthesis, was
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studied in K562 human erythroleukemia cells by metabolically labeling the cells in the
presence of deoxymannojirimycin, a reversible inhibitor of Golgi mannosidase I50. This
study of membrane traffic revealed the recycling of the total N-linked glycoprotein pool
through the mannosidase I compartment and implied that the recycling of glycoproteins
might allow the posttranslational modifications to be continuously repaired. The
recycling of glycoproteins into the trans-Golgi compartment that contains
sialyltransferase, Galactosyltransferase and the early Golgi region that contains αmannosidase I but yet cis-Golgi has been demonstrated51,52. In 1998, the study of Nglycans demannosylation of cell surface glycoproteins revealed that cell surface
glycoproteins can be modified by mannosidases without further processing their glycans
to the complex form and this glycan remodeling can occur at the cell surface or during
endocytosis and recycling back to the cell surface53.
1.2 GLYCOMICS
Just following the naming convention established by genomics, which deals with
genes and proteomics, which deals with proteins, the term glycomics covers a range of
scientific disciplines that are applied to study the structure and function of carbohydrates
in biological systems. As a comprehensive study of all glycan structures in a given
biological system, the glycomics has drawn more and more attentions54,55. In contrast to
nucleic acids and proteins, the study of glycans is much more challenging due to the
complexity of glycan structures and diversity of in vivo glycosylation. First of all, the
biosynthesis of glycans is not template-driven. Instead it is regulated by certain
glycotransferases, glycosidase and carbohydrate enzymes, which are encoded from a
small portion of genes. As the post-genomic products, the structures of glycans are not
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predictable. Second, several qualities of glycans have given rise to the enormous
structural heterogeneity and these facts include: constituent carbohydrate isomers, like
glucose (Glc), galactose (Gal), mannose (Man); distinct arrangements of the same
components; multiply linkage points; α or β anomeric linkage configurations; and a wide
range of branches. For example, the chemical structures of an oligosaccharide composed
by six monosaccharides could theoretically be more than 1 × 1012. Last but not least,
additions of different glycan chains onto the proteins that have several various susceptible
sites to glycosylation would lead to a considerable number of glycoforms32,55,56. These
fundamental and interrelated aspects of glycans make the field of glycomics challenging
and render the lagging phase of glycomics behind the genomics and proteomics.
The study of glycomics is challenging yet important. Protein glycosylation occurs
in the endoplasmic reticulum (ER) and Golgi compartments of the cell and involves
membrane-bound glycosyltransferases and glycosidases, most of which are sensitive to
the surrounding environment. As affected by different factors, the expression of glycans
in a biological system can vary with its species, tissue, developmental stage and even the
genetic and physiological state and it has also been noticed that altered carbohydrates
expression is a common feature of many types of cancers37. For example, glycosylation
alteration has been identified in some systemic genetic disease like congenital disorder of
glycosylation (CDG) syndrome, caused by genetic defects affecting the activity of
specific glycotransferases in biosynthesis pathways of glycans57. Besides, particular
carbohydrate modifications may be altered more specifically or frequently than their
underlying core protein in certain disease state, which is a potential advantage of using
glycans for diagnostics58,59. With the awareness of the different expression levels of
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glycosylation in diseases, extensive biomedical and biological applications have been
opened up for glycomics60. Biomarker discovery for diagnosis and prognosis, new glycan
therapeutics have become the frontier in glycomics54,61,62.
1.3 ANALYTICAL INSTRUMENTS AND METHODS IN GLYCOMICS
1.3.1 Mass Spectrometry
Mass spectrometry is the primary technique for characterizing the structures of
individual glycans when only small quantities are available. An advantage of mass
spectrometric glycan profiling is that multiple glycans of any given subtype can be
profiled at once, increasing the throughput of the glycomic analysis. Typically, a mass
spectrometric analysis consists of three procedures. First, the sample is converted into
gas-phase and charged species in the ion source. Second, all ions are introduced into a
mass analyzer, which separates ion species based on their mass-to-charge ratio (m/z) in
vacuum. Last, the ions are detected and results are exported in the form of a mass
spectrum.
Ion Source
The first step of MS analysis is to convert the analyte into gas-phase ions, which
is a requirement imposed by the mass analyzer. In early time mass spectrometers were
equipped with conventional ionization methods such as chemical ionization (CI) or
electron ionization (EI), which required samples to be volatile. Since most biological
samples are nonvolatile, polar and thermally unstable, they were not amenable to being
analyzed by MS using these ionization techniques at first. The invention of other
ionization methods in 1980’s, matrix-assisted laser desorption/ionization (MALDI)63 and
electrospray ionization (ESI)64 in particular, rendered MS a major breakthrough, which
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results in the widespread application of MS in the analysis of nonvolatile
macromolecules, especially biomolecules like protein, peptide and glycan. These
ionization techniques are both soft-ionization techniques, resulting with little or no
fragmentation65.
The MALDI method involves the ionization of a protein with the proper
combination of laser wavelength and matrix66. To prepare for MALDI ionization the
sample must be crystallized in a low molecular weight ultraviolet-absorbing matrix and
then irradiated with a laser beam to generate gas-phase ions. The matrix is used to isolate
the sample molecules from each other for lower desorption energy, and to absorb laser
light with a wavelength at which the analyte has a very weak absorbance. Absorption of
energy from the laser beam causes evaporation and ionization of analytes67. Despite
different lasers can be used in MALDI, ultraviolet lasers including Nitrogen lasers are
most commonly used. The MALDI ionization has an advantage that the ionization
efficiency isn’t affected by the increase of the mass and size of the molecules,66 however,
it also suffers from the disadvantage of the presence of metastable ions formed by ions
decomposing during flight. MALDI primarily produces intact singly charged molecular
ions. MALDI method is reasonably tolerant toward the presence of salts, buffers and
other addictives68 and is very sensitive in the range from 100 femtomole to 2 picomole.
As a result, MALDI is very useful as one of the two widely used ionization methods for
biopolymers such as proteins and glycans for mass spectrometry.
In 1980s, John Bennett Fenn and coworkers introduced ESI as an important
interface for biological macromolecules solution samples to mass spectrometry69,70. In
ESI, a stream of liquid containing the sample is passed through a capillary and an
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electrospray is produced by applying a high voltage to the capillary. A flow of dry
nitrogen is often used to expedite evaporation of the solution and droplet shrinkage.
Finally, the analyte molecules are stripped of solvent molecules to form gas phase ions71.
There are two major theories that explain the final production of gas-phase ions. The ion
evaporation model (IEM) suggests that as the droplet reaches a certain radius the field
strength at the surface of the droplet becomes large enough to assist the field desorption
of solvated ions72. In the other hand, the charged residue model (CRM) suggests that
electrospray droplets undergo evaporation and fission cycles, eventually leading progeny
droplets that contain on average one analyte ion or less. The gas-phase ions form after the
remaining solvent molecules evaporate, leaving the analyte with the charges that the
droplet carried73. Unlike MALDI technique, ESI usually produces multiply charged ions,
which allows the analysis of very large molecules in case that the detection range of the
mass analyzer is relatively small. This ionization technique can be coupled with almost
all types of mass analyzers available. Another important advantage of ESI is that it can be
coupled to liquid separation techniques such as HPLC with mass spectrometer in a realtime mode74. Nanoelctrospray (nanoESI) operates at much lower flow rates (1000~10
nl/min compared to 1000~10 µl/min for normal ESI) generate much smaller initial
droplets by significantly reducing the needle tip diameter from 20~150 µm to 2~50 µm,
which ensure improved ionization efficiency75. Nanospray brings the benefits of high
sensitivity at femto-attomole level, better tolerance toward buffer and lower sample
requirements compared to low-flow rate ESI76.
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Linear Ion Trap
In a linear ion trap, ions are confined radially by a two-dimensional (2D) radio
frequency (RF) field, and axially by stopping potentials applied to end electrodes. In
comparison to three-dimensional (3D) Paul traps77, linear traps have higher injection
efficiencies and higher ion storage capacities78. In a Thermo LTQ XL mass spectrometer
(LTQ stands for ‘‘linear trap quadrupole’’), the linear ion trap is a square array of
precision-machined and precision-aligned hyperbolic rods. In each quadrupole rod
section, rods opposite each other in the array are connected electrically. Thus, the four
rods of each section can be considered to be two pairs of two rods each. DC potentials are
applied to trap ions in the Z direction while An AC voltage of constant frequency and
amplitude is applied to the X and Y rods to trap ions in the X and Y direction. Helium is
utilized as dampening gas when trapping to decrease the kinetic energy of the ions being
trapped. The motion of ions in quadrupole fields is described mathematically by the
solutions to a second-order linear differential equation described by Mathieu in 186879,
which can only be solved numerically or equivalently by computer simulations. The mass
spectrum is obtained by scanning the fields at which ions are ejected from the analyzer.
LTQ allows a larger volume chamber, in possession of improved trapping efficiency and
increased ion storage capacity and is capable of MSn analysis. As a result, LTQ provides
higher sensitivity, resolution and mass accuracy at similar mass range than conventional
3-D ion trap and is a robust tool for biochemical analysis80,81.
Orbitrap
Orbitrap technology was first described in 200082 and has now achieved goldstandard status in the world of mass spectrometry. Compared to conventional ion traps
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such as the Paul and Penning traps, the orbitrap uses only electrostatic fields instead to
confine and analyze injected ion populations83. The Orbitrap mass analyzer is axially
symmetrical and consists of a spindle-shape central electrode surrounded by a pair of
bell-shaped outer electrodes. In the Orbitrap, stable ion trajectories combine rotation
around an axial central electrode with harmonic oscillations along it. The frequency ω of
these harmonic oscillations along the z-axis depends only on the ion mass-to-charge ratio
m/q and the field curvature (k). The outer electrode of the orbitrap, which has two split
halves, detect the image current produced by the oscillating ions. By Fast Fourier
Transformation (FFT) of the image current, the instrument obtains the frequencies of
these axial oscillations and therefore the mass-to-charge ratios of the ions. As the first
high-performance mass analyzer to employ ion trapping in an electrostatic field, the
Orbitrap mass spectrometer easily achieves ultra-high resolution (>100,000) with high
mass accuracy (<1 ppm), a wide dynamic range (up to 5,000), fast scanning, and
uncompromised sensitivity. In addition, its relatively low cost, simple design and high
spacecharge capacity make it suitable for tackling complex scientific problems in which
high performance is required84. Coupled with linear ion trap which possesses the MSn
capability, Orbitrap has proven to be a robust mass analyzer for proteomics, glycomics
and studies of post translational modifications.
Electron Transfer Dissociation (ETD)
In 1998, McLafferty and coworkers85 introduced a unique method for
peptide/protein ion fragmentation: electron capture dissociation (ECD). In ECD, low
energy electrons are reacted with peptide cations in the magnetic field of a Fourier
transform ion cyclotron resonance mass spectrometer (FT-ICR-MS). With ECD, peptide
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backbone cleavage is relatively indifferent to either peptide sequence or length. More
importantly, ECD does not cleave chemical modifications from peptide and thus labile
post-translational modifications remain intact with ECD. However, ECD requires an FTICR mass spectrometer, which is the most expensive MS instrument86. Also, ECD is
relatively inefficient since it takes a long time for a scan so it is hard to combine with a
chromatography. As a new method using ion/ion chemistry to fragment peptides, ETD
was introduced to the proteomics community86,87. ETD fragments peptide by transferring
an electron from a radical anion to a peptide cation. The ion/ion reaction can be described
like this:
(M + nH)n+ + A-• → (M + nH)(n-1)+• + A → fragments
Here A-• is the reacting anion. This reaction results in the fragmentation of
peptide backbone, causing the same cleavage just like what ECD does and producing c
and z ions. ETD preserves post-translational modifications that are labile with CAD and
makes it possible to obtain the sequence information of the peptide87. A large-scale study
of ETD performance has been done, as compared to ion trap CAD, which proves that
ETD outperforms CAD for all charge state greater than two88. We can also use ETD to
address the problems we may encounter when using CAD to deal with the labile posttranslational modifications, such as phosphorylation and glycosylation89-95.
1.3.2 Assignment of Glycan Structures
The advances in the mass spectrometry technologies have extremely facilitate the
study of glycomics, especially the research focusing on structural analysis of all the
glycans in a given biological system, which is prerequisite to fully understanding the
functional glycomics96,97. Due to several facts of glycan structures, namely, the diversity
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of the anomeric configurations, interglycosidic linkages and variety of branching attached
to the glycosylation sites, the assignment of glycan structures can be more complicated
than peptide sequencing. A typical mass spectrometric analysis of glycan structures
involves release of the intact glycans using enzymatic or chemical methods, appropriate
derivatization to improve detection sensitivity and resolution and characterization by full
mass spectrum scan or MSn analysis. Separation and characterization by high
performance liquid chromatography is sometimes a necessity for better recovery of
glycan identifications.
Glycans can be released from proteins either by chemical reaction or enzymatic
release. Since there is no specific enzyme to cleave O-linked glycans from peptide
backbone, O-linked oligosaccharides are typically released chemically by a β-elimination
reaction98-100. N-glycans cab be released from glycoproteins using a wide variety of
endoglycosidases, exoglycosidases and glycoamidases, however, the most widely used
enzyme for releasing intact N-glycans is Peptide N-glycosidase F (PNGase F)101-104.
Prior to mass spectrometric analysis, glycans are usually processed by
derivatization to enhance the hydrophobicity of glycans and increase the signal strength
and provide more structural information in tandem mass spectrometry analysis.
Permethylation is the most widely used derivatization method used for mass
spectrometric analysis of oligosaccharides105. The addition of methyl groups stabilizes
the sialic acid residues by converting highly polar –OH and –COOH groups into nonpolar. Methylated glycans are hydrophobic so they can be easily separated from salts
other impurities. And also fragmentation of methylated glycans is more predictable than
their native counterparts leading to accurate structural assignment106. Besides
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permethylation, fluorescent tags to the reducing ends such as 2-aminobenzoic acid (2AA), 2-aminobenzamide (2-AB) and 2-aminopyridine (2-AP) are used for
chromatographic detectability107,108.
Extensive research has been done to study the fragmentation mechanisms for
glycans since tandem mass spectrometry is extremely useful to achieve directly or
indirectly structural information of the composition, sequence, branching and
interglycosidic linkages of glycans109-111. Based on the nomenclature developed by
Domon and Costello112 (Figure 1.1), glycans fragmentation ions containing the nonreducing terminus are labeled with capital letters from the beginning, as A, B, C; those
containing reducing end are labeled with letters from the end, as X, Y, Z; subscripts
indicate the position of the cleavage corresponding to each end; superscripts mean the
bond positions of cleavages in cross-ring fragmentation. The total ion mapping (TIM)
was utilized to detect and quantify the prevalence of individual glycans in the total glycan
profile113,114. In a TIM mode, automated MS and MS/MS spectra are obtained in
collection window of a given width. The m/z range from 500 to 2000 is scanned in these
successive collection windows, which also have overlap with each other. Due to the
immaturity of high-throughput glycan identification software, manual structural
assignment of glycans according to individual MSn spectra is still required. In recent
years, more and more automatic or semi-automatic computer programs for glycan
structure assignment based on mass spectra such as SimGlycan115, GlycoWorkbench116
and etc. have been developed to save enormous time and effort.
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1.4 QUANTITATIVE GLYCOMICS
It is one of the major challenges in the fields of –omics to develop relativequantitative analysis technologies that are able to generate meaningful data to compare
the expression levels of targeted molecules in different biological samples or
developmental states. For proteomics people already have some powerful tools in hand.
In two-dimensional (2D) gel electrophoresis, which has been traditionally performed for
quantitative proteomics, the relative quantitation is achieved by recording differences in
the staining intensity of protein spots derived from two states of differently labeled cell
populations or tissues117-119. Since mass spectrometry has fulfilled its role as a rapid and
reliable method for proteomics study, MS signal intensities, ion chromatograms, spectral
counts, accurate mass retention time pairs and more other protein/peptide behaviors under
MS have been used as label-free methods to quantify the changes in protein abundances
120-123

. Notably mass spectral peak intensities, peptide counts, spectral counts that add all

the MS/MS spectra observed for peptides derived from a single protein in an LC-MS/MS
analysis become very important tools for label-free quantitative proteomics because
proteins that are more abundant in a sample have a higher probability of being identified
during data dependent MS/MS scanning124-127. Other than label-free methods, stable
isotopic labeling methods are more popular in recent years because unlike label-free
methods, they are not suffering some shortcomings such as the varying response of
instrument from time to time and different ionization efficiencies depending on species of
analytes or other factors. Stable isotope labels can be incorporated by chemical
approaches (in vitro) or through metabolic incorporation (in vivo). For example, ICAT
(Isotope-Coded Affinity Tags) developed by Gygi chemically target specific amino acids,
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typically cysteine, in the peptide sequence for differential labeling128-130. In the 18O
labeling strategy, the heavy 18O isotope is introduced into the C-terminus of peptides by
performing the digestion in H218O. The proteolytic reaction involved in 18O labeling can
be performed in a variety of enzymes, such as trypsin, LysC, GluC, etc.131,132. Another invitro labeling strategy for quantitative proteomics that gets really popular in recent years
is iTRAQ (Isobaric tag for relative and absolute quantification), which allows the relative
and absolute quantification at the MS2 level of up to eight samples133,134. Stable isotopes
can also be introduced into biological systems through metabolic labeling. For instance,
SILAC (Stable Isotope Labeling with Amino Acids in Cell Culture) provides a simple,
robust and powerful method for the incorporation of an isotopic label into proteins prior
to MS based proteomics135-137. In SILAC, Cells are differentially labeled by growing
them in light medium with normal amino acids (lysine or arginine) or medium with heavy
amino acids. Metabolic incorporation of the amino acids into the proteins results in a
mass shift of the corresponding peptides. This mass shift can be detected by a mass
spectrometer. When both samples are combined, the ratio of peak intensities in the mass
spectrum reflects the relative protein abundance. An advantage of this method is the early
combination of samples after labeling in cell culture, which means that they will be
subjected to identical downstream workflow throughout sample processing and analysis,
thus minimizing technical variability.
Compared to proteomics, analytical technology for comparable glycomics is not
that mature. However, people in the field of glycomics are always trying to follow the
steps of proteomics and adapt some of the quantitative proteomics tools for glycomic
analysis successfully (Table 1.1). For example, the method of total ion mapping (TIM),
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which is a label-free strategy, is capable of identifying glycan structures based on
fragmentation information from tandem MS and quantifying the prevalence of each
glycan structure by reconstructed ion chromatogram or by normalizing each ion intensity
seen on the mass spectrum to the total of them113. As for in-vitro isotopic labeling
methods, several groups have used heavy methyl iodide (13CH3I, 12CDH2I, 12CHD2I,
and/or 12CD3I) to label glycans during the permethylation procedure which is normally
performed before MS analysis for both N- and O-linked glycans. Then the glycan
samples incorporated with heavy isotopes will be mixed with samples processed with
standard permethylation using light methyl iodide (12CH3I)113,138,139.
1.5 ISOTOPIC DETECTION OF AMINOSUGAR WITH GLUTAMINE (IDAWG)
In 2009, IDAWG (Isotopic Detection of Aminosugars With Glutamin) was
reported as the first in-vivo stable isotopic labeling strategies for quantitative glycomics
140

. The IDAWG methodology takes advantage of hexosamine biosynthetic pathway that

shows that the side chain of glutamine is the only source to provide nitrogen when
producing the aminosugars. As a result, if the cells are fed with Gln-free media and
glutamine with a 15N-labeled side chain, all the aminosugars including GlcNAC, GalNAc
and sialic acids produced in cells will be labeled with 15N and thus the mass of all glycan
structures will be shifted by +1 dalton per aminosugar. As an in-vivo labeling strategy,
IDAWG shares some advantages with SILAC over in-vitro labeling methods. After the
labeling, the 15N-labeled sample can be mixed with normal sample immediately after the
cell harvest or the cell lysis. Thus the glycans from two cell types are subjected to the
same experimental conditions for glycan release and permethylation until they are
analyzed by MS, which will dramatically reduce the possibilities of differential losses
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that can make serious problems as it does to samples treated separately in a parallel way.
The IDAWG technology has been used to analysis both N- and O-linked glycans released
from murine embryonic stem cells successfully140,141. The overlapping of isotopic peaks
corresponding to light and heavy species increases the complexity of mass spectra and
requires software solution due to the difficulties of data analysis. Despite this, the
IDAWG strategy is still predicted to be useful to various comparative glycomic studies in
future.
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Figure 1.1 Glycans fragmentation nomenclature, after Domon and Costello112

37

Table 1.1 Quantitative Strategies for Proteomics and Glycomics
LABELING STRATEGY

PROTEOMICS

GLYCOMICS

Label-rree

Spectra count

TIM/Prevalence

In-vitro
In-vivo

18

O-H2O labeling
SILAC

38

13

C-CH3I or CD3I
Permethylation
IDAWG

CHAPTER 2
QUANTITATIVE GLYCOMICS OF CULTURED CELLS USING ISOTOPIC
DETECTION OF AMINOSUGARS WITH GLUTAMINE (IDAWG)1

1

Meng Fang, Jae-Min Lim and Lance Wells, Current Protocols in Chemical Biology,
2009, ISBN: 9780470559277
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ABSTRACT
IDAWG (Isotopic Detection of Aminosugars With Glutamine) is a newly reported
in vivo stable isotopic labeling strategy for quantitative glycomics of cultured cells. This
unit provides detailed procedures for glycan analysis using IDAWG including labeling,
release of both N- and O-linked glycans, permethylation and mass spectrometry analysis.
The methods for data processing and calculations are also introduced here but have not
yet been automated.
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INTRODUTION
Glycomics is the comprehensive study of the entire complement of complex
carbohydrates, often called glycans, that are polymers of monosaccharides often found
attached to proteins and lipids1. As a post-translational modification, glycosylation plays
critical roles in numerous physiological processes including protein folding and cellular
signaling, and altered carbohydrate expression is a common feature of many types of
cancers2. One of the important tasks for glycomics is to develop technologies capable of
comparative, relative-quantitative analysis for examining global alterations of glycans
between different biological samples. Following the steps of proteomics, several nonisotope-based and stable-isotope-based labeling strategies have recently been developed
for quantitative glycomics by mass spectrometry3-5.
This unit provides the detailed protocols for Isotopic Detection of Aminosugars With
Glutamine, termed as IDAWG, that is the first in-vivo cell culture isotope-labeling
strategy for glycan analysis6. The methods of labeling the aminosugars (GlcNAc,
GalNAc and sialic acid) with amide-15N-Gln in cell culture and the detection of these
aminosugars in both N- and O-linked glycan structures are described in the basic
protocols. The mathematical calculations used to calculate Under-incorporation rate and
relative ratios of light/heavy species are described in the support protocols.

EXPERIMENTAL
Basic Protocol 1: Cell Culture For IDAWG Labeling
This basic protocol is for labeling any cells in culture. Due to large differences in
metabolic flux, different cells must be cultured in heavy Gln for different periods of time
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to achieve a high degree (>95%) of labeling. In our hands, hESCs that divide quickly,
doubling time of ~30 hours, and are very metabolically active label to completion in 72
hours (changing the media every 24 hours). However, we have also labeled differentiated
3T3-L1 adipocytes, that are post-mitotic, that required six days of labeling to achieve
>90% labeling. Thus, the time of labeling must be adjusted for each individual cell line
but since the label is relatively inexpensive, one week of labeling is a good starting point
for an unknown cell type and under-incorporation can be calculated (see supplementary
protocols). This one-week labeling is a starting point that can be adjusted based on the
metabolic activity and to some extent the doubling time of the cells. In terms of scale, it
is recommended to begin with a minimum of 2 X 106 cells (scaling up for making protein
powder, below, is straightforward) per growth condition.
1. Grow cells as normal using Gln-free media (Invitrogen) supplemented with Gln as
described in the next step.
2. Supplement the media with either amide-15N-Gln (98%) (Cambridge Isotope
Laboratories, Inc) or corresponding normal abundance 14N-Gln at 2 mM final
concentration.
3. Change the media daily and allow the cells to grow for at least 72 hours in heavy label.
4. Cells must not be harvested using trypsin as it will cleave off many of the cell surface
glycoproteins. Instead adherent cells should be harvested by scraping in PBS.
Basic Protocol 2: N- and O-linked Glycan Analysis with IDAWG
This basic protocol describes the detailed procedure for analysis of both
permethylated N- and O-linked glycans released from cultured cells via mass
spectrometry. The cells will be first lysed, delipidated and turned into protein powders.
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Both N- and O-linked glycans will be released from the protein and the permethylation of
glycans will be performed (see Figure 2.1). Permethylated glycans are then analyzed
using high-resolution mass spectrometry. To compare the quantities of each glycan
structures in different samples, the protein powders of normal and 15N-labeled samples
are mixed together by weight (See Basic Protocol 2) or by cell number upon culture
harvesting. To calculate the under-incorporation rate for each glycan, which is crucial for
the calculation of the ratio of light/heavy structures, an extra analysis of pure 15N-labeled
sample with exactly the same procedure can be performed. (See Support Protocol 1)
1. Materials
Cell pellets from cell culture (see Basic Protocol 1)
Methanol, HPLC grade
Chloroform, HPLC grade
18.2 mega ohm (Milli-Q) water
Acetone, HPLC grade
40 mM NH4HCO3 buffer (pH 8)
Trypsin (2 mg/ml in 40 mM NH4HCO3, store at -20ºC) (pH 8)
Chymotrypsin (2 mg/ml in 40 mM NH4HCO3, store at -20ºC) (pH 8)
2 M urea in 40 mM NH4HCO3 (made fresh)
5% and 10% (v/v) acetic acid
Acetonitrile, HPLC grade
Isopropanol, HPLC grade
20% (v/v) isopropanol in 5% acetic acid
40% (v/v) isopropanol in 5% acetic acid
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100 mM sodium phosphate (pH 7.5)
Peptide-N-glycosidase F (PNGase F, 7.5µg/µl, store at 4 ºC) (Prozyme)
1 M sodium borohydride (made fresh)
AG 50W – X8 resin (BIO-RAD)
To prepare the resin stock, the AG 50W – X8 resin is washed with methanol for
three times and incubated overnight at room temperature. Then wash with methanol, 1M
hydrochloric acid and 5% acetic acid respectively and keep the stock at 4 ºC.
1 M HCl
Acetic acid, glacial, HPLC grade
50% w/w sodium hydroxide solution
Anhydrous methanol (99.8%, Sigma)
Anhydrous dimethyl sulfoxide(99.9%, Sigma)
Iodomethane (99.5%, Aldrich)
Dichloromethane, HPLC grade
1 mM NaOH in 50% methanol
10 ml dounce homogenizer
1.5 ml ependorf tubes and 8 ml screwtop glass tubes, pre-cleaned with methanol
Heating block (e.g., Fisher Isotemp 125D)
Scientific Industries Vortex Genie 2 or equivalent
Sonicator
Incubator
Test tube rocker
Speed-Vac concentrator
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BakerbondTM spe Octadecyl (C18) Disposable Extraction Columns (J.T.Baker)
VWR Clinical 50 centrifuger or equivalent
Pierce Reacti-Vap Evaporating Unit and Reacti-Therm Heating/Stirring Module
Fused-silica emitter (360 Å~ 75 Å~ 30 µm, SilicaTip , New Objective)
TM

LTQ-Orbitrap XL mass spectrometer with nano ESI source (ThermoFisher) or equivalent
Additional reagents and equipment for performing cell culture
2. Cell Lysis and Delipidation
1. Take cell pellet (~2 x 106 cells) that has been washed in PBS and add water to 100 µl
and put in a 1.5 ml eppendorf tube.
2. Add 500 µl ice-cold methanol to the tube and move the cells to a 10 ml dounce
homogenizer.
3. Disrupt the cells well on ice by dounce homogenization (6-8 strokes) then transfer the
mixture to a 8 ml glass tube (glass tubes are weighted first).
4. Add 3.5 ml methanol, 1.5 ml water and 2 ml chloroform give a final ratio of
chloroform/methanol/water equal to 4:8:3.
5. Incubate the mixture for 3 hours at room temperature with end-over-end agitation to
extract lipids.
6. Centrifuge 30 minutes at 3300Å~g, 4ºC.
7. Remove the supernatant, add 4 ml methanol, 1.5 ml water and 2 ml chloroform to the
insoluble materials and incubate for 2 more hours at room temperature to extract the
lipids again. (Note: supernatant can be discarded or stored for analysis of glycolipids.)
8. Centrifuge 30 minutes at 3500 rpm, 4ºC and remove the supernatant.
9. Add 1 ml water to the insoluble materials in glass tube and vortex it well.
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10. Add 6 ml ice-cold acetone in glass tube and vortex it well to precipitate the proteins.
11. Incubate for 10 minute on ice and then centrifuge 30 minutes at 3500 rpm, 4ºC and
remove the supernatant.
12. Repeat steps 9-11 two more times.
13. Dry the insoluble protein powder under a stream of nitrogen at 40 ºC.
14. Weight the protein powders.
15. Take the same amount of protein powder (3-5 mg each) of normal and 15N-labeled
cell populations and mix together to release glycans. (In this protocol, we introduce the
method of mixing samples by weighting protein powder. Alternatively, cells labeled light
and heavy can be combined before step 1 based on accurate equal cell numbers.).
3. Release of N-linked Glycans
16. Resuspend the mixed protein powder in a 8 ml glass tube with 200 µl of 40 mM
NH4HCO3 then boil at 100 ºC for 5 minutes.
17. After cooling to room temperature, add 25 µl of trypsin solution (2 mg/ml in 40 mM
NH4HCO3) and 25 µl of chymotrypsin (2 mg/ml in 40 mM NH4HCO3). Then add 250
µl of 2 M urea to result in urea with final concentration of 1 M.
18. Incubate the solution for 18 hours at 37 ºC to digest the proteins. After incubation,
boil the solution for 5 minutes to deactivate the enzymes.
19. After cooling to room temperature, add 500 µl 10% acetic acid to the solution then
load the solution onto a Sep-Pak C18 cartridge column.
The Sep-Pak C18 column should be equilibrated before use. Normally wash the column
three times with 100% acetonitrile followed by three washes with 5% acetic acid.
After loading all the sample, wash the column with 1 ml of 5% acetic acid three times.
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Then put collection glass tubes under columns and elute the peptides stepwise, first with
1 ml of 20% isopropanol in 5% acetic acid, then with 1 ml of 40% isopropanol in 5%
acetic acid and finally with 1 ml of 100% isopropanol. Mix the elutes and dry down in
speed-vac to get rid of solvents.
20. Resuspend the peptides with 45 µl of 100 mM sodium phosphate (pH 7.5) and then
add 5 µl PNGase F stock to release the N-linked glycans from the peptides for 20 hours at
37 ºC.
21. After PNGase F digestion, add 450 µl of 5% acetic acid to solution then load solution
onto equilibrated Sep-Pac C18 columns (see Step 19 for equilibration). Elute the Nlinked glycans with 1 ml of 5% acetic acid for three times and collect in a glass tube. Dry
down in speed-vac for permethylation (proceed to step 28). (Note: peptides can be eluted
as well if desired with a high organic solvent percentage in the 5% acetic acid).
4. Release of O-linked Glycans
22. In a glass tube, add 1 ml of 1 M sodium borohydride to mixed protein powder made
in step 15, vortex and sonicate the sample tube in water bath quickly and then incubate
for 18 hours at 45 ºC.
23. After incubation, cool the sample to room temperature. Add 10% acetic acid dropwise
to the tube while vortexing it until bubbling stops.
24. Pack 1 ml bed volume of resin stock into a Pasteur pipette to make the cation
exchange column and wash the column with 2 mL methanol, 1 mL 1M hydrochloric acid
and 2 mL 5% acetic acid.
25. Load sample onto resin columns, elute the O-linked glycans with 7 ml of 5% acetic
acid and collect in a glass tube. (Note: peptides can be recovered with high salt or high
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pH wash if desired). Dry down in speed-vac.
26. Add 1.5 mL of methanol/glacial acetic acid mixture with a ratio of 9:1 and then dry
the sample under a stream of dry nitrogen. Repeat this step two more times to remove the
borate. Proceed to step 28 for permethylation.
5. Permethylation
27. Prepare the dry sodium hydroxide solution for permethylation:
1) In a glass tube, combine 100 µl of 50% w/w sodium hydroxide solution and 200 µl
anhydrous methanol and vortex briefly.
2) Add 4 ml anhydrous dimethyl sulfoxide (DMSO) and vortex.
3) Centrifuge the tube quickly at 3000 rpm at room temperature and pipette off dry
DMSO, salts and white residue with clean sodium hydroxide solution left in the tube.
4) Repeat step 2) and 3) four-five more times to remove all the white residues in the tube.
5) Once the tube is clean, add 2 ml dry DMSO and pipette up and down gently.
28. Add 200 µl dry DMSO to the released N- or O-linked glycan samples (from steps 21
or 26), purge the tube with dry N2 to remove air. Then sonicate in water bath for 2
minutes and vortex quickly to dissolve sample.
29. Add 250 µl of the prepared sodium hydroxide solution to sample tube, purge with dry
N2 and sonicate in water bath quickly.
30. Add 100 µl iodomethane with 500 µl micro syringe to the sample, purge with dry N2
and vortex vigorously for 5 minutes.
31. Add 2 ml water and bubble off iodomethane with dry N2 gently. After the solution
becomes clear, add 2 ml dichloromethane and vortex.
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32. Centrifuge the tube quickly at 3000 rpm at room temperature and then remove the top
aqueous layer.
33. Add 2 ml water, vortex and centrifuge quickly at 3000 rpm at room temperature, and
then remove the aqueous layer.
34. Repeat step 33 four more times and dry the sample under gentle stream of dry N2.
6. Mass Spectrometry analysis of Glycans
35. Dissolve the permethylated N- or O-linked glycans respectively in 30 µl of 100%
methanol. Take 15 µl of the solution to a 1.5 ml eppendorf tube, add 35 µl of 1 mM
NaOH in 50% methanol to make a final volume of 50 µl.
36. Infuse the solution directly into the mass spectrometer using a nanospray ion source
with a fused-silica emitter (360 Å~ 75 Å~ 30 µm, SilicaTipTM, New Objective) at 2.0
kV capillary voltage, 240 °C capillary temperature, and a syringe flow rate of 0.4 µl/min.
37. Acquire the full FTMS (Fourier Transform mass spectrometry) spectra at 400-2000
m/z in positive ion and profile mode with 2 microscans and 1000 maximum injection
time (ms). (Note: this step must be optimized for your particular instrument of choice and
can be combined with tandem mass spectrometry analysis of your analytes).
38. N- or O-linked glycan structures can be manually interpreted using glycoworkbench7
for example but is outside the scope of this review. Calculate the ratios of the same
glycan structures in each sample (normal and 15N-labeled) according to Support
Protocol.
Support Protocol 1: Calculating Relative Ratios Of Glycans
The IDAWG technology is designed to compare the quantities of each glycan
structure in different samples. Because the reagent with amide-15N-Gln used in cell
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culture to label the glycans is not 100% pure, there will be under-incorporation of 15N
for each glycan structure labeled. The under-incorporation rate could be different from
one structure to another and this value is needed when calculating the relative ratios.
Thus it is useful to perform an extra procedure of glycan analysis with just the 15Nlabeled sample alone instead of the mixture of both light and heavy. This support
protocol describes the mathematical calculations of underincorporation rate and relative
ratios of light/heavy species based on an example spectra of a 15Nlabeled N-linked glycan
structure (Figure 2.2 A) and a mixture of a light and heavy O-linked glycan structure
(Figure 2.2 B). It should be noted that a software package to automate the calculations is
currently under development.
1. Calculations of Under-Incorporation Rate
To calculate the Under-Incorporation rate, take the ratio of the area of peaks that
correspond to under labeling to the total area of all isotopic peaks resulting from one
glycan structure. For example, in Figure 2.2 A, the area of isotopic peak (labeled as
13

C015N0, 13C015N1, 13C015N2, 13C115N2, 13C215N2, 13C315N2, 13C415N2) is Ai (i=1, 2, 3, 4, 5, 6,

7), so the overall Under-Incorporation rate (UI) can be calculated as:
UI=

2
i=1 Ai
7
i=1 Ai

For any glycan structure, if the number of nitrogens in the molecule is K and the number
of isotopic peaks shown in the spectrum is M,
UI=

K
i=1 Ai
M
i=1 Ai

And the incorporation rate for each nitrogen can be calculated as:
𝐼𝑛𝑐𝑜𝑟𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 =
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!

(1 − 𝑈𝐼)

2. Calculations of Relative Ratios
1. Generate the theoretical isotopic patterns for the light structure by software called
“emass” written by the Somerharju Lipid Group, University of Helsinki.
(http://www.helsinki.fi/science/lipids/software.html)
2. In Figure 2.2 B, there are 7 major isotopic peaks observed in the spectrum. Calculate
the area of each peak (A1 through A7) using peak list and intensities extracted from
the spectrum. Due to the peak overlapping and under incorporation, both of the light
and heavy structures can contribute to the area of each peak. So if the actual area
resulting from light structure is L1 through L7, from heavy structure is H1 through H7,
then we have:
L1 + H1 = A1

(1)

L2 + H2 = A2

(2)

L3 + H3 = A3

(3)

L4 + H4 = A4

(4)

L5 + H5 = A5

(5)

L6 + H6 = A6

(6)

L7 + H7 = A7

(7)

3. If the ratio of theoretical isotopic pattern for the 7 peaks from the light structure is
P1(=1):P2:P3:P4:P5:P6:P7, which can be generated by using the software “emass”, we
can have:
L1 = L1 * P1 (P1 = 1)

(8)

L2 = L1 * P2

(9)
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L3 = L1 * P3

(10)

L4 = L1 * P4

(11)

L5 = L1 * P5

(12)

L6 = L1 * P6

(13)

L7 = L1 * P7

(14)

4. By the definition of under incorporation rate shown before,
!
!!! !"
! !"
!!!

𝑈𝐼 =

(15)

Determine the value of UI based on the spectrum for heavy labeled glycans. Given that
Hi = Ai - Li, rearrange equation 15, with a substitution of Hi into Ai and Li according to
equations 1 – 14, to yield equation 16:
L1=

A1+A2+A3-UI* 7i=1 Ai

(16)

P1+P2+P3-UI* 7i=1 Pi

5. After calculation of L1, calculate Li (i=2-7) and Hi (i=1-7) based on equations 1-16.
The equation for Heavy/Light ratio will be:
Amide-15N-GLN
14

Amide- N-Gln

=

7
i=1 Hi
7 L
i=1 i

(17)

6. For any glycan structure, if the number of nitrogens in the molecule is K and the
number of isotopic peaks shown in the spectrum of light/heavy mixture is M, the
equations 16 and 17 can be rewritten as
L1=

!
M
!!! !" -UI* i=1 Ai
! !" -UI* M Pi
i=1
!!!

(18)

M
i=1 Hi
M L
i=1 i

(19)

Amide-15N-GLN
14

Amide- N-Gln

=

Take the structures in Figure 2.2 B as an example, the ratio of theoretical isotopic
pattern for the 7 peaks from the light structure generated by using the software “emass” is

52

P1(=1):P2:P3:P4:P5:P6:P7 = 1:0.6517:0.264:0.0798:0.0198:0.0042:0.0008, and the total is
7
i=1 Pi

= 2.0203.
The peak areas can be calculated by extracting the peak list and peak intensities

from raw data and using the software “OriginPro 8” (http://www.originlab.com/) and the
areas are:
A1 = 288182.7; A2 = 180298.2; A3 = 91459.51; A4 = 276748.8; A5 = 153348.9; A6 =
54793.07; A7 = 10981.6; the total is

7
i=1 Ai

= 1055813.

UI (under-incorporation rate)_of this structure is 0.17 (using the calculating
method introduced before). Take all the values into equation (16) then we have
L1=

A1+A2+A3-UI* 7i=1 Ai
P1+P2+P3-UI* 7i=1 Pi

=

!""#"!.!!!"#$%".!!!"#$!.!"!!.!"×!"##$!%
!!!.!"#$!!.!"#!!.!"×!.!"!#

= 241979.6

After the calculation of L1, based on equations (9-14), we can calculate L2
through L7. Based on equations (1-7), we can then calculate H1 through H7. And the totals
are:
7
i=1 Li

= L1 + L2 + L3 + L4 + L5 + L6+ L7 = 488872

7
i=1 Hi

= H1 + H2 + H3 + H4 + H5 + H6+ H7 = 566941
Based on equation (19),
Amide-15N-GLN
=
Amide-14N-Gln

M
i=1 Hi
M
i=1 Li

=

566941
= 1.16
488872

COMMENTARY
Background Information
Glycomics comprehensively studies all the glycan structures in a given biological
system. The glycans are complex carbohydrates which are oligosaccharides chains
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usually linked to proteins and lipids1. Glycosylation is a process of covalent attachment
of glycan structures on protein backbones, which is one of the most common posttranslational modifications of proteins8. It has been estimated that glycosylated proteins
account for approximately 60-80% of all mammalian proteins at some point during their
existence and nearly 100% of all membrane and secreted proteins9. There are two main
ways that carbohydrate chains are linked to protein backbones: N-linked glycan is linked
through the side chain of an asparagine residue present in the tripeptide consensus
sequence – Asn-X-Thr/Ser (where X can be any amino acid except proline); O-linked
glycan is attached to the oxygen on the side chain of a serine or threonine8.
Each of these glycosylation sites can be attached with many different glycan structures.
Glycans often play critical roles in various physiological processes. The important
functions of glycans include but are not limited to: modulation of biological activity, cellcell recognition and interaction, distribution in tissues and signal transduction10. As
affected by different factors, the expression of glycans in a biological system can vary
with its species, tissue, developmental stage and even the genetic and physiological
state9. It has also been noticed that altered carbohydrates expression is a common feature
of many types of cancers2. Moreover, particular protein glycosylations may be altered
more specifically or frequently than their underlying core protein in certain disease state,
which is a potential advantage of using glycans for diagnostics11. Given all the important
roles of glycans in physiological processes, considerable effort has been taken to develop
technologies to identify and quantify the glycan structures in various environments.
It is one of the major challenges in the fields of –omics to develop relativequantitative analysis technologies that are able to generate meaningful data to compare
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the expression levels of targeted molecules in different biological samples or
developmental states. For proteomics people already have some powerful tools in hand.
Since mass spectrometry has fulfilled its role as a rapid and reliable method for
proteomics study, MS signal intensities, ion chromatograms, spectral counts, and accurate
mass retention time pairs have been used as label-free methods to quantify the changes in
protein abundances12-15. Other than label-free methods, stable isotopic labeling methods
are more popular in recent years. Among all these labeling methods, ICAT (IsotopeCoded Affinity Tags) as an in-vitro labeling strategy and SILAC (Stable Isotope Labeling
with Amino acids in Cell culture) as an in-vivo labeling strategy are broadly applied and
already commercialized16,17.
Compared to proteomics, analytical technology for comparable glycomics is not
that mature. However, the field of glycomics has followed in the steps of proteomics and
adapted some of the quantitative proteomics tools for glycomic analysis successfully. For
example, the method of total ion mapping, which is a label-free strategy, is capable of
identifying glycan structures based on fragmentation information from tandem MS and
quantifying the prevalence of each glycan structure by normalizing each ion intensity
seen on the mass spectrum to the total4. As for in-vitro isotopic labeling methods, several
groups have used heavy methyl iodide (13CH3I, 12CDH2I, 12CHD2I, and/or 12CD3I) to
label glycans during the permethylation procedure which is normally performed before
MS analysis for both N- and O-linked glycans. Then the glycan samples incorporated
with heavy isotopes are mixed with samples processed with standard permethylation
using light methyl iodide (12CH3I) prior to analysis3-5.
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In 2009, IDAWG (Isotopic Detection of Aminosugars With Glutamine) was
reported as the first in-vivo stable isotopic labeling strategies for quantitative glycomics6.
The IDAWG methodology takes advantage of the hexosamine biosynthetic pathway,
which uses the side chain of glutamine as the only source of nitrogen when producing
aminosugars. As a result, if the cells are fed with Gln-free media and glutamine with a
15

N-labeled side chain, all the aminosugars ( GlcNAc, GalNAc and sialic acids) produced

in the cells will be labeled with 15N and thus the mass of all glycan structures will be
shifted by +1 dalton per aminosugar (See Figure 2.3). As an in-vivo labeling strategy,
IDAWG shares some advantages with SILAC over invitro labeling methods. After the
labeling, the 15N-labeled sample can be mixed with the normal sample immediately after
the cell harvest or the cell lysis. Thus the glycans from two cell types are subjected to the
same experimental conditions for glycan release and permethylation until they are
analyzed by MS, which will dramatically reduce technical variability. The IDAWG
technology has been used to analysis both N- and O-linked glycans released from murine
embryonic stem cells successfully and is predicted to be useful for various comparative
glycomic studies in the future6.
Critical Parameters
The method of quantitative glycomics of cultured cells using IDAWG consists of
six steps: (1) Cell culture: cells are either fed with amide-14N-Gln or amide-15N-Gln. (2)
Cell lysis: differently labeled cell populations are lysed, delipidated and then mixed
together. (3) Release of glycans: N- and O-linked glycans are released from
glycopeptides enzymatically or chemically. (4) Permethylation: released glycans are
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permethylated prior to mass spectrometry analysis. (5) Mass spectrometry analysis and
data collecting. (6) Calculations of relative ratios.
For the cell culture step, labeling using amide-15N-Gln for three days should be
enough for embryonic stem cells to get a good incorporation rate. However, for those
cells with a relatively slower metabolic rate, longer labeling time is required in order to
get a high degree of labeling. A recommendation of 7 days is advised for new cell lines.
For the cell lysis step, there are three parameters to consider. First, the
delipidating solvent should have the ratio of chloroform:methanol:water equal to 4:8:3 or
it will introduce layers to the solvent and impair the delipidation. Second, washing with
ice-cold acetone and water after delipidation is crucial because acetone helps precipitate
proteins and water can dissolve oligomeric hexose ladders which are common
contaminants for glycan analysis. Third, if it is possible to count the cell number, mixing
the two cell populations together immediately after cell culture by the same cell number
instead of by the protein weight is also an option to perform the IDAWG experiments.
For the step of releasing O-linked glycans, an extra cleanup with C18 columns
may be added to the protocol to help remove the borate. The sample can be dissolved in
5% acetic acid and loaded onto the columns and eluted with 5% acetic acid. Throughout
all the procedures, when drying the sample under the stream of nitrogen gas, always keep
the drying time as short as possible. Staying too long under the nitrogen will likely reduce
the yield of the experiments because some product could be volatilized or displaced from
the tube by the nitrogen gas after the solution is dried.
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Low 15N incorporation rate
The 15N labeling time in cell culture is too short. Label embryonic stem cells for
three days and label differentiated cell types for at least seven days to get sufficiently
high (>90%) incorporation rates.
No glycans detected in mass spectrum
1. Incomplete enzymatic digestion or chemical reaction. Make sure the right amount of
enzyme or chemical reagents are used and right conditions are applied (see Basic
Protocol).
2. Too much contamination is introduced through all the procedures. Make sure the
protein powder is washed with acetone and water properly. All the eppendorf tubes, glass
tubes and pipettes must be pre-cleaned with methanol or the polymer peaks can dominant
in the spectra.
Anticipated Results
Example spectra are shown in Figure 2. The relative ratio of any glycan structure
with a similarly complete isotopic pattern (typically with more than 2 isotopic peaks
showing up) can be calculated using IDAWG. For example, more than 125 N-linked
glycans and 35 O-linked glycans have been identified by our group for mouse embryonic
stem cells using these protocols. Among these glycan structures, those that could be
reliably relatively quantified by IDAWG were approximately half (about 65 structures for
N-linked glycans and 20 for O-linked glycans, these glycans have more than 2 isotopic
peaks in the spectra which make the calculation reliable) Of course, some of these
quantified glycans are in fact isobaric mixtures and this should be taken into account
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when interpreting results. IDAWG is not able to separately quantify the isobaric
structures and thus a ratio is calculated based on changes in a set of isobaric structures.
Time Considerations
The cell culture needs at least 72 hours to label the cells and may take longer than
a week. The cell lysis and delipidation requires incubation of 5 hours to overnight. The
release of N-linked glycan requires two overnight incubations for digestion and the
release of O-linked glycan requires one overnight incubation for chemical reaction. The
time for drying samples in the speed-vac is variable depending on the efficiency of speedvac and solvent volume used. It takes less than 5 hours to perform permethylation and
mass spectrometry analysis. Thus, the entire procedure excluding the initial labeling and
data interpretation takes 3-4 days. We, working with others in the field, are currently
attempting to automate the calculations for under incorporation and relative ratios.
Furthermore, the introduction of spiked standard glycans is being explored so that
IDAWG labeling can be used to follow glycan turnover, remodeling, and synthesis.
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Figure 2.1 Schematic workflow of IDAWG labeling strategy for comparative glycomics.
We can eigher combine equal cell numbers before homogenization and delipidation to get
mixed protein powder or process the homogenization and delipidation before mixing the
protein powder by weight.
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Figure 2.2 Example mass spectra of IDAWG glycans. A. Isotopic pattern of 15N-labeled
N-linked glycan structure (Man8GluNAc2). B. Isotopic pattern of mixture of normal and
15

N-labeled O-linked glycan structure. Green circle: mannose; Blue square: GlcNAc;

Purple diamond: Neu5Ac; Yellow circle: galactose; Yellow square: GalNAc.
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Figure 2.3 Schematic of the hexosamine biosynthetic pathway that demonstrates that the
side chain of glutamine is the only source for nitrogen in the production of aminosugars.
If the cells are fed with Gln-free media and glutamine with a 15N-labeled side chain, all
the aminosugars including GlcNAc (blue square), GalNAc (yellow square) and sialic
acids (purple diamond) produced in cells will be labeled with 15N and thus the mass of all
glycan structures will be shifted by +1 dalton per aminosugar 6
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CHAPTER 3
GLYCOMIC PROFILING OF HUMAN EMBRYONIC STEM CELLS AND HUMAN
DEFINITIVE ENDODERMS WITH RELATIVE QUANTIFICATION USING THE
IDAWG TECHNIQUE1

1

Meng Fang, Jae-Min Lim, Michael Kulik, Jun Han, Sandii Brimble, Alison Nairn,
Kelley Moremen, Stephen Dalton, John Miller, Will York and Lance Wells
To be submitted to Journal of Proteome Research.
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ABSTRACT
Glycosylation is known to play an important role in many physiological processes
and numerous Mass Spectrometry-based technologies have been developed to compare
the glycan expression levels between different biological states. IDAWG (Isotopic
Detection of Aminosugars With Glutamine) was reported as the first in-vivo stable
isotopic labeling strategies for quantitative glycomics, which labels all the aminosugars
(GlcNAc, GalNAc and sialic acids) with 15N in cell culture. In our study, differentially
labeled human embryonic stem cells were used to validate the reliability and quantitative
accuracy of the IDAWG technology. Meanwhile, as focusing on the O-linked glycans,
we performed a global glycomic profiling of human embryonice stem cells and human
definitive endoderms derived from hESCs followed by a relative quantification of glycan
expression levels between hESCs and hDEs using the IDAWG technique, which revealed
a reciprocal change between poly-LacNAc and sialyation of O-linked core 2 structures
during the differentiation from hESCs to hDEs.
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INTRODUCTION
Glycosylation is one of the most common post-translational modifications of
proteins1 and as a comprehensive study of all glycan structures in a given biological
system, the glycomics has drawn more and more attentions2,3. It has been estimated that
glycosylation is occurring in up to half of all gene products4 and glycosylated proteins
account for approximately 60-80% of all mammalian proteins at some point during their
existence and nearly 100% of all membrane and secreted proteins5. Glycans often play
critical roles in various physiological processes such as cell development and
differentiation,6-11 cell-cell recognition and interaction,12,13 tumor growth and
metastasis,14-19 and immune recognition and response20-24. As affected by different
factors, the expression of glycans in a biological system can vary with its species, tissue,
developmental stage and even the genetic and physiological state and it has also been
noticed that altered carbohydrates expression is a common feature of many types of
cancers17. Besides, particular carbohydrate modifications may be altered more
specifically or frequently than their underlying core protein in certain disease state, which
is a potential advantage of using glycans for diagnostics25,26.
Given all the important roles of glycans in physiological processes and potential
application of glycans for disease diagnostics, considerable effort has been taken to
develop MS-based technologies to identify and quantify the glycan structures in various
environments and numerous strategies have been developed to compare the expression
levels of glycans between different biological states. Among all these analytical
techniques, the label-free methods27,28 are easy to implement and rely on the direct
comparison of normalized ion intensities from two or more glycan samples, however, the
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instrument response can differ over time and ionization efficiency can be affected by
different factors such as molecular weight, physical or chemical characters of analyte
molecules and the presence of other compounds competing or interfering with the
ionization of analyte. To overcome these issues, numerous stable isotope labeling
methods have been developed in recent years27,29,30. In 2009, IDAWG (Isotopic Detection
of Aminosugars With Glutamine) was reported as the first in-vivo stable isotopic labeling
strategies for quantitative glycomics, which labels all the aminosugars (GlcNAc, GalNAc
and sialic acids) with 15N in cell culture31. As an in-vivo labeling strategy, IDAWG
possesses a significant advantage over in-vitro labeling method, similar to SILAC for
proteomics,32 which is that after the labeling, the 15N-labeled sample can be mixed with
the normal sample immediately after the cell harvest or the cell lysis. Thus the glycans
from two cell types are subjected to the same experimental conditions for glycan release
and permethylation until they are analyzed by MS, which will dramatically reduce
technical variability. IDAWG technique is expected to provide for robust quantification
of glycan expression differences for various cell lines that can be differentially labeled
during cell culture.
Human Embryonic Stem cells (hESCs) are derived from the inner cell mass
(ICM) of blastocyst, an early stage embryo33. Studies of human embryonic stem cells can
provide for the information about the complex process of human development and the
course of some serious medical conditions such as cancer and birth defects. The
generation of cells and tissues by hESCs can also provide potential therapeutic
applications in tissue regeneration and transplantation34. Human embryonic stem cells
also retain the capacity to differentiate into the embryonic germ lineages including
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definitive endoderms from which a lot of organs of interest such as pancreas are
derived35,36. Since glycans are abundant components in the stem cell surface, efforts have
been put into the glycomic analysis of human embryonic stem cells for recent years. For
example, the pluripotency of human embryonic stem was defined using lectin microarray
analysis as a novel comprehensive approach for quality control in cell-based therapy and
regenerative medicine37. Besides, MALDI-TOF mass spectrometry has been used to
profile N-glycome of human embryonic stem cells and cells differentiated from them38.
Here in our study, we performed a global glycomic profiling of human embryonic stem
cells and human definitive endoderms derived from hESCs for both O- and N-linked
glycans, followed by a relative quantification of glycan expression levels between hESCs
and hDEs using the IDAWG technique. Meanwhile, by performing the IDAWG
experiment using differentially labeled hES cells, we were able to validate the
quantitative accuracy of the IDAWG technology and demonstrate the capability of the
IDAWG technology as a powerful tool for comparative glycomic studies in cell culture.

EXPERIMENTAL PROCEDURES
Cell Culture
The BG02 line of human embryonic stem cells (hESCs) and human definitive
endoderms (hDEs) differentiated from BG02 cells were cultured essentially as previously
described39. Briefly, the hESCs or hDEs were grown on gelatin coated petri dishes at
37oC under 10% CO2. The culture media was composed of Dulbecco’s modified Eagle’s
medium (DMEM, Invitrogen) supplemented with dialyzed fetal calf serum (FCS,

70

Commonwealth Serum Laboratories), 1,000U/ml recombinant murine leukemia
inhibitory factor (LIF) (ESGRO, Chemicon International) and 2 mM L-glutamine which
is either normal abundance 14N-isotope or amide-15N-Gln (98% purity, Cambridge
Isotopes, Inc). The media was changed daily and the cells were allowed to grow for 72
hours at which point they were harvested by dissociation buffer and scraping. The cell
pellets were washed with phosphate buffered saline (PBS) and stored at -80 oC until
analysis.
Preparation of Light/Heavy hESC/hDE Protein Powder and delipidation
Collected light and heavy labeled hES/hDE cell pellets were delipidated as
previously described31,40. Briefly, the pellets were disrupted on ice by Dounce
homogenization in ice-cold 100% methanol. To extract the lipids, chloroform and water
were added to the solvent mixture to give a final ratio of chloroform/methanol/water
equal to 4:8:3. The resulting mixture was incubated for 3 hours at room temperature with
end-over-end agitation. By centrifugation at 3,000rpm for 15min at 4oC, the insoluble
material was extracted again and incubated for 2 more hours. After washed with cold
water and cold acetone for three times, the final pellets of insoluble protein were dried
under a stream of nitrogen. For the relative quantification, the differentially labeled hESC
and hDE protein powders were mixed by weight at a ratio of 1:1.
Glycan Release and Permethylation
The release and permethylation of N- and O-linked glycans was essentially as
previously described27,28,31. Briefly, the resulting protein powders were either digested by
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trypsin and subjected to PNGase F treatment to release N-linked glycans or treated with
alkaline borohydride to release O-linked glycans by β-elimination. Released glycans were
cleaned up by reverse-phase columns and dried down before they were permethylated
with methyl iodide.
MS Analysis of the Permethylated Glycans
The glycans were analyzed as previously described27,28,31 on a hybrid linear ion
trap Orbitrap mass spectrometer (LTQ-Orbitrap, Thermo). Briefly, permethylated glycans
were dissolved in 15 µL of 100% methanol followed by the addition of 35 µL of 1 mM
NaOH in 50% methanol to make a total of 50 µL of solution and infused directly into the
mass spectrometer using a nanospray ion source with a fused-silica emitter (360 × 75 ×
30 µm, SilicaTipTM, New Objective) at a syringe flow rate of 0.4 µL/min. The capillary
temperature was set to 200 °C and MS analysis was performed in positive ion mode. Full
FTMS (Fourier Transform mass spectrometry) spectra in profile mode were collected at
400-2000 m/z for 30 sec with 5 microscans and 1000 maximum injection time (ms) and
resolution was set to be 60,000. For fragmentation by collision-induced dissociation
(CID) the centroid MS/MS spectra were acquired from 400 to 2000 m/z at 36%
normalized collision energy, 0.25 activation Q, and 30.0 ms activation time by total ion
mapping (TIM). Parent mass step size and isolation width was set at 2.0 m/z and 2.8 m/z
respectively for automated MS/MS spectra with TIM scans. All glycan structures were
manually interpreted based on in-house fragmentation rules and glycoworkbench
software41. The IDAWG quantification data was mainly deconvoluted and analyzed by
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GlycoQuant and the manual deconvolution method described before31,40 was used as a
supplement.
RESULTS AND DISCUSSION
Comparative glycomics of the hES/hDE cells with IDAWG strategy
Before we could apply IDAWG strategy to comparative glycomics of hES and
hDE cells, the natural population of each cell line was processed to generate N- and Olinked glycan profiles using ESI-LTQ-Orbitrap mass spectrometer. As an in-vivo labeling
strategy similar to SILAC for proteomics, IDAWG strategy carries a significant
advantage when applied to comparative glycomics, which is that the contribution of
handling and workup to overall variability can be minimized by mixing differentially
labeled cells together at the beginning of the analytic procedure: in this case, immediately
after the delipidation (Figure 3.1). Both N- and O-linked glycans were released,
permethylated and quantified by IDAWG.
For the quantification experiment, a newly designed instrumental method called
rolling trapping scans was applied to increase the signal to noise ratio of full mass spectra
and present more isotopic peaks for each individual glycan structures. Automated
MS/MS spectra without applying collision energy were acquired in this mode. For each
MS/MS scan, the instrument trapped the ions with a width of 100 m/z but only scanned
50 m/z around the center of the trapping window to ensure the trapping efficiency. The
trapping center of each scan was moved automatically by 25 m/z to the higher mass
region compared to its previous scan so that the range from 400 to 2000 m/z was covered
by these stepwise trapping scans (Figure 3.2).
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The glycan profiles of hES cells
N- and O-linked glycans were released respectively from hES cells and derived
hDE cells and permethylated prior to the analysis on a hybrid LTQ-Orbitrap instrument.
From the full spectra acquired for hES and hDE glycan sample (Figure 3.3 and Figure
3.S1), several predominant oligosaccharides, mainly singly or doubly charged high
mannose structures (Man5-9GlcNAc2) for N-linked and singly charged core 1, core 2 and
core 4 structures for O-linked glycans, can be detected and recognized. All samples were
subjected to total ion mapping analysis for detecting minor glycans and MSn method was
utilized to confirm structure assignments as necessary. In total, 22 O-linked glycans
(Table 3.1) and 86 N-linked glycans (Table 3.S1) were identified in hES sample
(isobaric structures were not counted). The N-linked glycans released from hES cells are
comprised of high mannose, hybrid and complex structures which can be classified into
four categories based on sialylation and fucosylation, while O-linked glycans cover core
1, core 2, core 4 and O-Man initiated structures and sialylated and fucosylated structures
are also seen in O-glycan profiles. The same glycan profiles were identified in hDE
sample, yet no evidences showed the existence of novel structures. To facilitate the
further quantifications by IDAWG, the prevalence of each glycan identified in hES
sample was calculated as the percentage of total profile which was taken as the sum of
peak areas of all quantified glycans (Table 3.1 and Table 3.S1).
IDAWG quantification of Light/Heavy hES cells
To demonstrate the quantitative accuracy of the IDAWG technology, hES cells
were labeled in Amide-15N-Glutamine media for a sufficient time and then mixed with
hES cells grown in media with light glutamine by weight with a ratio of 1:1 immediately
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after both cell populations were delipidated and converted to protein powder. N- and Olinked glycans were released from mixed samples and permethylated respectively and
full mass spectra were acquired using rolling trapping scans (Figure 3.4). The
experiments were performed three times to give technical triplicates. On the full spectra
of N- or O-linked glycans, the monoisotopic peaks representing the light structures and
their labeled counterparts are separated by a certain m/z value based on the number of
aminosugars and the charge state, however, the two series of isotopic peaks for
differentially labeled samples are overlapping with one another (Figure 3.4 and Figure
3.S2). For the purpose of deconvoluting the spectra of mixed samples and calculating the
ratios of heavy to light species, the same experiments may be processed only with heavily
labeled samples to give 15N incorporation rates for each quantified glycans (data not
shown). GlycoQuant was used to fit the spectra and quantified the differences between
light and heavy structures for all the N- and O-linked glycans with prevalence not less
than 1% in hES samples (Table 3.2 and Table 3.S2). The results are expressed by the
ratios of heavy structure amount over light structure and normalized against the average
of ratios for all glycans quantified. The ratio for each glycan shown in the tables is the
average for all three replicates. The averaged ratios are close to a theoretical value of 1:1
for equally mixed samples with a range from 0.62 to 1.04 for N-linked glycans and from
0.65 to 1.32 for O-linked glycans. The percentages of error for three replicates are also
calculated and the averaged error is 18.72% for N-linked glycans and 7.61% for O-linked
glycans. The standard deviation for ratios of all glycan quantified is 0.21 for O-glycan
and 0.13 for N-glycan. The results demonstrate that IDAWG technology is able to
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quantify the difference of glycan expression levels as low as a 2-fold change with
confidence.
Application of IDAWG for quantifying glycome change during differentiation from
hES to hDE
Human Embryonic Stem cells which are derived from the inner cell mass (ICM)
of blastocyst-stage embryos33 serve as an excellent model to study human development
and can also provide potential therapeutic applications in tissue regeneration and
transplantation34. Human ES cells also retain the capacity to differentiate into the
embryonic germ lineages including definitive endoderms from which a lot of organs of
interest such as pancreas are derived35. In this study we applied IDAWG to compare
glycan expression levels in human ES cells and human DEs. To quantify the glycome
change between hES and hDE with IDAWG technology, both hES and hDE protein
powders were mixed with their 15N labeled counterparts respectively with the same
weight to form two mixed samples --- Mixture 1 (non-labeled hES with labeled hDE) and
Mixture 2 (non-labeled hDE with labeled hES), then both N- and O-linked glycans were
released from these mixed samples, permethylated and subjected to the analysis by LTQOrbitrap instrument to acquire full spectra using rolling trapping scan method (Figure 3.5
and Figure 3.S3). In total, the quantifications of O-linked glycans were performed using
three sets of samples: two sets of Mixture 1 and one set of Mixture 2; the quantifications
of N-linked glycans were performed using four sets of samples: two sets of Mixture 1 and
two sets of Mixture 2. For O-linked glycan, each structure with prevalence over 1% was
quantified and the result was expressed as the ratio of abundance of this structure in hDE
cells over its abundance in hES cells and normalized against the median of ratios for all
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glycans quantified for each set of sample. The ratio for each structure is averaged for all
sets of samples performed (Table 3.3). There are 3 O-linked glycan structures that have
changed more than 2-fold during the differentiation from hES to hDE and they are: a
mono-sialylated core 2 structure (m/z 1344.69) elevated with a ratio of 2.64, a
disialylated core 2 structure (m/z 1705.86) elevated with a ratio of 2.54 and a polyLacNAc core 2 structure (m/z 1432.74) dropped with a ratio of 0.41. Since these 3
structures can be considered as derivatives of another core 2 structure (m/z 983.52)
modified with additions of sialic acid or LacNAc, these results suggest that, during the
differentiation of hES into hDE, the sialylation of core 2 structures becomes predominant
and it can impede the addition of LacNAc. This result agrees with our q-PCR result,
which shows the changes of glycosyltransferases in transcript level (Figure 3.6 and
Figure 3.S3). Our q-PCR result demonstrates an increase in the abundance of the
glycosyltransferases which adds the sialic acid (No.5) and a decrease in the abundance of
the glycosyltransferases which adds the LacNAc (No.6) during the differentiation from
hESCs to hDEs. For N-linked glycan, the ratios of 5 most abundant structures from each
category in Supplemental Table 1 are weighted by their prevalence and averaged to
demonstrate the trend of change for each type of N-glycan structures (Table 3.3).
Although none of these values reaches 2-fold change, it shows a slight decrease of the
abundance of high mannose structures and agrees with the results of previous studies38.
CONCLUSION
Herein, the differentially labeled human embryonic stem cells have been used to
validate the reliability and quantitative accuracy of the IDAWG technology by
quantifying the expression levels of released N- and O-linked glycans. The results
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demonstrate that the IDAWG technology is able to quantify the difference of glycan
expression levels as low as a 2-fold change with confidence. As focusing on O-linked
glycans, we perform a global glycomic analysis of human embryonic stem cells and
human definitive endoderms. The comparative quantitation of glycan expression levels
between hESCs and hDEs by the IDAWG technique discovers a reciprocal change
between poly-LacNAc and sialyation of core 2 O-linked structures accompanying the
differentiation from hESCs to hDEs, which agrees with the changes in transcript level.
Along with the maturity of the IDAWG software, we anticipate that the IDAWG
technique will become an important tool in the emerging field of comparative glycomics.
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Figure 3.1: Workflow of IDAWG labeling strategy for comparative glycomics of
hESC and hDE. Amide-15N-Gln or Gln is added to the media to label cultured cells.
Upon homogenization and delipidation, protein powders can be combined, then N-linked
and O-linked glycans isolated from mixed protein powders for permethylation and
tandem mass spectrometry analysis.
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Figure 3.2: Mass Spectrometry Method: Rolling trapping scans (without collision
energy). Automated MS/MS spectra without applying collision energy are acquired in
this mode. For each MS/MS scan, the instrument traps the ions with a width of 100 m/z
but only scans 50 m/z around the center of the trapping window to ensure the trapping
efficiency. The trapping center of each scan is moved automatically by 25 m/z to the
higher mass region compared to its previous scan so that the range of a typical full MS
scan (shown in the upper side) can be covered by these stepwise trapping scans.
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Figure 3.3: Detection and identification of O-linked glycans by LTQ-Orbitrap. Full
spectra from 700-2000 m/z of the permethylated O-linked glycans released from hESCs
(A) and hDEs (B). Major glycans identified by total ion mapping and MSn are shown.
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Figure 3.4: Quantitative analysis of O-linked glycans. A mixture of O-linked glycans
from a 1:1 mixture of light/heavy labeled hESCs was analyzed on an LTQ-Orbitrap.
(A) Quantiﬁcation of the disialyated T-antigen. (B) Quantiﬁcation of a monosialyated
core 2 structure.
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Figure 3.5: Quantitative analysis of O-linked glycans. A mixture of O-linked glycans
from a 1:1 mixture of light/heavy differentially labeled hESCs/hDEs was analyzed
on an LTQ-Orbitrap. (A) Quantiﬁcation of a disialyated core 2 structure. (B)
Quantiﬁcation of a poly-LacNAc core 2 structure. The ratios in (A) and (B) are already
normalized.
90

Figure 3.6: Relative Transcript Abundance of glycosyltransferases in hESCs and
hDEs. The q-PCR result shows an increase in the abundance of the glycosyltransferases
which adds the sialic acid (No.5) and a decrease in the abundance of the
glycosyltransferases which adds the LacNAc (No.6) during the differentiation from
hESCs to hDEs, which agrees with the results from the IDAWG quantification.
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Figure 3.S1: Detection and identification of N-linked glycans by LTQ-Orbitrap. Full
spectra from 700-2000 m/z of the permethylated O-linked glycans released from hESCs
(A) and hDEs (B). Major glycans identified by total ion mapping and MSn are shown
along with charge state (Z) if it is not singly charged.
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Figure 3.S2: Quantitative analysis of N-linked glycans. A mixture of N-linked
glycans from a 1:1 mixture of light/heavy labeled hESCs was analyzed on an LTQOrbitrap. (A) Quantiﬁcation of the high mannose structure. (B) Quantiﬁcation of a
monosialyated complex structure.

93

Figure 3.S3: Quantitative analysis of N-linked glycans. A mixture of N-linked
glycans from a 1:1 mixture of light/heavy differentially labeled hESCs/hDEs on an
LTQ-Orbitrap. (A) Quantiﬁcation of the high mannose structure. (B) Quantiﬁcation of a
monosialyated complex structure.
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Figure 3.S4: Relative Transcript Abundance.
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Table 3.1: Identification and prevalence of O-glycans released from hESCs. 24 Oglycan structures released from hESCs and hDEs are identified and they are listed in a
decreasing order of their prevalence in hESCs O-glycan pool.
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Table 3.2: Quantifying O-glycans released from 1:1 mixture of light/heavy labeled
hESCs.
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Table 3.3: Quantifying O-glycans released from 1:1 mixture of light/heavy
differentially labeled hESCs/hDEs
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Table 3.S1: Identification and prevalence of N-glycans released from hESCs.
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Table 3.S2: Quantifying N-glycans released from 1:1 mixture of light/heavy labeled
hESCs.
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Table 3.S3: Quantifying N-glycans released from 1:1 mixture of light/heavy
differentially labeled hESCs/hDEs. The ratios of 5 most abundant structures from each
category in Supplemental Table 1 are weighted by their prevalence and averaged to
demonstrate the trend of change for each type of N-glycan structures
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CHAPTER 4
ASSESSING THE DYNAMICS OF INDIVIDUAL GLYCANS RELEASED FROM
HUMAN ES CELLS USING THE IDAWG TECHNIQUE REVEALS THE
REMODELING OF SIALYATED GLYCAN STRUCTURES1

1

Meng Fang, Michael Kulik, Jun Han, Sandii Brimble, Jae-Min Lim, Stephen Dalton,
John Miller, Will York and Lance Wells
To be submitted to Journal of Proteome Research.
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ABSTRACT
IDAWG, as the first reported in-vivo isotopic labeling strategy for comparative
glycomics, provides new opportunities for assessing the dynamics of glycan turnover
during the course of any cellular behavior that can be induced or sustained in culture.
Previous glycan turnover studies that required incorporation of radioactive
monosaccharide and extensive subsequent fractionation were short of the resolution to
investigate individual glycan structures or glycan subsets. In our study, by performing the
Pulse-Chase experiments with IDAWG labeling strategy during the cell culture of human
embryonic stem cells, we are able to assess the dynamics of turnover for individual
glycans. More interestingly, by comparing the glycan spectra of pulse-chase samples with
the spectra of real mixtures of light and heavy sample, we have noticed an isotope
mixture that could only be explained by remodeling of the glycans and are able to
approximate the amount of remodeling occurring for a subset of structures,
predominantly those containing sialic acid residues.
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INTRODUCTION
In 2009, the methodology of IDAWG, Isotopic Detection of Aminosugars With
Glutamine, was reported as the first in-vivo stable isotopic labeling strategies for
quantitative glycomics1. The IDAWG takes advantage of the hexosamine biosynthetic
pathway that uses the side chain of glutamine as its sole donor source of nitrogen for
aminosugars in the production of sugar nucleotides. As a result, if the cells are fed with
Gln-free media and glutamine with a 15N-labeled side chain, all the aminosugars
including GlcNAC, GalNAc and sialic acids produced in cells will be labeled with 15N
and thus the mass of N- and O-linked glycans, glycolipids, and extracellular matrix
polysaccharides should all be shifted by +1 Da per aminosugar. The IDAWG technology
has been used to analysis both N- and O-linked glycans released from murine embryonic
stem cells successfully and it is also predicted to be useful to various comparative
glycomic studies in future. As the first reported in-vivo isotopic labeling strategy for
comparative glycomics, IDAWG not only shares some significant advantages of SILAC
for proteomics2-4, but the metabolic labeling of glycans using IDAWG also provides new
opportunities for assessing the dynamics of glycan turnover during the course of any
cellular behavior that can be induced or sustained in culture.
Most glycoconjugates are degraded in lysosomes and some the liberated
monosaccharides can be reused for glycoconjugate synthesis5,6. The degradation of
glycans is quite ordered and involves highly specific glycosidases. Although studies of a
series of human genetic disorders called lysosomal storage diseases have lead to the
understanding of these complex pathways of degradations of different glycoconjugates
such as N-7,8 and O-linked9 oligosaccharides chains and glycosaminoglycans, however,
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the assessment of the dynamics of turnover and synthesis of individual glycans has been
barely touched.
Previously, glycan turnover studies required incorporation of radioactive
monosaccharide and extensive subsequent fractionation to provide speciﬁc information
about the structure, sequence, and distribution of the sugar chains of glycoconjugates10,11.
Generally, the radiolabeling techniques were capable of a very sensitive detection of
glycan classes, but short of the resolution to investigate individual glycan structures or
glycan subsets. With the methodology of IDAWG, the synthesis and degradation of any
aminosugar-containing glycans can be evaluated by completely labeling cells with heavy
glutamine and then replacing the media supplement with light glutamine. The
implementation of Pulse-Chase experiments using IDAWG, with the analytic advantages
of high-resolution mass spectrometry, will move forward in our understanding of the
dynamics of glycan turnover with a sharp focus on individual glycans or glycan subsets.
Herein, we performed the Pulse-Chase experiments with IDAWG labeling strategy
during the cell culture of human embryonic stem cells. By analyzing permethylated
glycans released from human embryonic stem cells at different points of time using high
resolution LTQ-Orbitrap mass spectrometry, we are able to assess the dynamics of
turnover for individual glycans. More interestingly, by comparing the glycan spectra of
pulse-chase samples with the spectra of real mixtures of light and heavy sample, we
noticed an isotope mixture that could only be explained by remodeling of the glycans and
were able to approximate the amount of remodeling occurring for a subset of structures,
predominantly those containing sialic acid residues.
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EXPERIMENTAL PROCEDURES
Cell Culture with Pulse-Chase experiments
The BG02 line of human embryonic stem cells (hESCs) were cultured essentially
as previously described12. Briefly, the hESCs were grown on gelatin coated petri dishes at
37oC under 10% CO2. The culture media was composed of Dulbecco’s modified Eagle’s
medium (DMEM, Invitrogen) supplemented with dialyzed fetal calf serum (FCS,
Commonwealth Serum Laboratories), 1,000U/ml recombinant murine leukemia
inhibitory factor (LIF) (ESGRO, Chemicon International) and 2 mM L-glutamine which
is either normal abundance 14N-isotope or amide-15N-Gln (98% purity, Cambridge
Isotopes, Inc). The media was changed daily and the cells were allowed to grow for 72
hours at which point part of them were harvested by dissociation buffer and scraping.
Then the other cells were transferred to light media supplemented with normal abundance
amide-14N-Gln and allowed to grow for 6, 12, 24 and 36 hours respectively. The
harvested cell pellets were washed with phosphate buffered saline (PBS) and stored at 80 oC until analysis.
Preparation of Protein Powder, Delipidation, Glycan Release and Permethylation
The isolation of permethylated N- and O-linked glycans was essentially as
previously described1,13-15. Briefly, the cell pellets were disrupted on ice by Dounce
homogenization and delipidated using chloroform/methanol/water with a ratio of 4:8:3 as
organic extraction. After washed with cold water and cold acetone for three times, the
final pellets of insoluble protein were dried under a stream of nitrogen. The resulting
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protein powders were either digested by trypsin and subjected to PNGase F treatment to
release N-linked glycans or treated with alkaline borohydride to release O-linked glycans
by β-elimination. Released glycans were permethylated with methyl iodide before they
were cleaned up by reverse-phase columns and dried down.
MS Analysis of the Permethylated Glycans
The glycans were analyzed as previously described on a hybrid linear ion trap
Orbitrap mass spectrometer (LTQ-Orbitrap, Thermo)1,13. Briefly, permethylated glycans
were dissolved in 15 µL of 100% methanol followed by the addition of 35 µL of 1 mM
NaOH in 50% methanol to make a total of 50 µL of solution and infused directly into the
mass spectrometer using a nanospray ion source with a fused-silica emitter (360 × 75 ×
30 µm, SilicaTipTM, New Objective) at a syringe flow rate of 0.4 µL/min. The capillary
temperature was set to 200 °C and MS analysis was performed in positive ion mode. Full
FTMS (Fourier Transform mass spectrometry) spectra in profile mode were collected at
400-2000 m/z for 30 sec with 5 microscans and 1000 maximum injection time (ms) and
resolution was set to be 60,000. For fragmentation by collision-induced dissociation
(CID) the centroid MS/MS spectra were acquired from 400 to 2000 m/z at 36%
normalized collision energy, 0.25 activation Q, and 30.0 ms activation time by total ion
mapping (TIM). Parent mass step size and isolation width was set at 2.0 m/z and 2.8 m/z
respectively for automated MS/MS spectra with TIM scans. All glycan structures were
manually interpreted based on in-house fragmentation rules and glycoworkbench
software16. The IDAWG quantification data was mainly deconvoluted and analyzed by
GlycoQuant.
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RESULTS AND DISCUSSION
Pulse-Chase experiment designed for dynamic IDAWG
Based on the Hexosamine biosynthetic pathway, IDAWG takes advantage of
heavy glutamine in media to label aminosugars with 15N in cell culture.1 To apply the
IDAWG technique to assess the dynamics of turnover and synthesis for individual
glycans, a Pulse-Chase experiment using human embryonic stem cells was performed to
provide a dynamic view of hESC glycomes. We started the Pulse-Chase experiment with
feeding the cells in media supplement with amide-15N-Gln until the cells were close to
completely labeled. For human embryonic stem cells (BG02 line) we used in our
experiment, a 72-hour labeling could yield a 15N incorporation rate above 95% for most
glycans (data not shown). The time when the cells reached complete labeling was set as 0
hour and a portion of cells were harvested at that time. The other cells were washed for
several times and transferred to new media with normal glutamine. While keeping the
cells in the light media, we harvested a portion of them at certain points of time counting
from 0 hour. In our initial experiment, we harvested at 0, 12, 24, and 36 hour (Figure
4.1); to better assess the dynamics of glycan degradation and synthesis, we repeated the
whole experiment with the addition of a harvesting point at 6 hour. Both N- and O-linked
glycans were released from the cells harvested at different points of time, permethylated
and subjected to the analysis by Thermo ESI-LTQ-Orbitrap mass spectrometer.
Synthesis of light structure and degradation of heavy structure
By completely labeling the human embryonic stem cells with heavy Gln and then
replacing the media supplement with light Gln, a series of spectra can be acquired by
running the glycans released from cells harvested at different time point on Orbitrap,
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through which the synthesis and degradation of any amino-sugar-containing glycans can
be evaluated. The 5 trapping scan spectra of the disialyated T-antigen in a 9 m/z window
demonstrating its isotopic patterns at different points of time (0 hour, 6 hour, 12 hour, 24
hour and 36 hour) are shown (Figure 4.2). All the spectra except for 0 hour show both
monoisotopic peaks for light and heavy structures. During the time course, by comparing
the relative intensities of isotopic peaks, the trend of increasing “light peaks” and
decreasing “heavy peaks” is very clear, which suggests that after the heavy media is
replaced, while the glycans containing the heavy aminosugars are degraded, the cells are
building new glycans using light Gln from the media. The same series of spectra has been
acquired for a non-sialyated core2 structure, which also shows a similar trend of changes
for both light and heavy structures as the T-antigen (Figure 4.3). This result demonstrates
that the metabolic labeling of glycans using IDAWG is able to provide new opportunities
for assessing the dynamics of turnover and synthesis, even for individual glycans as
shown in our results.
Remodeling of sialyated structures
The mass spectrometry analysis of glycan samples of our Pulse-Chase
experiments has demonstrated both the synthesis and degradation of glycan structures
occur during the same time course; however, this is not the whole story. The metabolic
labeling of glycans using IDAWG has provided more interesting information as we
compare the mass spectra of glycan samples from Pulse-Chase experiments with another
set of glycan sample, which is a true mixture of equal amount of light and heavy glycans
released from differentially labeled human embryonic stem cells. If only the degradation
of heavy glycans and synthesis of light glycans occurred in the cells, the glycan samples
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from Pulse-Chase experiments should also be a mixture of light and heavy glycan
structures and the mass spectra should present a similar isotopic pattern as the true
mixture samples. However, the mass spectrum of the disialyated T-antigen in the PulseChase 12 hour glycan sample presents a very different isotopic pattern from the spectrum
of the same structure in another sample that is a true mixture of light and heavy labeled
glycans (Figure 4.4). In the spectra, the m/z range from 1256 to 1259 represents the
isotopic peaks of light structure and in the bottom spectrum, the isotopic pattern is
abnormal, especially the first two peaks, compared to the top spectrum. This difference
indicates that not like a true mixture of light and heavy glycans, the glycan samples from
the Pulse-Chase experiment could contain other types of structures that induce the
abnormal isotopic pattern. However, this difference in isotopic patterns is not so obvious
for non-sialyated structures (Figure 4.5) as for the disialyated T-antigen. Since sialic acid
can be removed at some point in the life cycle of the molecule once attached to
glycoconjugates17-19, one possible explanation is that other than the glycan synthesis and
degradation, glycans can be detached from their underlying core proteins and returned to
the Golgi apparatus, then the terminal residues especially the sialic acids can be replaced
with new residues. After this remodeling process, the glycans will be put back on their
core proteins. As a result of the remodeling, in the glycan pool released from our PulseChase samples, besides the light and heavy structures, there also exist partially heavy
structures which make the isotopic pattern in the mass spectra different from what we
observe in the spectra of true mixture of light and heavy structures.
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Automated modeling for the glycan degradation rate and the proportion of
remodeling by the quantitative software
The comparisons of mass spectra generated for glycans released from human
embryonic stem cells harvested at different points of time in the Pulse-Chase experiments
depict qualitatively the behaviors of glycans in living cells including synthesis,
degradation and even remodeling, however, in order to quantify the rates of glycan
synthesis and degradation and how much remodeling of an individual glycan, we have to
rely on a quantitative software, GlycoQuant, which is developed as a tool to process and
analyze the data from the IDAWG experiment. Since the synthesis and degradation along
with the remodeling of glycans occur simultaneously in the living cells, in each glycan
pool released from cells harvested at different time points, there could be more than 2
components, each of which can be non-labeled, completely labeled or partially labeled
with 15N, and the percentage of each component can be varied at different time points.
Take the disialyated T-antigen as an example, there are three aminosugars in its structure:
two sialic acids and one GalNAc. Then the T-antigen can be fully labeled with 3 15N or
not labeled at all; also it can contain 1 or 2 15N due to the remodeling. GlycoQuant is
used to automatically fit each mass spectrum, analyze the composition and give the
percentage of each component at each time point. With considering of the cell doubling
time, which is set to be 30 hours for human embryonic stem cell in this project, the
software can draw the variation trend line of all components for a certain glycan (Figure
4.6). The figure of the T-antigen shows a considerable amount of component with only
one 15N that is produced by replacing two terminal sialic acids, which provides the direct
evidence of the existence of glycan remodeling and explains the abnormal isotopic
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pattern in certain mass spectra. To demonstrate the rates of glycan turnover and synthesis
as well as the different extent of remodeling between sialyated and unsialyated structures,
we have examined 9 O-linked and 15 N-linked glycans for two replicates of samples. The
time for each glycan when the amount of structure containing only heavy nitrogens has
decreased to 50% of its original amount at 0 hour is called 50% degradation time and
listed in Table 4.1 and Table 4.2. The 50% degradation time demonstrates the rate of
degradation for each glycan. For high-mannose N-glycans, this value is inversely
proportional to the number of hexoses, especially for those with more than four mannoses
(Figure 4.7), which means the bigger structures degrade faster than small structures in
this case. In Table 4.1 and Table 4.2, the proportion of remodeling structure at the 50%
degradation time for each glycan is also listed. Apparently, no matter N-linked or Olinked glycans, sialyated structures are undergoing a relatively higher extent of
remodeling compared to unsialyated ones and this also suggests sialic acid has much to
do with the phenomenon of remodeling.

CONCLUSION
Herein, the Pulse-Chase experiments with IDAWG labeling strategy during the cell
culture of human embryonic stem cells were performed to assess the dynamics of
turnover for individual glycans. By fitting the mass spectra acquired for a series of
samples using bioinformatics software we were able to investigate the degradation rates
for major N- and O-linked glycans. For high-mannose N-glycans, there exists a negative
correlation between 50% degradation time and the number of hexoses. By comparing the
glycan spectra of pulse-chase samples with the spectra of real mixtures of light and heavy
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sample, we noticed an isotope mixture that could only be explained by remodeling of the
glycans. We were able to approximate the amount of remodeling occurring for a subset of
structures using bioinformatics tools. Sialyated structures are undergoing a relatively
higher extent of remodeling compared to unsialyated ones, which suggests sialic acid
residues have much to do with the phenomenon of remodeling.
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Figure 4.1: Pulse-Chase experiment designed for dynamic IDAWG. Cells are
cultured in media with Amide-15N-Gln until complete labeling. A portion of cells is
harvested immediately and the other cells are transferred to media with normal
glutamine. While kept in the light media, cells are harvested at different points of time.
Both N- and O-linked glycans are released from the cells harvested at different time,
permethylated and subjected to the analysis by Thermo ESI-LTQ-Orbitrap mass
spectrometer.
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Figure 4.2: Mass spectra of one sialyted O-glycan structure released from hESCs at
different points of time. Spectra of trapping scan of the permethylated disialyated Tantigen released from hESCs at 0 hour (A), 6 hour (B), 12 hour (C), 24 hour (D) and 36
hour (E).
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Figure 4.3: Mass spectra of one non-sialyted O-glycan structure released from
hESCs at different points of time. Spectra of trapping scan of the permethylated nonsialyated core 2 structure released from hESCs at 0 hour (A), 6 hour (B), 12 hour (C), 24
hour (D) and 36 hour (E).
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Figure 4.4: Comparison of true mixture of light/heavy structures and Pulse-Chase
12hr sample of the disialyated T-antigen. Top panel is the spectrum of true mixture of
light and heavy labeled structures with a ratio of 1:1; Bottom panel is the spectrum from
Pulse-Chase 12 hour sample (same as Figure 4.2 C). The red arrows denote the peaks
with abnormal isotopic patterns.
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Figure 4.5: Comparison of true mixture of light/heavy structures and Pulse-Chase
12hr sample of the non-sialyated core 2 structure. Top panel is the spectrum of true
mixture of light and heavy labeled structures with a ratio of 1:1; Bottom panel is the
spectrum from Pulse-Chase 12 hour sample (same as Figure 4.3 C).
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Figure 4.6. Comparison of the variation trend of each component at different points
of time in the disialyated T-antigen and the non-sialyated core 2 structure reveals
the remodeling of sialyated glycans. Left panel shows the trend lines for the nonsialyated core 2 structure; Right panel shows the trend lines for the disialyated T-antigen.
The different line colors represent different components with a specific number of heavy
nitrogens. The X-axis shows the time points of the Pulse-Chase experiments; the Y-axis
shows the relative changes of each component against its original amount at 0 hour. The
rectangular lines denote the 50% degradation time for components whose nitrogens are
all heavy.

122

Figure 7. The relationship between the 50% degradation time and the number of
hexoses in high-mannose N-linked glycans
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Table 4.1: 50% degradation time and Proportion of remodeling at 50% degradation
time for 9 major O-glycans
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Table 4.2: 50% degradation time and Proportion of remodeling at 50% degradation
time for 15 major N-glycans
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CHAPTER 5
CONCLUSION
The overall purpose of this work was to optimize the IDAWG labeling strategy
and apply the IDAWG technique to both the static and dynamic glycomic study of human
embryonic stem cells.
In Chapter 2, the detailed protocols for Isotopic Detection of Aminosugars With
Glutamine, termed as IDAWG, that is the first in-vivo cell culture isotope-labeling
strategy for glycan analysis were provided. The methods of labeling the aminosugars
(GlcNAc, GalNAc and sialic acid) with amide-15N-Gln in cell culture and the detections
of these aminosugars in both N- and O-linked glycan structures were described in the
basic protocols. The mathematical calculations used to calculate Under-Incorporation
rate and relative ratios of light/heavy species were described in the support protocols.
In Chapter 3, the differentially labeled human embryonic stem cells were used to
validate the reliability and quantitative accuracy of the IDAWG technology by
quantifying the expression levels of released N- and O-linked glycans. The results
demonstrated that the IDAWG technology is able to quantify the difference of glycan
expression levels as low as a 2-fold change with confidence. As focusing on O-linked
glycans, we performed a global glycomic analysis of human embryonic stem cells and
human definitive endoderms. The comparative quantitation of glycan expression levels
between hESCs and hDEs by the IDAWG technique discovered a reciprocal change
between poly-LacNAc and sialyation of core 2 O-linked structures accompanying the
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differentiation from hESCs to hDEs, which agreed with the changes in transcript level.
Along with the maturity of the IDAWG software, we anticipate that the IDAWG
technique will become an important tool in the emerging field of comparative glycomics.
In Chapter 4, the Pulse-Chase experiments with IDAWG labeling strategy during
the cell culture of human embryonic stem cells were performed to assess the dynamics of
turnover for individual glycans. By fitting the mass spectra acquired for a series of
samples using bioinformatics software we were able to investigate the degradation rates
for major N- and O-linked glycans. For high-mannose N-glycans, there exists a negative
correlation between 50% degradation time and the number of hexoses. By comparing the
glycan spectra of pulse-chase samples with the spectra of real mixtures of light and heavy
sample, we noticed an isotope mixture that could only be explained by remodeling of the
glycans. We were able to approximate the amount of remodeling occurring for a subset of
structures using bioinformatics tools. Sialyated structures are undergoing a relatively
higher extent of remodeling compared to unsialyated ones, which suggests sialic acid
residues have much to do with the phenomenon of remodeling.
In the future, computer software will be developed to automatically handle the
datasets generated by the IDAWG experiment, which will be a great asset and mature the
IDAWG strategy for quantitative glycomics. It is also possible that the glycans labeled
with IDAWG can be analyzed using Multiple Reaction Monitor (MRM) strategy on a
triple quadrupole mass spectrometer, which would increase the sensitivity a lot. Since the
quantification using IDAWG can only be done in the full MS level, methods like iTRAQ,
which can label the glycans at the reducing end for quantification in MS2 are also in
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development and will serve as a complementary strategy to IDAWG in the field of
quantitative glycomics.
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