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ABSTRACT

Proteins are organic compunds made of amino acids arranged in a linear chain and 

folded into a globular form. Protein synthesis follows the genetic code encoded on a 

sequence of gene. In the cell, shortly after protein biosynthesis, the amino acid residues in 

a protein are often chemically modified by posttranslational modification, which alters 

the physical and chemical properties, folding, stability, activity, and ultimately, the 

function of the proteins. The protein posttranslational modifications play a crucial role in 

generating the heterogeneity in proteins and also help  in utilizing identical proteins for 

different cellular functions in different cell types. Also, the modifications play  an 

important part in modifying the end product of protein expression and contribute towards 

biological processes and diseased conditions. Posttranslational modifications may happen 

in several ways, such as glycoslyaiton, phosphorylation, acetylation, methylation, 

lipoylation, etc. In addition, protein engineering may produce some unnatural 

modifications on the proteins for some specific research. My research interests mainly 

focus on study protein glycosylation and phosphorylation. During my graduate study, I 

have developed many methods to accomplish several projects. 

Fourier transform ion cyclotron resonance mass spectrometer, FT-ICR MS, is 

particularly advantageous for protein modification analysis. High accurate mass collected 

from FT-ICR allows the reduction of precursor ion tolerances from the Dalton range to 

the order of few sub-parts per million, reducing the number of peptides initially 

considered by the peptide spectral matching algorithm. Chapter 1 introduces the theory of 

the instrument for mass measurement, ionization methods, MS-based strategies for 

protein modification analysis, and the biomolecule separation methods. Chapter 2 

reviews phosphoproteomics and glycoproteomics by FT-ICR mass spectrometry. The 

contents of this review section cover: 1. background of phosphorylation and 

glycosylation; 2. sample preparation for mass spectrometry-enrichment and separation; 3. 

tandem mass methodology (CID, ECD, AI-ECD, ETD); 4. informatics. 

Many applications have been applied to study protein modifications. Chapter 3 

presents an application utilizing top-down and bottom-up  proteomics with 14.5 T FT-ICR 
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mass spectrometry to study sites and extent of selenomethionine incorporation into 

recombinant Cas6 protein. Cas6 is a novel endoribonuclease found in Pyrococcus 

furiosus. it cleaves CRISPR(clustered regularly  interspaced short palindromic repeats) 

RNAs within the repeat sequences to release individual invader targeting RNAs. 

Selenomethionine modified proteins are commonly used to improve x-ray 

crystallographic structure resolution by multi-wavelength anomalous diffraction (MAD) 

phasing. However, the specificity and extent of selenomethionine incorporation must first 

be assessed before crystallization. Bottom-up  and top-down proteomics with a modified 

14.5 T LTQ FT-ICR MS offer a quick, accurate, and robust method to locate and quantify 

selenomethionine incorporation after auxotrophic expression. Comparative analysis 

confirmed that all six methionines were fully replaced by  selenomethionines in Se-Cas6 

(Wang X.  et al., Rapid Commun. Mass Spectrom., (2010), 24 (16), 2386-2392).

A method applying LC ESI FT-ICR mass spectrometry for characterizing N-

linked glycoproteins and assigning significant portion of glycopeptide along with 

composition/structural information of glycans is introduced in chapter 4. The method was 

first tested with a standard glycoprotein. Then it was applied to characterize N-linked 

glycoproteins in fetal bovine serum (FBS). N-linked glycans were enzymatically released 

from glycoproteins in FBS with PNGase F, followed by purification on a graphitized 

carbon cartridge SPE and separation on an TSK-Gel Amide80 column under hydrophilic 

interaction chromatography (HILIC) conditions. N-linked glycosylation sites were 

identified as well. To assign the glycopeptide compositions, experimentally  determined 

glycan masses and glycosylation sites were applied. The masses of different 

combinations between glycan and peptide were searched in the mass measurements of 

glycopeptides. The uniquely identified masses were picked for assigning glycopeptides. 

In total, 137 unique glycopeptide compositions were assigned from 18 glycoproteins, and 

the glycan structures on most assigned glycopeptides were heterogeneous. High accurate 

mass measurements collected from FT-ICR MS provided confident identifications (Wang 

X. et al., Anal. Chem., (2010), 82 (15), 6542-6548).
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Chapter 5, talks about characterization chemotherapies effect(s) of 2-deoxy-D-

glucose (2-DG) on global glycosylation in glioblastoma derived cancer cells and cancer 

stem cells. 2-DG is a stable glucose analogue in which hydroxyl group  at the second 

position carbon is replaced by a hydrogen. In our study, we found that the toxicity of 2-

DG is mainly  via interfering with N-glycosylation of proteins, disrupting protein foldings, 

leading to ER stress and further inducing apoptotic cell death. As results of 2-DG, 

inhibition of glycolysis and ATP depletion are not fatal for cell viability. The findings we 

are presenting clearly address the mechanisms of how 2-DG targets and kills cancer cells 

and cancer stems cells as a chemotherapeutic agents, which may  be used for supporting 

further clinical trials of 2-DG. A conference presentation has been accepted by the 15th 

anual scientific meeting of the society for neuro-oncology, 2010, Montreal, Canada. The 

manuscript of these results will soon be submitted to Nat. Med. 

Protein phosphorylation is a crucial event in most cellular processes. Since 

phosphorylation is always substoichiometric and the ionization efficiency  of 

phosphopeptide is low during mass spectrometry analysis, selective enrichment will be 

required for large scale characterizing phosphorylation from complex biological samples. 

In chapter 6, an optimized phosphopeptide enrichment strategy consisted of calcium 

phosphate precipitation (CPP) coupling with TiO2 is addressed. The method was applied 

to study phosphorylations in androgen repressed cancer of the prostate (ARCaP) cells. 

Phosphopeptides in ARCaPs were analyzed on a hybrid LTQ FT-ICR mass spectrometer 

with LC MS/MS approach. After database search and stringent filtering, we generated a 

data set containing total of 385 high confident phosphoprotein identifications with overall 

mass error of 0.32 ± 0.6 ppm at peptide level.

Chapter 7 talks about that the phosphorylation/dephosphorylation regulates MSP 

fiber protein 3 (MFP3) in MSP-based amoeboid motility  of Ascaris sperm. The crawling 

movement of nematode sperm requires coordination of leading edge protrusion with cell 

body retraction, both of which are powered by modulation of a cytoskeleton based on 

major sperm protein (MSP) filaments. We used a cell-free in vitro motility system in 

which both protrusion and retraction can be reconstituted, to identify two proteins 
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involved in cell body retraction. Protein phosphatase 2A (PP2A), a protein unique to 

nematode sperm that binds to the MSP filaments in the motility  apparatus, targeted MSP 

fiber protein 3 (MFP3). Dephosphorylation of MFP3 caused its release from the 

cytoskeleton and generated filament disassembly. Our results suggest that interaction 

between PP2A and MFP3 leads to local disassembly  of the MSP cytoskeleton at the base 

of the lamellipod in sperm that in turn pulls the trailing cell body forward (Yi K., Wang 

X. et al., Mol. Biol. Cell, (2009), 20 (14), 3200-3208). 

Chapter 8 presents comparative glycoproteomics data in a glioblastoma derived 

stem cell line, gCSC11, during differentiation. gCSC11 characterized by CD133 

expression, grows as tumorsphere in culture and if subsequently implanted in nude mice 

brains, will recapitulate high grade glial tumors. Stimulation with a STAT3 inhibitor 

WP1193 or culturing in 10% FBS both led to loss of CD133 expression in gCSC11 cells, 

but differed in phenotype changes. STAT3 inhibitor treated gCSC11 cells underwent 

dissociation in culture and converted to progenitor cells if further treated with FBS. 

Glycoproteomics study revealed 33 differentially expressed glycoproteins, most of which 

has never been reported as glycosylated. ENO1 isoform alpha-enolase was preferentially 

expressed in native rather than in STAT3 or FBS treated gCSC11 cell. Preferential 

expression of alpha-enolase in gCSC11 glioblastoma stem cells might reflect the 

modulated metabolism or control the balance between self-renewal and differentiation via 

modulation of c-myc.

Chapter 9 talks about phosphorylation sites characterization of galectin-1 and its 

potential secretion/regulation pathway. Galectin-1 is a multi-functional protein 

performing either intracellular or extracellular functions as the monomer or homodimer, 

and it works on different cell types to put either positive or negative effects on cell 

growth. It is involved in tumor transformation, cell cycle regulation, apoptosis, cell 

adhesion, migration and inflammation. Galectin-1 is produced in the cytosol and can 

either remain intracellular or be delivered to the outside of cells via a non-classical 

secretion pathway. Galectin-1 lacks recognizable secretion signal sequences and does not 

pass through the standard ER/Golgi pathway. Thus, galectin-1 secretion must operate by 
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a novel mechanism distinct from classical vesicle-mediated exocytosis. Our primary  data 

of phosphorylation on galectin-1 may indicate the mechanism of its secretion/regulation 

pathway.

The appendixes include the papers I have published during my graduate study. 

Appendix A is the paper that covers the method development for characterizing N-linked 

glycans and glycopeptides by liquid chromatography electrospray ionization FT-ICR MS. 

Apendix B is a top-down mass spectrometry  paper studying sites and extent of 

selenomethionine incorporation into recombinant Cas6. The publication in apendix C 

introduces a mechanism how MFP3 functions in cell body retraction, which was 

collaborated with Dr. Thomas M. Roberts in the biology department at Florida State 

University. 

!"!



CHAPTER ONE 

INTRODUCTION

Theory for Fourier Transform Ion Cyclotron Resonance Mass Spectrometry

Ion cyclotron resonance is a phenomenon related to the movement of ions in a 

magnetic field, which is used for accelerating ions in a cyclotron and for measuring the 

masses of an ionized analyte in a mass spectrometer, particularly with Fourier transform 

ion cyclotron resonance (FT-ICR) mass spectrometer. An ion of mass, m, and charge, q, 

in a static and uniform magnetic field, B, will move in a circle due to the Lorentz force. 

The rotational frequency  (!
c
= 2"#

c
) and frequency (!

c
) of this cyclotron motion is 

given by [1]: 
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in which  !
c

 is in hertz, B in tesla; m  in microgram; z  in multiples of elementary 

charge. 

FT-ICR mass spectrometry is a very high resolution technique in that masses can 

be determined with very high accuracy. It is usual in all types of Fourier transform 

spectroscopy  to define resolution as the full width of a spectral peak at half-maximum 

peak height: namely, !"
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 or  m
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. Resolving power is defined as ! / !
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, which is shown in Eq. 2, 
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Stated another way, m / m
50%

 can be thought as the number of cyclotron orbits 

an ion makes during the data acquisition period. Experimental mass resolution can be 

expressed as 

m

!m
50%

= "
qB

m!#
50%

.         Eq. 2c

In FT-ICR MS, the highest mass resolution can be achieved by  operating it at the 

maximum magnetic field strength throughout the mass range. Meanwhile, the longer the 

ion is trapped with cyclotron motion in the ICR cell, the higher mass resolving power can 

be achieved [2]. 

Although cyclotron rotation inherently confines ions radially, it is necessary  to 

apply  an axial electric field gradient in order to keep ions from escaping axially. 

However, by applying such a trapping potential, the cyclotron frequency  of the ion is 

affected [1]. Relation of m/z and reduced frequency is shown as

m

z
=
A

 
+

+
B

 
+

2
.         Eq.3

A and B are constants obtained by fitting a particular set of ICR mass spectral 

peak frequencies for ions of at least  two known m/z values to Eq.3. Strictly  speaking, Eq.

3 should be valid only  in the single-ion limit (i.e., no Coulomb interactions between 

ions). In practice, however, FT-ICR MS experiments are usually performed with 

sufficient number of ions so that the space charge perturbation is small; moreover, the 

perturbation affects calibrant and analyte ions. That’s basically why ICR mass calibration 

works so well, even when many ions are present [3]. 
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Hybrid Linear Quadrupole Ion Trap/FT-ICR Mass Spectrometry

Most of my research work was performed on a hybrid linear quadrupole ion trap/

FT-ICR MS (LTQ-FT, Thermo Fisher, Corp., Bremen, Germany) adapted to operate in an 

actively shielded 14.5 T superconducting magnet (Magnex, Oxford, U.K.). Instrument 

configuration is shown in Figure 1.1. Compared to lower magnetic field instrument, high 

magnetic field attributes to higher resolving power, shorter acquisition time and higher 

mass accuracy. Mass resolving power of 14.5 T LTQ FTICR can achieve 800 000 at m/z 

400, which is an advantage for dealing with very  complex samples, such as top-down 

proteomics [4, 5]. 

Figure 1.1. Schematic diagram (not to scale) of the 14.5 T LTQ FT-ICR mass 
spectrometer.

One of the key features of the instrument is that it applies automatic gain control 

(AGC) [6] to precisely control the number of ions delivered into ICR cell for each scan. 

AGC coupled with high magnetic field FT-ICR maximally  reduces scan-to-scan 

variations due to the number of trapped ions and fosters mass accuracy to sub-part per 
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million (ppm). Another important feature is the wired octopole ion trap (octopole 2 in 

Figure 1.1). The octopole right behind the LTQ has been modified to incorporate tilted 

wire extraction electrodes [7], which enables for improving ion transfer efficiency and a 

second mode of mass-selective ion accumulation whereby ions are mass selected in the 

LTQ and transferred to the adjacent storage octopole. Adjustable cycle number controls 

octopole ion population transferred to the ICR cell. This process is particularly helpful for 

in-cell MSn analysis [8].

Ionization Methods

As mass analyzer separates analytes on the basis of m/z ratio, analyte molecules 

need to be converted into gas-phase ions prior to a mass analyzer. Many ionization 

methods are available. The development of soft ionization techniques including 

electrospray ionization (ESI) [9] and matrix-assisted laser desorption/ionization 

(MALDI) [10] have revolutionized protein analysis in MS, and they are the most 

widespread ion sources in biochemical analyses.

ESI is useful in producing multiply charged ions from macromolecules because it 

overcomes the propensity of these molecules to fragment when ionized. ESI enables 

analysis of large molecules by producing medium m/z values [9]. Figure 1.2 shows the 

procedures of generating positive ions by  ESI [11]. In standard ESI, analytes are 

dissolved in a polar, volatile solvent and dispersed by  electrospray into a fine aerosol 

through a capillary. High voltage, 2-5 kV, need to be applied to the tip of capillary within 

the ion source. The aerosol is delivered into the first  vacuum stage of a mass spectrometer 

though a heated capillary, which aids further solvent evaporation from the charged 

droplets. Flowing nebulizing gas such as nitrogen around the outside of the capillary is 

particularly useful in large-flow electrospray. To decrease the initial droplet size, 

compounds that increase the conductivity, such as acetic acid can be customarily added to 

the solution [12, 13]. Emmett and Caprioli demonstrated the improvment when operating 

electrospray  at nano-scale flow rate for HPLC-MS analysis [14], which contributed a lot 

to the development of Nano-LC ESI MS. ESI can generate both positively and negatively 
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charged ions created by the addition of proton(s) or the removal of proton(s) respectively. 

The positive and negative ions observed by mass spectrometry are denoted as [M + nH]n+ 

and [M - nH]n- respectively. 

Figure 1.2. Schematic diagram for positive electrospray ionization [11]. 

MALDI is based on bombardment of sample molecules with a laser beam to 

induce sample ionization. A matrix is normally  used to protect the biomolecule from 

being destroyed by direct laser beam and to facilitate vaporization and ionization [15]. 

Energy transferring from laser to molecules produced proton added or removed ions. 

Normally, compounds ionized from MALDI are singly charged. Thus, it may generate 

ions from macromolecules with very high m/z. MALDI sources are typically used in 
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combination with time-of-flight (TOF) mass analyzers, because they virtually  have no 

upper mass detection limit. MALDI has been used in MS for a variety of applications 

such as proteomics, DNA/RNA, lipids, oligosaccharides, small molecules and synthetic 

polymers, bacteria, etc [16-18]. 

Protein Modifications and MS-based Analysis Strategies

The importance of protein posttranslational modifications has become evident in 

the proteomic era because it plays a critical role in cellular function and can vary  in 

response to different stimuli thereby  tuning cellular mechanisms. These modifications 

increase the molecular heterogeneity of gene products, adding a further dimension to the 

proteome as compared to the genome. Thus, genomic studies have not been able to 

elucidate complex mechanisms such as development of disease, aging, differentiation, 

development, and others that are finely regulated by dynamic changes in protein function 

mediated through PTMs [19]. In addition, engineered modifications on proteins are 

useful for many biochemistry and biophysics researches [20-22]. With advantages of 

mass spectrometry (MS), many  protein posttranslational modifications (PTMs), such as 

phosphorylation, glycosylation, methylation, etc., have been characterized by MS-based 

strategies [23, 24]. 

Currently, strategies for MS analysis of proteins are usually carried out in forms 

of whole-protein analysis (“top-down” proteomics) or analysis of enzymatically or 

chemically  produced peptides (“bottom-up” proteomics). The schematic workflows of 

them are depicted in figure 1.3. In bottom-up approach, fundamentally, proteins of 

interest are first proteolyzed with a protease such as trypsin, and the resulting peptides are 

analyzed in the gas phase by mass spectrometry in two stages, which are known as intact 

peptides mass measurement (MS) and the mass measurement of fragment ion masses 

from intact  peptides (MS/MS). In contrast, the top-down approach involves direct 

analysis of intact proteins without previous protease treatment. Top-down mass 

spectrometry  is an emerging technology which strives to preserve the posttranslationally 

modified forms of proteins present in vivo by measuring them intact, rather than 
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measuring peptides produced from them by proteolysis, which is defined as bottom-up 

mass spectrometry. So far, top-down MS has been most often performed on FT-ICR mass 

spectrometry, which can return high resolving power, high mass accuracy result. In some 

cases, the data from top-down MS data could provide valuable information, which may 

not be retrieved by bottom-up mass spectrometry. Both the masses of intact proteins and 

their gas phase dissociated fragments will be determined in the experiment [25-27]. 

Figure 1.3. Workflow of bottom-up and top-down approaches for MS analysis of 
proteins.

Top-down and bottom-up  approaches are two complementary lines. The bottom-

up approach is useful for identifying proteins because protease digests are readily 

solubilized and separated, whereas tasks are more difficult for dealing with intact 

proteins. Identified peptides may produce sufficient information to identify the parent 

proteins as well as their modifications. Typically, protein sequence coverage in bottom-up 

will achieve 5-70%. Thus, much information on protein is lost due to the incomplete 

sequence coverage. In top-down approach, if sufficient number of fragment ions is 
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observed, it will provide a complete description of primary structure of the protein along 

with all of its modifications. However, protein solubility  and gas phase fragmentation are 

still the challenges for top-down mass spectrometry.  

Separation Methods

The huge complexity, enormous concentration range and dynamic nature of 

proteome require advanced analytical/separation techniques to identify the important 

components that involved in the complex regulatory network. In my  research, I have been 

applying two major separation techniques: two-dimensional gel electrophoresis (2-DE) 

[28-30] and high-performance liquid chromatography  (HPLC) for detailed identification 

of proteins, peptides, and carbohydrates [8, 31-34]. 

2-DE is a form of gel electrophoresis commonly used to analyze proteins. 2-DE 

begins with 1-DE but then separates the molecules by a second property in a direction of 

90 degree from the first [35]. Normally, proteins will be separated by isoelectric point in 

the first dimension then by mass in the second dimension. Separated proteins can be 

visulized by coomassie blue or fluresence stains. Becasue it is unlikely that two proteins 

will be similiar in two distinct properties, proteins are more effectively  spearated in 2-DE 

rather than in 1-DE. After further cleanup, separated proteins can be applied to mass 

spectrometry for analysis.

HPLC is a form of column chromatograhy  used frenquently in biochemistry  and 

analytical chemistry to separate, identify, and quantify compounds based on their 

idiosyncratic polarities and interactions with the column’s stationary phase. Many 

different types of stationary phases, such as reversed phase, normal phase and hydrophilic 

interaction chromatography (HILIC) are used in HPLC. HPLC coupled with mass 

spectrometry (LC-MS) has become a very powerful technique used for many 

applications, such as proteomics [36-38], metabolomics [39, 40], glycomics[41, 42], etc. 
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CHAPTER TWO

PHOSPHOPROTEOMICS AND GLYCOPROTEOMICS BY 

FT-ICR MASS SPECTROMETRY

Introduction 

Phosphoproteomics. 

 Phosphoproteomics is a branch of proteomics that identifies, catalogs, and 

characterizes proteins containing a phosphate group  as a posttranslational modification. 

Protein phosphorylation is a reversible, covalent attachment of a phosphate group to one 

or more amino acids, which serves as a primary mechanism of signal transduction in the 

cells of biological organisms. It has been estimated that as many as 30-50% of proteins 

are phosphorylated at any given time [43]. The dynamic addition of protein 

phosphorylation on Ser (~90%), Thr (~10%), and Tyr (~0.05%) residues can produce fast 

and precise changes in protein properties [44]. The structure of phosphorylated amino 

acids are shown in Figure 2.1. The interplay  of two types of enzymes, protein kinases 

and phosphatases, continuously controls substrate modification by  reversible 

phosphorylation and dephosphorylation respectively  [45, 46]. Generally, there are two 

layers of information can be provided by phosphoproteomics compared to general 

expression analysis. First, it provides clues on what  protein or pathway might  be 

activated/silenced because a change in phosphorylation status always reflects a change in 

protein activity. Second, it indicates what proteins might be the potential drug targets 

[47]. Not so long ago, the process for determining protein phosphorylation was mainly 

relied on 32P-labeling coupled with 2D gel electrophoresis, phosphopeptide mapping, 

autoradiography, band excision and Edman sequencing [48]. With the improvement of 

mass spectrometry, along with sample preparation and quantitation methodology, over the 

last several years, now it allows for the large-scale identification and quantitation of in 

vivo phosphorylation at unprecedented levels [49].
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Figure 2.1 Chemical structures of phosphoserine, phosphothreonine and phosphotyrosine 
peptides.

Glycoproteomics

 Glycoproteomics shares many similarities with phosphoproteomics but focuses on 

study of the glycosylation of proteins, a covalent posttranslational modification which 

confers altered physico-chemical properties and functional activity on the nascent protein 

chain. Glycosylation plays a variety  of important roles in many  cellular events ranging 

from structural to signaling and recognition [50, 51]. Glycans serve a variety of structural 

and functional roles in membrane and secreted proteins. The extensive and complex 

forms of attached glycans provide the functional diversity needed to generate extensive 

phenotypes from limited genotypes [52]. Since the majority  of proteins synthesized in the 

rough ER undergo glycosylation, at  least, 50% of human proteins are glycosylated with 

some estimates being as high as 70%. 

 Mammalian protein glycosylations are produced in two major classes: N-linked 

and O-linked. N-linked oligosaccharide chains exhibit a common core structure (3 
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mannoses and 2 N-acetyl-glucosamine molecules) based on an N-acetyl-glucosamine 

(GlcNAc) attached to an asparagine residue in a tripeptide consensus sequence NXS/T, in 

which X can be any amino acid except  proline. N-linked saccharides can be released from 

glycoproteins by digestion with peptide N-glycosidase F (PNGase F) [53]. O-linked 

glycosylation occurs on the hydroxy oxygen of serine, threonine, or tyrosine side chains, 

but lacks a consensus protein sequence and a common oligosaccharide chain linkage 

pattern [54, 55]. Mass spectrometry has played a key  and irreplaceable role in defining 

the structures and glycoproteins [56] using the methods developed from the earlier 

studies on Antarctic fish blood “anti-freeze” and prothrombin glycoproteins [57] together 

with the general mass mapping strategy [58] of determining and screening the masses of 

peptides/glycopeptides produced from specific proteolytic digests [59]. Despite the 

advances of the techniques, the glycoproteomics remains a challenge for researchers due 

to the sheer complexity and variability in the protein glycosylation. 

Sample preparation and chromatography

Phosphopeptides enrichment strategies

 Because the negatively  charged phosphate group suppresses ionization of 

phosphorylated peptides in positive ESI, and many phosphoproteins, especially  signaling 

intermediates are low-abundance proteins phosphorylated at sub-stoichiometric levels, a 

considerable amount of effort has been devoted to the development of phosphospecific 

enrichment methods that are compatible with, or directly coupled to mass spectrometry 

[60]. Now, a wide variety of enrichment methods have been proposed to selectively 

enrich phosphopeptides by targeting the phosphate moiety. Generally, these methods can 

be classified into chemical modification and direct enrichment.

 Direct enrichment. The most  frequently  used methods in this category include 

metal oxide chromatography (MOC), immobilized metal ion affinity  chromatography 

(IMAC), strong cation exchange chromatography  (SCX), and phosphopeptide 

precipitation [61-64]. Anti-phosphotyrosine antibodies have been proven as most specific 

and useful for the enrichment of phospho-Tyr-containing proteins [61, 65] (Figure 2.2). It 
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can be used alone or in combination with enrichment strategies to achieve a better 

performance. 
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Figure 2.2. Phosphopeptide enrichment mechanism. The figure panels have been 
modified from previous publications [49].  

 Titania was first applied as a chemoaffinity medium for organophosphates 

including phosphopeptides by Ikeguchi and Nakamura [66]. Pinkse et al., introduced 

titantium dioxide (TiO2) for the selective enrichment of phosphorylated peptides prior to 

ESI liquid chromatography tandem MS [67] (Figure 2.2). Compared to other reported 

metal oxide surfaces such as zirconia, Boehmite and alumina, TiO2 is the most commonly 

used modifier for MOC. At acidic pH, TiO2 has a positively charged surface [68] that 

selectively adsorbs phosphorylated species and exhibits outstanding enrichment behavior 

for phosphopeptides. Many acidic loading buffer for TiO2 have been tested and optimized 
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to reduce the non-specific peptide binding, which include 2,5-dihydroxybenzoic acid 

(DHB) [69], malic acid [70], glycolic acid, lactic acid [71], etc. In addition, Gates and his 

colleagues have compared and evaluated several commercially-available enrichment 

MOC resins, including Titansphere TiO2 resine from GL sciences (Torrance, CA), Phos-

Trap Kit (Perkin Elmer, Waltham), Glygen NuTips (Columbia, MD), with manufacturer’s 

and/or published protocols [72]. TiO2 NuTips shows highest specificity on 

phosphopeptide enrichment and least amount of nonspecific binding compared with other 

MOC resins. The successes of highly specific phosphopeptide enrichment with TiO2 have 

been reported form by many research groups [73-75].  

 The concept of IMAC has first been formulated and its feasibility shown by 

Porath et al [76] (Figure 2.2). IMAC is based on metal-chelate affinity to enrich 

phosphopeptide. Trivalent cations such as Al3+, Ga3+, Fe3+ [77-79], or tetravalent Zr4+ [80] 

are preferred metal ions immobilized onto a solid phase nitrilotriacetic/iminodiacetic acid 

resin for capture of phosphoproteins and phosphopeptides. The reduction of nonspecific 

binding of peptides that contain the acidic residues glutamic and aspartic acid can be 

achieved by  converting carboxyl groups of amino acid residues to methyl esters [81]. 

Unfortunately, incomplete esterification of phosphopeptides will increase chemical noise 

and sample losses during lyophilization of the esterified peptides may be around 20% 

[82]. Another challenge that has been reported in the use of IMAC is that the technique is 

more specific for multiply phosphorylated peptides than monophosphorylated peptides 

because multiply phosphorylated peptides bind more strongly  to the IMAC resin [81, 83, 

84]. Additionally, IMAC is compatible with lab automation, which contributes to high-

throughput phosphoproteomics analysis [85]. Comparing to MOC resins, IMAC shows 

less specificity and higher nonspecific binding rate [72]. 

 Strong cation exchange (SCX) chromatography has been used for the large-scale 

identification of phosphorylation sites and it selects for peptides phosphorylated on a 

single residue [86] (Figure 2.2). Peptides on SCX are fractionated by their isoelectric 

point (pI) over a salt concentration gradient. The intrinsic negative charge of phosphate 

moiety under low pH decrease the affinity of phosphopeptide compared to the species 
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without phosphate group [49, 87]. Thus, phosphopeptides will be enriched at low pH. As 

an alternative to SCX, hydrophilic interaction chromatography (HILIC) has been used for 

pre-enrichment fractionation [88].

 Calcium phosphate precipitation (CPP) is the method based on the co-

precipitation of phosphorylated peptides with calcium phosphate in basic environment 

[63] (See the reactions below). Because many acidic peptides can be precipitated along 

with phosphopeptides, CPP is designated to pre-fractionation on complex proteolytic 

peptide mixture prior to other affinity  enrichment strategies such as IMAC or TiO2. 

Generally, direct enrichment methods are much more straightforward, practical, effective 

and sensitive compared to chemical modification methods.

3 Ca2+ + 2PO4
3- ! Ca3(PO4)2 "

Ca2+ + peptide-O-PO3
2- ! peptide-O-PO3Ca

 (3m+n) Ca2+ + 2m PO4
3- + n peptide-O-PO3

2- ! [Ca3(PO4)2]m[peptide-O-PO3Ca]n " [63]

 Chemical modification. Affinity  tagging method enriches phosphopeptides 

containing phospho-Ser or phospho-Thr via introducing tags into phosphorylated amino 

acids by #-elimination or carbodiimide. However, the tag can be added to O-glycosylated 

residues as well, which derives the false positive peptides [89]. Fluorous affinity tagging 

uses perfluoroalkyl groups that are selectively coupled to phospho-Ser and phospho-Thr 

via #-elimination. Following, modified peptides are enriched with florous-functionalized 

stationary phase [46]. Phosphospecific proteolysis introduces lysine analogs and cleavage 

by lysine-specific proteases and this method allows direct  identification of 

phosphorylation site without sequencing the phosphopeptide [90]. Although enrichment 

may be successful, the number of steps of chemical derivatizations and purifications 

would increase the time and effort required for each experiment and could decrease 

overall phosphopeptide yield.

Glycopeptides enrichment strategies
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 Lectin affinity  chromatography is often used to prepare a series of glycopeptides 

by taking advantage of the relatively broad specificity between lectins and 

oligosaccharides. Various lectins can be used to enrich glycopeptide/glycoprotein, such as 

Jacaline, Concanavalin A (Con A), Wheat Germ Agglutinin (WGA) and Sambucus Nigra 

Agglutinin (SNA). Anguilla anguilla agglutintin (AAA), Aleuria aurantia lectin (AAL) 

[91-95], in which Con A and WGA are the most common lectins used to isolate N-linked 

glycoproteins and glycopeptides mainly because of their broad coverage and commercial 

availability. Figure 2.3 shows a few lectins and their binding glycans. Con A binds with 

preference to oligomannosidic, hybrid and di-antennary N-glycans, either unconjugated 

or attached to proteins or peptides. Con A has relatively broad specificity, but triantennary 

and tetraantennary complex-type glycans are not retained on Con A, and binding is 

sometimes also hindered by fucosylation on GlcNAc in the antennae [96, 97]. Whereas 

WGA has higher specificity  to bind with complex/hybrid type sialylated glycans and non-

sialylated glycans [91, 98]. Jacalin is widely used in affinity  chromatography as a general 

lectin for O-linked glycoprotein due to its specificity for Gal(!1-3)GalNAc [99]. To 

reduce labor intensity and access more glycoprotein/glycopeptide species, a mixture of 

immobilized lectins has been applied, and the application has proved as efficient, 

reproducible, and robust as an enrichment strategy for glycoproteins [100]. Many other 

more focused affinity approaches have been published as well [101, 102].  

 Glycopeptides can be enriched via hydrazide chemistry. In this method, the cis-

diol groups of carbohydrates in glycopeptides are oxidized to aldehydes, which then form 

covalent hydrazone bonds with hydrazide groups immobilized on a solid support  [103]. 

Non-glycosylated peptides are washed away, whereas the glycosylated peptides remain 

on the solid support. Many applications of hydrazide enrichment strategy to characterize 

glycoproteomics have been reported [99, 104, 105]. Meanwhile, the hyrazide method can 

be applied for quantitative analysis of N-linked glycopeptides. The quantitation can be 

achieved by detecting released N-linked glycans, which is oxidized by light (d0, 

containing no deuteriums) or heavy (d4, containing four deuteriums) succinic anhydrides 

[103].
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Figure 2.3 N-linked glycans and their binding lectins [91]. Lectins with different 
specificities bind with non-reducing end of the oligosaccharide. Three types of N-glycan 
is shown here. High-mannose N-glycans contain only mannose attached to the core. 
Complex N-glycans have had all mannose residues removed by enzymatic processing and 
replaced to form antenna structures. Hybrid N-glycans have been incompletely processed 
and have at least one antenna containing only  mannose residues. Abbreviations: Man, 
mannose; GlcNAc, N-acetylglucosamine; Gal, galactose; Fuc, fucose; Sia, sialic acid. 

 Alternatively, hydrophilic interaction liquid chromatography (HILIC) can be used 

as a non-biased method to enrich glycopeptides, including both N- and O-glycopeptide 

[106]. HILIC is characterized by the use of a hydrophilic stationary  phase and a 

hydrophobic organic mobile phase, which was orginally  described by  Linden et al. in 

1975 [107]. Thus, it makes use of the polar interaction between the hydroxyl groups of 

glycans and the stationary phase to enrich glycopeptides [108]. HILIC can be on-line 

coupled to nano-electrospray MS, allowing direct analysis of the enriched glycopeptides 

[108-110]. As a novel glycopeptide enrichment/separation strategy, zwitterionic-type 

hydrophilic interaction liquid chromatography (ZIC-HILIC) has been shown to have 
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good capability for glycan structural recognition [100, 111]. Though the HILIC method is 

extremely simple, it is effective for the removal of non-glycosylated peptides. However, 

the method is not necessarily perfect, as inclusion of some non-glycosylated peptides and 

even leakage of short glycopeptides are sometimes observed. 

Phosphopeptide and glycopeptide separation

 Phosphopeptide and glycopeptide enriched by the techniques described above will 

need clean up or separation to be compatible with mass spectrometry. C18 tips (ziptip), 

cartridges or columns are commonly used to remove salts and many small molecule 

contaminants. Meanwhile, phosphopeptides and glycopeptides will be further separated 

on a C18 column based on their hydrophobicity. In addition, capillary  electrophoresis with 

on-line MS (CE-ESI-MS/MS) has applied to analyze glycopeptides [112] from a complex 

matrix such as urine [113] or antithrombin [114]. 

Tandem MS Methodology

 During MS-based experiments, the mass-to-charge ratio (m/z) and intensity 

(measured as signal magnitude in FT-ICR MS [115]) of the intact  peptide precursors are 

recorded by an initial MS scan. The tandem MS (MS/MS) can be automatically 

performed in order of decreasing parent ion intensity  for peptide sequencing. This process 

of precursor selection, dissociation, and fragment ion mass analysis is repetitively 

performed on analyte species as they  elute from the LC column. Ideally, MS/MS 

interrogation of a phosphopeptide or glycopeptide generates a series of fragment ions that 

differ in mass by a singe amino acid, such that the peptide primary sequence and position 

of the modification site(s) can be determined [49]. 

Collision-induced dissociation (CID)

 The fragmentation of electrospray-ionized peptides may be performed by CID 

using a variety of instruments and experimental steps. A common approach is IT-MS/MS, 

which allows repetitive ion isolation/fragmentation cycles. To fragment target peptide by 

CID, the molecular ions are usually accelerated by  some electrical potential to high 
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kinetic energy  in the vacuum of a mass spectrometer and then allowed to collide with 

neutral gas molecules, such as helium, nitrogen or argon [116]. Once the collisions 

induced internal energy reaches the threshold, peptide cation is dissociated, but the 

fragmentation pattern is related to the amino acid composition, size and peptide charge 

state, the excitation method of the mass spectrometer, etc. The fragments carry either the 

N- terminus (b-type ions) or C- terminus (y-type ions) [117], which serve for de novo 

sequencing. 

 The phosphate group of a phosphopeptide is relatively labile providing a low-

energy pathway that competes with backbone fragmentation. Thus, CID MS/MS spectra 

of phosphopeptides are always dominated by an intense neutral loss (loss of H3PO4 or 

HPO3) peak (Figure 2.4). Newly developed beam-type CID (CID performed within a 

collision cell) results in more energetic collisions and often generates more sequence 

infomative b- and y- type ions of greater intensity than that of lower-energy CID [118, 

119]. Loss of H3PO4 (98 Da) is dominant for phosphoserine, but it is present to a lesser 

extent for phosphothreonine. Loss of HPO3 (80 Da) can be observed on both 

phosphothreonine and phosphotyrosine [120, 121]. H3PO4 cannot  be lost from the 

phosphorylated tyrosine residue because aromatic ring does not allow an E2-elimination 

or SN2-neighboring group participation reaction to occur [121]. Moreover, a protonated 

tyrosine phosphorylated peptide without  basic residues did not produce any neutral loss 

[122]. 

 Although the neutral loss of phosphoryl group  is a characteristic feature in 

phosphopeptide CID spectrum and brings higher confidence to assign a phosphopeptide, 

less fragmentation on the peptide backbone or low signal/noise (S/N) of observed 

fragment ions will be an issue to locate the phosphorylation site and sequence the 

phosphopeptide. Technically, it can be solved by  performing MS3 to get  more 

fragmentation information, but the quality of MS3 spectrum is limited by many factors, 

such as LC retention time, selected ion S/N, etc [123]. In addition, most database search 

engines, such as MASCOT [124], SEQUEST [125], OMMSA (http:/ /

pubchem.ncbi.nlm.nih.gov//omssa/) are not well designed to localize the phosphorylation 
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site based on low quality MS/MS spectrum of a phosphopeptide. Many software tools 

have been developed combined with specific algorithm and phosphopeptide 

fragmentation principles to facilitate precisely  localizing phosphorylation site, such as 

Ascore [126], MSQuant [47, 127], which are the most commonly used ones.

Figure 2.4. CID spectra of non-phosphorylated and phosphorylated peptide with 
sequence of VNQIGTLSESIK. The phosphorylation site was deduced by  the fragment 
ions without losing phosphate group. The highest pick in the MS/MS spectrum of 
phosphopeptide is phosphate neutral loss species. Clearly, CID spectrum (top) shows that 
both the sequence coverage and S/N ratio of fragment ions of non-phosphorylated peptide 
are better than phosphopeptide (bottom).  

 In general, CID spectrum of glycopeptides is dominated by  B-type and Y-type 

(nomeclature by Domon and Costello [128]) of glycosidic linkages, thereby revealing 

predominantly information on the composition and sequence of the glycan moiety 

19



(Figure 2.5). When glycopeptides are subjected to CID in the quadrupole ion trap, the 

consecutive losses of 162 Da (Hexose), 203 Da (HexNAc) and 291 Da (NeuNAc) can be 

used as a tool for confirming the presence of a glycopeptide [129, 130]. Whereas, 

quadrupole cannot observe low molecular weight oxonium ions [131] due to the low 

mass cut-off. Meanwhile, the fragmentation of peptide backbone bonds may be observed 

(b-type and y-type ions), but it can barely generate enough fragments for peptide 

sequencing, especially  for the species with large peptide backbone or oligo-saccharide 

chains. In addition, b-type and y-type ions are usually produced in heterogeneous form: 

(1) with the intact glycan moiety, (2) with a truncated glycan chain, as well as (3) in 

deglycosylated form after loss of the complete glycan chain [96, 132, 133]. Therefore, 

most times, MSn on selected ions or a separate analysis on peptide portion may  be needed 

to characterize peptide sequence as well as localize glycosylation site(s) [134-136]. 

Figure 2.5. CID spectrum of N-glycopeptide.
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Electron-based dissociation (ECD/ETD)

 Electron-based dissociation intends to break the peptide backbone without 

cleaving labile modification groups, such as phosphorylation or glycosylation. As a 

complementary  method for CID, electron capture dissociation (ECD) [137] has been 

developed for analysis of posttranslational modifications. Fundamentally, ECD involves 

the capture of a low-energy electron by a multiply  charged precursor cation and cleaves 

N-C$ bond to produce predominantly c- and z-dot type fragment ions, whereas c-dot and 

z- type ions can be observed when a hydrogen is transferred [138] (Figure 2.6). The 

highest ECD efficiency is obtained with near-thermal electrons (<0.2 eV). But electrons 

would maintain their thermal energy for only a few microseconds in a rf trap [139], and 

more importantly, will not  be trapped. Thus, ECD is mostly  performed on Fourier 

transform ion cyclotron resonance (FTICR) instruments [140-142]. Unfortunately, only 

limited applications have been done on glycoproteomics and phosphoproteomics analysis 

with ECD [143, 144]. The main reasons include: (1) the optimized fragmentation 

parameters areas variable between the peptides, (2) ICR detection time is not short 

enough to be compatible with on-line liquid chromatography, (3) limited software tools 

have been developed for database search relied on ECD spectrum. 

 Activated ion electron capture dissociation (AI-ECD) has been found to increase 

fragment ion yield and sequence coverage in comparison with standard ECD [142, 145]. 

In AI-ECD, infrared (IR) excitation was performed either before ECD to increase kinetic 

energy of precursor ion. Most applications of AI-ECD have been applied to study 

glycopeptide [54, 142, 146]. As a complementary  dissociation method, infrared 

multiphoton dissociation (IRMPD), which transfers energy from an infrared laser to 

trapped ions and performs fragment [147]. Similar as CID, dissociation energy of IRMPD 

will target on labile PTMs, such as glycans, thus generate sequence or structure 

information of oligosaccharide chain (Figure 2.7).
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Figure 2.6. CID and ECD spectra of phosphopeptide DLDVPIPGRFDRRVpSVAAE. It 
is easier and more confident  to locate a phosphorylation site on the peptide in ECD 
spectra. However, the ECD efficiency can be a limitation for the application in the large-
scale phosphopeptide analysis. 

 Electron transfer dissociation (ETD) applies different mechanism to introduce 

electron to precursor cations, in which an electron is transferred from a radical anion with 

low electron affinity to the precursor cation [148, 149]. Therefore, ETD is available for 

rf-based ion trap mass spectrometers because the radical anions can be trapped. The 

fragment ions after ETD can be measured in ion trap for fast scan or in the orbitrap or Q-

TOF for high mass accuracy and resolution [150, 151]. Similar as ECD, higher charged 

precursor cations are the preference for ETD. More precisely, ETD/ECD efficiency can 

be improved by increasing the peptide charge density (the ration of charge over number 

of amino acid residues). The most common issue in ETD is electron transfer (ET) without 

dissociation because of the non-covalent interactions within the peptide.
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Figure 2.7. ESI AI-ECD FT-ICR MS/MS spectrum of quadrupole and SWIFT-isolated 
[VTVPCPVPSTPPTPSPSTPPTPSPSCCHPRL + 4 GalNAc + 3 Gal + 3H]3+ ions from 
the O-glycosylated IgA1 HR peptide. Fifteen peptide backbone N-C$ bonds are broken. 
The product ions uniquely  localize attachment sites of 3 GalNAc-Gal disaccharides 
[152]. 

Informatics

The importance of mass accuracy

 MS/MS data, which are normally  collected in ion trap  for higher scan rate, are 

currently the main source of information for identifying large numbers of peptides 

generated by  digestion of protein mixtures in so-called “bottom-up” mass spectrometry-

based proteomic experiments. Recently mass spectrometers with the capability  to provide 

exceptionally  high mass accuracy and resolution of precursor ions along with rapid MS/
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MS collection capabilities have become available for wide spread use [6, 153, 154]. High 

mass accuracy allows the reduction of precursor ion mass error tolerances, thus generates 

less number of peptides initially considered by the peptide spectral matching algorithm 

[126]. However, because the b- and y- type ions often show low S/N as the spectra from 

peptides phosphorylated at serine or threonine residues tend to be dominated by intense 

peaks from the neutral losses of phosphoric acid and water [121]. The role of mass 

accuracy in the peptide identification process has been amplified [155]. 

 Currently, most glycoproteomics experiments focus on “proteomics” rather than 

entire unit because of the heterogeneity and complexity of the oligosaccharide chain(s) 

attached to the protein. In this type of experiment, the general protocol includes 

detachment of sugar and identification of glycosylation sites. Therefore, the data 

processing is as general proteomics and high mass accuracy may not contribute too much 

for the identification of deglycosylated peptide [156]. In contrast, the mass accuracy 

becomes extremely  important for analysis of entire glycopeptide, which has been shown 

in the theoretical prediction [157] and experimental calculation [130].

Tools used for identification of peptide portion

 It has become extremely important to develop informatics tools to deal with large 

amount of information generated from the phosphoproteomics and glycoproteomics. 

Fortunately, most of the softwares developed for conventional shotgun proteomics are 

likewise applicable to phosphopeptide data sets, such as MASCOT [124], SEQUEST 

[125], OMMSA (http://pubchem.ncbi.nlm.nih.gov//omssa/).

 The composition assignment of glycopeptide is more challenging. Many 

approaches have been developed to deduce the peptide. For example, FindPept tool 

(http://ca.expasy.org/tools/findpept.html) [108] identifies peptide by  searching against 

protein database (Swiss-Prot) based on the prediction of peptide mass based on MS/MS 

experiments. Meanwhile, a marker ion, peptide + GlcNAc that may appear on both the 

ESI and MALDI spectra [131, 158], can be used to obtain peptide sequence as well. 

Other commonly used tools include GlycoPep DB (http://hexose.chem.ku.edu) [159] and 

GlycoMod (http://us.expasy.org/tools/glycomod/) [160, 161]. Finally, the combination of 
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different dissociation methods may be applied to increase the confidence of peptide 

assignment.   

Data evaluation

 It is necessary  to evaluate automated interpretation of tandem mass spectrometry 

spectra from phosphoproteomics and glycoproteomics, because even unmatchable spectra 

can be assigned during the database search. The target-decoy search strategy represents a 

straightforward and effective way  to distinguish correct from incorrect peptide 

identifications. The decoy database is created to preserve the general composition of the 

target database while minimizing the number of peptide sequences in common between 

the target and decoy, whereas decoy sequences must be clearly labeled so they can be 

distinguished from target  sequences in the search results. Finally, FDR can be assigned to 

the entire data set [162]. Many software packages have been compiled to statistically 

evaluate data quality for proteomics projects, such as Scaffold (http://

www.proteomesoftware.com/), ProteoIQ (http://www.bioinquire.com/), etc. 

Phosphorylation and glycosylation sites

 Precise assignment of a PTM site is critical in phosphoproteomics and 

glycoproteomics. The glycosylation site assignment can be easier than phosphorylation 

site, especially for N-glycosylation, because it  is not only limited by the asparagine 

residue but also requires a consensus sequence. As a variable modification, deamination 

on the asparagine may confuse the assignment of N-glycosylation when the glycopeptide 

was treated with PNGaseF [53], whereas the problem can be solved by site direct tagging 

of 18O during the digestion [91, 95, 163, 164] (Figure 2.8). Therefore, the deaminated 

asparagine residue will be different from the deglycosylated one by mass. Since it lacks 

method to specifically remove O-glycans, O-glycopeptides will always analyzed as entire 

unit in small scale [165]. 
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Figure 2.8. PNGase F-mediated isotope-coded glycosylation site-specific stable isotope 
tagging in H2

18O. In this approach, the Asn residue carrying the sugar chain is converted 
to Asp by PNGase F digestion, with concomitant incorporation of the 18O from the 
solvent [91, 95, 163, 164]. 

 As it mentioned in the dissociation methods section, the neutral loss and low S/N 

fragment ions are common in a CID spectrum of phophopeptide. Therefore, the 

localization algorithms are necessary to ascertain with greater confidence the likely 

modification form(s). Ascore [126] is the most well-known software to deduce 

phosphorylation site from CID spectrum, but it may need additional work to convert 

search result  into Sequest form. Many  other software tools have been developed to be 

compatible with different fragmentation methods and search algorithms, such as 

PhosphoScore [166], Phosphinator [167], and SLoMo [49, 143]. 
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CHAPTER THREE

SITES AND EXTENT OF SELENOMETHIONINE 

INCORPORATION INTO RECOMBINANT CAS6 PROTEIN BY 

TOP-DOWN AND BOTTOM-UP PROTEOMICS WITH 14.5 T 

FT-ICR MASS SPECTROMETRY 

Introduction

This study  presents a simple bottom-up and top-down proteomic assay  to verify 

selenomethionine replacement of methionine in Cas6. Proteins with "clustered regularly 

interspaced short  palindromic repeats" (CRISPRs), or Cas proteins [168-171], can 

function as nucleases, helicases, RNA/DNA-binding proteins, or transcription factors 

[172]. Also, Cas proteins are hypothesized to repair DNA [173] and/or provide 

prokaryotic host defense against invading foreign replicons [174, 175]. As a novel 

endoribonuclease in Pyrococcus furiosus, Cas6 cleaves CRISPR RNAs within the repeat 

sequences to release individual invader targeting RNAs [176]. Wild-type Cas6 (wt-Cas6) 

and auxotrophically  expressed selenomethionine-Cas6 (se-Cas6) had been previously 

prepared and purified for x-ray crystallography experiments [176]. 

As scattering atoms (e.g. transition metals) have large electron densities which 

allow for improved phasing [177], selenomethionine enriched proteins are used with x-

ray crystallography  to aid in phasing by multi-wavelength anomalous diffraction (MAD) 

[20-22]. The refined phasing allows for improved crystal structure resolution. However, 

prior to x-ray crystallography experiments, the quality of the selenomethionine 

enrichment should be verified.  Bottom-up and top-down proteomics with a modified 

14.5 T LTQ FT-ICR MS provides a fast, accurate, and robust method to verify 

selenomethionine incorporation into 6 possible methionine sites.  
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Figure 3.1. Left: Isotopes and natural abundances of sulfur and selenium. Right: 
structures, masses of methionine and selenomethionine.

The mass difference (47.9444 Da) between methionine and selenomethionine is 

easily measured with mass spectrometry (Figure 3.1). However, to confidently identify 

the incorporation of selenium, the distinct isotopic distribution [178, 179] needs to be 

observed by high resolving power instrument such as FT-ICR MS [180, 181]. In our 

study, bottom-up proteomic analysis are first applied to identify  tryptic peptide containing 

selenomethionine(s). Furthermore, top-down proteomics produces data that is 

complementary  to bottom-up proteomics; however, 100% sequence coverage is more 

likely with top-down proteomics [182] [183]. In addition, the high resolving power of FT-

ICR MS at 14.5 T provides improved information (i.e. improved sequence coverage) by 

resolving overlapped peaks. High mass accuracy intact protein analysis [184], bottom-up, 
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and top-down proteomics provides three metrics for accurate assessment of 

selenomethionine incorporation into Cas6.  

Experimental Procedures

Materials. All solvents were purchased from J.T. Baker (Philipsburg, NJ) in the 

highest purity. SDS/PAGE with a Bis-Tris 4-12% gradient gel and Coomassie blue were 

purchased from Invitrogen (Carlsbad, CA). Trypsin was purchased from Sigma-Aldrich 

(St. Louis, MO). The C18 (5 cm x 75 µm, 15 µm i.d. spray tip) nanoscale capillary column 

was purchased from New Objective (Woburn, MA). Cas6 or Se-Cas6 were expressed, 

isolated, and purified as described elsewhere [176].

SDS/PAGE Separation and In-Gel Trypsin Digestion. Cas6 or Se-Cas6 protein 

(1 ug) was separated by SDS/PAGE with a Bis-Tris 4-12% gradient gel and stained with 

Coomassie blue. Protein bands were excised and diced into approximately  1 % 1 mm 

pieces and digested with 100 pmol of trypsin following a standard in-gel digestion 

protocol [185]. After digestion, peptides were extracted with 300 &L of 75/20/5 

(acitonitrile/H2O/formic acid), speed vacuumed to dryness, and stored at -80 °C for future 

analysis. Prior to MS analysis, the samples were dissolved into 10 &L of 97.5/2/0.5 (H2O/

methanol/formic acid).

Direct Infusion and Reversed-Phase Capillary Liquid Chromatography.  

Protein was infused directly  with an Advion BioSystems Nanomate (Ithaca, NY). Wt-

Cas6 and Se-Cas6 were dissolved into H2O/methanol/formic acid (48/50/2) to 1-5 pmol/

µL prior to direct infusion experiments. In-gel trypsin digests were separated by reversed-

phase nano-liquid chromatography (10 µL sample) with a C18 capillary column. An 

Eksigent NanoLC (Dublin, CA) delivered a 45 minute gradient (5 to 95% B) at 400 nL/

min (solution A: 0.5% formic acid in 5% aqueous methanol; solution B: 0.5% formic acid 

in 95% aqueous methanol.

Mass Spectrometry. Mass spectrometry was performed with a modified hybrid 

linear quadrupole ion trap/FT-ICR mass spectrometer (LTQ-FT, Thermo Fisher Corp., 

Bremen Germany) equipped with an actively shielded 14.5 T superconducting magnet 
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(Magnex, Oxford, U.K.) [180, 186]. The in-gel digested samples were analyzed by LC 

MS/MS (bottom-up) with the 14.5 T LTQ FT-ICR MS operated in top-5 data-dependent 

mode: (high resolution MS for precursor ions and low resolution LTQ MS/MS for 

product ions). For each precursor ion measurement, 3 million charges were accumulated 

in the LTQ prior to transfer to the ICR cell. The five most abundant ions were fragmented 

by collision-induced dissociation (CID) in the LTQ for low-resolution MS/MS (3 

microscans, 10,000 target ions, 2.0 Da isolation width, 35.0 collision energy, 0.250 

activation Q, 30 ms activation period, and dynamic exclusion list size of 60 for 1 minute). 

Automatic gain control provided less than 0.500 ppm rms mass error with external 

calibration [187].  Data was collected with Xcalibur software (Thermo).

Top-down analysis was performed by first isolating the 36+ charge state of 

interest with a 16 Da mass selection window in the LTQ. The same charge state was 

fragmented in the LTQ (0.5 million ions, normalized collision energy, 40; activation Q, 

30; and 50 ms activation period) and transferred to the ICR cell for measurement. A 3 

second time-domain ICR signal was collected for intact proteins and top-down 

experiments (100 scans signal-averaged). Data was calibrated by  external calibration 

from top-down analysis of standard proteins, with total ion number held constant. Data 

was collected with Xcalibur and MIDAS software.  

Data Analysis and Informatics. Raw data was extracted with a custom peak 

picking algorithm at a 10% signal-to-noise threshold. Resulting files were searched with 

MASCOT (Matrix Science, Cambridge, UK) against a custom created database that 

contained the wt-Cas6 primary amino acid sequence (1 ppm mass tolerance for parent 

ions; 1 Da tolerance for MS/MS; trypsin protease specificity; one missed cleavage; and 

oxidation as an allowed variable modification for methionine). For the Se-Cas6 digest, 

47.94 Da was added to the identified methionine containing peptide to find the 

seleniomethionine peptides. Predicted isotopic distribution patterns were matched with 

experimental data manually. Intact protein analysis was performed by matching the 

isotopic distribution for the known sequence to experimentally measured charge states.  

The most abundant isotopic peaks were used for comparison between calculated and 
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measured values [188]. Theoretical ion isotopic distributions were calculated by IsoPro 

3.1. Top-down ion fragments were assigned by hand based on the "mass sequence 

tag" [189, 190] approach and verified by ProSight 2.0 [191, 192]. 

Results and Discussions

Three different experiments were performed to provide full characterization of se-

Cas6. Firstly, the comparison of the broadband spectra of intact wt-Cas6 and se-Cas6 

revealed a 287.752 Da mass shift corresponding to 6 selenomethionine (Figure 3.2).  

Secondly, bottom-up proteomics of wt-Cas6 and se-Cas6 after in-gel trypsin digestion 

resulted in 78% sequence coverage (Figure 3.6 & Table 3.1). The peptides, which 

contained methionine, were used to verify  selenomethionine-containing peptides from se-

Cas6. Figure 3.3 presents the precursor ion methionine/selenomethionine pairs from both 

the wt-Cas6 and se-Cas6 tryptic digests. The distinct isotopic distribution from selenium 

provided proof that the selenomethionine are present in the peptide as well.    
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Figure 3.2. Left: Broadband (left) ESI FT-ICR mass spectra (from 25 summed time-
domain data sets) of wild-type Cas6 (top) and selenium-labeled Cas6 (bottom). Right: 
isotopic distributions for the 36+ charge state of wild-type Cas6 (top) and selenium-
labeled Cas6 (bottom). The isotopic distribution (circles) calculated from the elemental 
composition of wt-Cas6 (or selenium-labeled-Cas6) was superimposed on the 
experimental spectrum to determine which peak is which (i.e., the correct  mass to the 
nearest Da). The measured mass corresponding to the circled peak with highest calculated 
magnitude for wt-Cas6 is higher by 287.752 Da than the corresponding Se-Cas6 circled 
peak for which 32S6 is replaced by 80Se6 (i.e., corresponding to the incorporation of 6 
selenomethionines (47.94445 x 6 = 287.667 Da)).
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Figure 3.3. ESI FT-ICR mass spectra of selected "bottom-up" tryptic fragments of 
methionine-(M) and selenomethionine-(*M) containing peptides from wild-type Cas6 
and selenium-labeled Cas6. Insets on peptide sequence show CID cleavages. Opten circle 
represents the calculated isotopic distribution patterns for selenomethionine containing 
peptides.

Table 3.1. Identified peptides from wild-type Cas6 and selenium-labeled Cas6

Wild-type Cas6Wild-type Cas6Wild-type Cas6 Selenium-labeled Cas6Selenium-labeled Cas6Selenium-labeled Cas6

Peptide Exptl Calc!d Error Exptl Calc!d Error

Mass(Da) Mass(Da) (ppb) Mass(Da) Mass(Da) (ppb)

11FLIR14 548.3554 549.3555 -100 548.3554 549.3555 -100

15LVPEDKDR22 970.5083 970.5083 0 970.5083 970.5083 0

26VPYNHQYYLQGLIYNAIK43 2196.137 2196.137 20 2196.137 2196.137 20

44SSNPK48 531.2653 531.2654 200 531.2653 531.2654 200

49LATYLHEVK57 1072.592 1072.592 -9 1072.592 1072.592 -9

61LFTYSLFMAEK71 1348.674 1348.674 200 1396.618 1396.618 -400

61LFTYSLFMAEKREHPK76 1996.024 1996.023 -500 1996.024 1996.023 -500

77GLPYFLGYK85 1056.564 1056.564 -50 1056.564 1056.564 -50
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114LWDER118 717.3445 717.3446 -60 717.3445 717.3446 -60

119FYLHEIK125 948.5069 948.5069 0 948.5069 948.5069 0

132KFNGSTFVTLSPIAVTVVR150 2035.146 2035.147 -80 2035.146 2035.147 -80

154SYDVPPMEK162 1064.485 1064.485 9 1112.429 1112.429 0

163EFYSIIK169 898.4799 898.4800 100 1996.024 1996.023 -500

163EFYSIIKDDLQDK175 1612.798 1612.798 6 1056.564 1056.564 -50

170DDLQDK175 732.3290 732.3290 -40 717.3445 717.3446 -60

176YVMAYGDKPPSEFEMEVLIAKPK198 2641.317 2641.317 50 2737.208 2737.206 700

202IKPGIYQTAWHLVFR216 1828.015 1828.015 -20 1828.015 1828.015 -20

217AYGNDDLLK225 1007.492 1007.492 10 1007.492 1007.492 10

226VGYEVGFGEK235 1083.524 1083.524 50 1083.524 1083.524 50

236NSLGFGMVK244 951.4848 951.4847 40 999.4290 999.4292 -200

253EAEEQEK259 861.3716 861.3716 0 861.3716 861.3716 0

260ITFNSR265 736.3868 736.3868 0 736.3868 736.3868 0

Lastly, top-down proteomics of wt-Cas6 and se-Cas6 produced fragment ions 

(Figure 3.4) that were easily compared to each other by observing the mass shifts of the 

fragment ions. The spectra were also sequenced (Table 3.2) by  finding mass sequence 

tags [189], or with ProSight 2.0 [191, 192]. Figure 3.4 presents a portion of the spectra 

that shows the sequence mass tags and mass shifts due to selenomethionine. Top-down 

proteomics with our modified LTQ FT-ICR MS allowed for increased transient times. A 

longer transient time allows for resolved spectral peaks, which would normally not be 

resolved at lower resolving powers. If the experiments were performed with a lower 

resolution instrument, information would have been lost due to overlap of fragment ion 

signal.  

34



Figure 3.4. Mass scale-expanded segments following "top-down" CID of intact wt-Cas6 
and se-Cas6. Note the wider isotopic distribution for y130

15+ from se-Cas6 relative to wt-
Cas6. The measured and calculated masses are as in Table 3.2.

Table 3.2. Top-down CID MS/MS fragment ion masses used to identify 
selenomethionine residue sequence locations.

Wild-type Cas6Wild-type Cas6Wild-type Cas6 Selenium-labeled Cas6Selenium-labeled Cas6Selenium-labeled Cas6

Fragment Ion Exptl Calc'd Error Exptl Calc'd Error Identified Methionine(s)

Mass (Da) Mass (Da) (ppm) Mass (Da) Mass (Da) (ppm)

[b30 –H2O]6+ 3633.873 3633.876 0.8 3633.873 3633.877 1.1

[b31 –H2O]6+ 3761.931 3761.934 0.8 3761.931 3761.937 1.6

[b32 –H2O]6+ 3924.995 3924.999 1.0 3924.995 3924.997 0.5

[b33 –H2O]6+ 4088.058 4088.063 1.2 4088.058 4088.064 1.5

[b34 –H2O]6+ 4201.142 4201.147 1.2 4201.142 4201.149 1.7

[b35 –H2O]6+ 4329.201 4329.205 0.9 4329.201 4329.208 1.6

[b36 –H2O]6+ 4386.222 4386.227 1.1 4386.222 4386.230 1.8

[b91 –H2O]15+ 10860.678 10860.693 1.3 10908.627 10908.639 1.1 M68

[b92 –H2O]15+ 10947.710 10947.718 0.7 10995.659 10995.665 0.5 M68
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[b93 –H2O]15+ 11048.758 11048.768 0.9 11096.707 11096.715 0.7 M68

[b94 –H2O]15+ 11151.767 11151.779 1.0 11199.716 11199.723 0.6 M68

[b95 –H2O]15+ 11250.836 11250.850 1.2 11298.784 11298.786 0.1 M68

[b97 –H2O]15+ 11476.931 11476.921 0.8 11524.879 11524.897 1.5 M68

[b98 –H2O]15+ 11590.015 11590.033 1.5 11637.964 11637.975 0.9 M68

[b99 –H2O]15+ 11661.052 11661.062 0.8 11709.001 11709.014 1.1 M68

[b100 –H2O]15+ 11790.095 11790.106 0.9 11838.039 11838.062 1.9 M68

[b101 –H2O]15+ 11861.132 11861.143 0.9 11909.076 11909.093 1.4 M68

[b102 –H2O]15+ 11974.216 11974.227 0.9 12022.160 12022.189 2.4 M68

y165 19+ 19120.868 19120.895 1.4 19360.604 19360.649 2.3 M108, M160, M178, M190, M242

y166 19+ 19233.952 19233.978 1.3 19473.688 19473.701 0.6 M108, M160, M178, M190, M242

y168 19+ 19404.057 19404.084 1.3 19643.794 19643.818 1.2 M108, M160, M178, M190, M242

y169 19+ 19518.100 19518.092 0.4 19757.836 19757.872 1.8 M108, M160, M178, M190, M242

y170 19+ 19617.169 19617.206 1.9 19856.905 19856.944 1.9 M108, M160, M178, M190, M242

y128 15+ 14647.493 14647.513 1.4 14389.282 14389.315 2.2 M160, M178, M190, M242

y130 15+ 14857.629 14857.646 1.1 15049.419 15049.439 1.3 M160, M178, M190, M242

y131 15+ 14944.661 14944.679 1.2 15136.451 15136.494 2.8 M160, M178, M190, M242

y132 15+ 15057.745 15057.757 0.8 15249.535 15249.559 1.6 M160, M178, M190, M242

y133 15+ 15158.793 15158.820 0.4 15350.583 15350.615 2.0 M160, M178, M190, M242

y48 7+ 5323.701 5323.707 1.1 5371.647 5371.652 0.9 M242

y50 7+ 5549.869 5549.878 1.6 5597.815 5597.824 1.6 M242

y51 7+ 5664.896 5664.902 1.0 5712.842 5712.852 1.7 M242

Conclusions and Discussions

In analysis, sequence tags were applied in the same charge state species to assign 

CID fragment ions. The CID dissociated fragment ions were directly  used for comparison 

between wt-Cas6 and Se-Cas6, which resolved that there are six methionines were 

replaced by selenomethionines, and the N-terminal methionine was subject to depletion 

by posttranslational modification. High resolving power of FT-ICR, which is m/'m50% = 

400,000 at m/z 400, avoided most overlap  fragment peaks commonly happened in MSn 

spectrum when collected by  low-resolution instruments. Figure 3.6 presents an example 

with an observed resolving power of 370,000 at m/z 800. Bottom up  is an alternative way 

used to approve incorporations of selenomethionines. The result was consistent between 

top-down and bottom-up. However, comparing to top-down, bottom-up  can rarely get 

100% sequence coverage by  proteolysis peptides, which leads to lose part of sequence 
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information and also the modification information, in which M68 wasn’t detected by 

bottom-up. Whereas, top-down analysis measuring the protein intact, which preserves all 

modifications. In conclusion, this technique can be practical for quick quantifying 

selenomethionine labeling proteins before crystallizing. The identification and 

characterization of proteins using top  down tandem mass spectrometry can be high-

throughput and more efficient when the data analysis is coupled with bioinformatics 

tools, such as ProSight 2.0 [191, 192].

Figure 3.5. Primary amino acid sequence of Cas6 protein, showing CID top-down 
cleavage sites (standard b and y notation) and bottom-up sequence coverage (lines) with 
N-terminal methionine deletion.

 This chapter presents top-down and bottom-up proteomics with 14.5 T FT-ICR 

mass spectrometry to study sites and extent of selenomethionine incorporation into 
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recombinant Cas6 protein. This work has been published on Rapid Commun. Mass 

Spectrom., (2010), 24 (16), 2386-2392. It  combines bottom-up and top-down proteomics 

with a modified 14.5 T LTQ FT-ICR MS offer a quick, accurate, and robust method to 

locate and quantify selenomethionine incorporation after auxotrophic expression. The 

high resolution mass spectrometer is needed to resolve isotopic distributions of intact 

protein with selenomethionine incorporated. Comparative analysis confirmed that all six 

methionines were fully replaced by selenomethionines in Se-Cas6.

Figure 3.6. Top: 14.5 tesla FT-ICR "top-down" CID mass spectral segments, showing 
resolved overlapped isotopic distributions for [b100 – H2O]14+ and [b92 – H2O]13+. Bottom: 
Fragment ions are not resolved in the same spectral segment at lower resolving power.
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CHAPTER FOUR 

METHOD DEVELOPMENT OF LC ESI FT-ICR MASS 

SPECTROMETRY FOR CHARACTERIZING N-LINKED 

GLYCANS AND GLYCOPEPTIDES

Introduction

Glycosylation is a common posttranslational modification, and plays important 

roles in many biological processes. Glycans serve a variety  of structural and functional 

roles in membrane and secreted proteins. The extensive and complex form of attached 

glycans, which is glycan heterogeneity, provide for the needed functional diversity  to 

generate extensive phenotypes from limited genotypes [193]. The information of protein 

glycosylation is significant in biomarker discovery  [194], vaccine design [195], and 

structure/function studies of glycoproteins [196-199]. And the biological functions of 

glycoproteins in health and disease have become a significant  area of interest in 

biomedical research [200]. 

There are two major types of glycosylation produced in glycoproteins: N-linked 

glycosylation and O-linked glycosylation. N-linked oligosaccharide chain, which contains 

a common core structure started with an N-acetyl-glucosamine (GlcNAc), is attached to 

an asparagine residue occurring in a tripeptide consensus sequence NXS/T, where X can 

be any amino acid except proline. N-linked saccharides can be released from 

glycoproteins by  digestion with peptide N-glycosidase F (PNGase F) [201]. O-linked 

glycosylation occurs on the hydroxy oxygen of serine, threonine, or tyrosine side chains, 

whereas it lacks of consensus protein sequence and the common core structure of 

oligosaccharide chain [202, 203]. In this work, we only  focused on N-linked 

glycoproteins. 

Mass spectrometry (MS) has been developed as a premier technique in study of 

glycoproteins. In general, site-specific analysis of glycosylations needs not only 

carbohydrate composition/structural information, but attachment site specificity as well 
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[204]. A standard approach to study purified glycoprotein(s) is to employ specific 

enzymatic proteolysis and fractionation of glycopeptides by liquid chromatography or 

affinity chromatography, followed by mass spectrometry  analysis [205-209]. Once it 

comes to a complex sample, glycoprotein analysis presents a technical challenge. 

Currently, most methods involve releasing the glycans from the glycoproteins and 

analyzing carbohydrates and glycosylation sites separately  [210, 211], the specific 

attachment site information of glycans and glycan structural heterogeneities information 

will be lost. 

The interest in glycans necessitates the development of new analysis tools. With 

advances of instrument, high-resolution mass spectrometers have been applied in many of 

recent glycoprotein researches [158, 205, 212-214]. Here, we developed a novel method 

utilizing high-resolution FT-ICR MS [153] to assign N-linked glycopeptide attachment 

along with composition/structural information. To validate feasibility of this method for 

analyzing glycoproteins in the complex biological samples, we applied it to study N-

linked glycoproteins/glycopeptides in FBS.

Experimental Procedures

Deglycosylation glycoproteins with PNGase F. Fifteen microliters aliquot of 

FBS was boiled at 100 °C for 5 min with 5 µL of denaturing buffer (4% SDS, 0.2 M 

DTT) and 30 µL of 100 mM ammonium bicarbonate (pH 7.5) to denature proteins. After 

cooling to room temperature, 10 µL of 10% NP40 and 40 µL of 100 mM ammonium 

bicarbonate (pH 7.5) were applied to make a total volume of 100 µL. N-linked 

glycoproteins were digested with 1000 units of PNGase F (New England BioLabs, 

Ipswich, MA) at 37 °C for 10 h. An additional 500 unites PNGase F were added and the 

sample was incubated for another 10 h. After incubation for total of 20 h, the sample was 

equally splited into two tubes for glycan analysis and glycosylation sites determination. 

Enzyme activity of PNGase F was quenched by 500 µL of aqueous 0.1% TFA.

Oligosaccharide purification. Graphitized carbon cartridge SPE (GCC-SPE) 

(Deerfield, IL) was used to purify  PNGase F released oligosaccharides following the 
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published method with modifications [215]. Firstly, the cartridge was sequentially 

conditioned with 2 column volumes of wash solution (0.1% TFA in H2O), 2 column 

volumes of conditioning solution (0.05% TFA in 80/20 actonitrile/H2O v/v), and 4 

column volumes of wash solution. Then, glycans were applied to the cartridge and 

followed by washing with 4 column volumes of wash solution to remove salts and other 

small molecules. Finally, glycans were eluted with 1 mL of elution solution (0.1% TFA in 

30/70 acetonitrile/H2O v/v). This step was repeated four additional times for a total 

volume of 5 mL eluent. Eluent fractions were lyophilized and stored at -80 °C for future 

analysis. It is important  to note that lower flow-rate during binding and washing is crucial 

to avoid glycan sample loss. Typically, the flow-rate of 1 mL/min was applied to the 

cartridge for conditioning and elution, whereas 0.5 mL/min was applied to for binding 

and washing.

Glycan chromatography mass spectrometry. Lyophilized N-linked glycans 

were dissolved into 85% acetonitrile, 20 mM ammonium acetate (pH = 4.7), and injected 

onto a TSK-Gel Amide80 column (Tosoh Biosciences, San Francisco, CA). Liquid 

chromatography  was operating under HILIC conditions [216, 217] performed by a 

Shimadzu LC-10AD chromatography  system (Shimadzu, Columbia, MD). Glycans were 

initially trapped and washed under condition of 85% solution B (solvent A: 50 mM 

ammonium acetate, pH = 4.7; solvent B: acetonitrile) at flow rate of 15 uL/min. After 5 

min, the gradient  ramped to 35% solution A over 10 min, and further increased to 70% 

solution A over additional 40 min and held for 10 min. Most glycans came off the column 

with 40% - 60% solution A.  

Mass spectrometry was performed with a modified hybrid linear quadrupole ion 

trap/FT-ICR mass spectrometer (LTQ-FT, Thermo Fisher Corp., Bremen Germany) 

equipped with an actively shielded 14.5 T superconducting magnet  (Magnex, Oxford, 

UK) [4]. External calibration was performed by following the manufacturer’s procedure. 

Electrospray  ionization was achieved by applying 2.0 kV to a liquid junction precolumn. 

The capillary voltage, temperature and tube lens voltage were 50 V, 275 °C and 120 V 

respectively. Broadband scans were performed in the ICR cell at AGC of 3 % 106 ions, 
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maximum injection time of 1000 ms and resolving power of 100,000 @ m/z 400. MS/MS 

scans were performed in the ion trap  with normalized collisional energy of 28. Glycan 

compositions were assigned manually. 

Gel electrophoresis and in-gel digestion. A hundred microliters aliquot of FBS 

was reconditioned with 400 µL of 20mM  Tris-HCl pH 7.5, followed by reduction of 

disulfide bonds with 10 mM DTT for 35 min at 56 °C, and alkylation of free sulfhydryl 

groups with 55 mM iodoacetamide at room temperature in the dark for 35 min, shaking 

continuously. Deglycosylation of alpha-2-HS-glycoprotein was performed under same 

protocol without recondition. Proteins were denatured at 90 °C for 10 min and following 

separated by preparative SDS/PAGE with a Bis-Tris 4-12% gradient  gel (80mm % 80 

mm, 1.5 mm thickness, 10 wells) (Invitrogen, CA). The gel was stained with Coomassie 

blue (Invitrogen, CA) and then was cut  into eleven regions according to molecular 

weight. In-gel trypsin (Sigma, MO) digestion was following a standard protocol [218]. 

Briefly, the gel bands were excised into approximately 1 % 1 mm cubes, washed with 

40% acetonitrile/50 mM NH4HCO3 and dried under vacuum. Trypsin was applied to gel 

pieces under high enzyme/substrate ratio (~1:30) to reduce miss cleavages. The digestion 

was carried out at 37 °C for 18 hours. The digests were extracted with 70/25/5 

(acetonitrile/H2O/formic acid), speed vacuumed to dryness, and stored at -80 °C for 

future analysis. 

Reversed-phase capillary liquid chromatography and mass spectrometry. In-

gel tryptic glycopeptides and deglycosylated peptides were separated by reversed-phase 

nano-liquid chromatography  with a C18 capillary column (300 Å pore size, 5 µm particle 

size, 150 mm bed length) (New Objective, Woburn, MA). An Eksigent NanoLC (Dublin, 

CA) delivered a 70 minutes gradient (20% to 80% solution B) at 350 nL/min for 

glycopeptides, and a 70 minutes gradient (5% to 55% solution B) at 350 nL/min for 

deglycosylated peptides (solution A: 0.5% formic acid in 5% aqueous methanol; solution 

B: 0.5% formic acid in 95% aqueous methanol) respectively.

The eluents were analyzed by LC MS/MS (bottom-up) with a 14.5 T LTQ FT-ICR 

MS operated in top-10 data-dependent mode: high resolution MS for precursor ions and 
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low resolution LTQ MS/MS for product ions. For each precursor ion measurement, 3 

million charges were accumulated in the LTQ prior to transfer to the ICR cell. The ten 

most abundant ions were fragmented by collision-induced dissociation (CID) in the LTQ 

for low-resolution MS/MS (3 microscans, 10,000 target ions, 2.0 Da isolation width, 35.0 

collision energy, 0.250 activation Q, 30 ms activation period, and dynamic exclusion list 

size of 60 for 1 minute). Automatic gain control (AGC of 1 % 106 ions) provided less than 

0.5 ppm rms mass error with external calibration. Data was collected with Xcalibur 

software (Thermo).

Data analysis. Raw data of protein digests was extracted with a custom peak-

picking algorithm at a 10% signal-to-noise threshold. Resulting files were searched with 

MASCOT (Matrix Science, Cambridge, UK) against IPI cow database v3.54 (http://

www.ebi.ac.uk/Databases/) with a parent ion tolerance of 2.0 ppm. Specified variable 

modifications include oxidation of methionine and iodoacetamide derivative of cysteine. 

One missed cleavage was considered during the database search.

Results and Discussions

To assign the glycopeptide compositions, we applied a forward method, which is 

to generate two libraries containing all masses of glycan species and the sites of 

glycosylations determined from experiment respectively. Then the masses of different 

combinations between glycan and peptide are searched in the mass measurements of 

glycopeptides, and the uniquely  identified masses will be picked for assigning 

glycopeptides. The method and workflow used for glycoprotein analysis are shown in 

figure 4.1.

It is necessary to generate the libraries, from experiments, for both the masses of 

glycan species and the sites of glycosylations. Theoretically, N-linked glycans could 

attach to any consensus sequence but the occupation of a site is not obligatory. For 

glycans, although the compositions should be unlimited in theoretical prediction, many of 

them are not truly  related to a given biological sample and may not even be biologically 

synthesized. In addition, natural abundances of the same glycan can vary dramatically 
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between samples, which makes it detectable in one sample but not in the other one. 

Although few database are available for glycoprotein analysis, such as GlycoMod [219], 

GlycoSuiteDB (http://glycosuitedb.expasy.org), they normally  generated highly 

redundant data sets. Take GlycoMod, which is a tool for predicting glycan structures and 

masses, for example, it returned 491 different theoretical glycan compositions between 

the masses of 2000 and 2100 [157], but many of them do not exist in a real biological 

system. Therefore, that experimentally determined glycosylation sites and glycan species 

will effectively reduce complexity for data interpretation.

Figure 4.1. Experimental flow chart for determining glycan structures, glycosylation 
sites, and glycopeptide assignments.

Table 4.1. Glycopeptides identified for alpha-2-HS-glycoprotein.

Peptide Observed
Mass (Da)

Calculated
Mass (Da)

Error
(ppm)

Glycan Composition
Mass (Da) Mass (Da) (ppm)

K.L*CPD*CPLLAPLNDSR.V 3653.513 3653.510 0.57 Hex5HexNAc4NeuAc
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3944.609 3944.606 0.76 Hex5HexNAc4NeuAc2

4235.704 4235.701 0.58 Hex5HexNAc4NeuAc3

R.VVHAVEVALATFNAES-
NGSYLQLVEISR.A

5294.369 5294.360 1.77 Hex6HexNAc5NeuAc
NGSYLQLVEISR.A

R.RPTGEVYDIEIDTLETT*-
CHVLDPTPLAN*CSVR.Q

4563.079 4563.078 0.26 Hex3HexNAc2

CHVLDPTPLAN*CSVR.Q 4766.158 4766.157 0.09 Hex3HexNAc3

5057.255 5057.253 0.48 Hex3HexNAc3NeuAc

5219.308 5219.305 0.52 Hex4HexNAc3NeuAc

5875.538 5875.533 0.76 Hex5HexNAc4NeuAc2

6166.639 6166.628 1.72 Hex5HexNAc4NeuAc3

R.KL*CPD*CPLLAPLNDSR.V 4072.701 4072.701 0.05 Hex5HexNAc4NeuAc2

4363.796 4363.796 -0.17 Hex5HexNAc4NeuAc3

*C. Iodoacetamide derivatized cysteine.
(ox)M. Oxidized methionine.
N-linked glycosylation sites are underlined.

To prove the principle of the method, we chose bovine alpha-2-HS-glycoprotein 

as a standard glycoprotein. Three possible N-linked glycosylation sites were found based 

on the sequence of alpha-2-HS-glycoprotein, corresponding to three unique tryptic 

peptides. After deglycosylation with PNGase F, all three of asparagine residues were 

determined as possible occupied glycosylation sites by observing a mass shift of 0.9840 

Da, which attributed to conversion from asparagine to aspartate. Each glycosylation site 

was confirmed from the CID mass spectrum of a tryptic deglycosylated peptide (see, e.g., 

Figure 4.2). In addition, the enzymatically released N-linked glycans were identified. 

Finally, 12 unique glycopeptides were assigned based on glycan and peptide masses 

(Table 4.1). Figure 4.3 shows that  MS/MS spectra of the selected glycopeptide collected 

by low resolution MS (LTQ) was used to prove the identification. High-resolution data of 

same fragments obtained from ICR cell further verified the assignments. 
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Figure 4.2. Representative positive ion CID mass spectrum of a tryptic deglycosylated 
peptide obtained with a linear quadrupole ion trap  (bottom). The precursor ion mass was 
determined by FT-ICR (top right). Peptide sequence and fragmentation patterns are 
labeled at top left. "*C" denotes iodoacetamide derivatized cysteine, and "n" denotes 
glycosylated asparagine, which is deaminated to aspartic acid after treatment with 
PNGase F. 

The feasibility of utilizing this method to analyze glycoproteins in the complex 

biological sample was approved by applying it to FBS. Initially, the serum sample was 

loaded to a preparative SDS/PAGE gel to fractionate the proteins based on the molecular 

weight. After electrophoresis, the proteins were visualized by coomassie blue. The gel 

band was cut into 11 regions. It  is worth to note that the proper concentration of serum 

used in sample preparation is crucial. Concentrated serum sample will be not only 

detrimental for gel electrophoresis because of high abundant proteins, such as albumin, 

but lead to irreversible aggregation during deglycosylation as well. If desirable, the 

smaller starting volume of serum should be applied. In our analysis, 15 µL of 6% FBS for 
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each gel well were the maximum amount for gel electrophoresis, and 17 µL of FBS in 

100 µL reaction buffer for deglycosylation could avoid aggregate formation.

Figure 4.3. Representative CID MS/MS spectra of a tryptic glycopeptide obtained with 

FT-ICR (top) and linear quadrupole ion trap (bottom), with matches shown by vertical 

dashed lines. 

Chromatography of released FBS glycans were performed on a TSK-Gel 

Amide80 column, which had been validated as a robust stationary phase in glycan 

chromatography  [217, 220]. GCC-SPE purified FBS glycans were lyophilized and 

resuspended into 85% acetonitrile, 20 mM  ammonium acetate (pH = 4.7) before 

separation. Figure 4.4 shows most glycans were eluted with 60% - 40% organic solvent, 

whereas polymers and salts, as major interferences, had shorter retention time, which 

were separated well from carbohydrates. Totally, we assigned 73 glycan compositions 

based on the high accurate mass provided by FT-ICR MS (Table 4.2). Many of those 
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identifications were further confirmed by CID MS/MS. Positive-ion CID low-resolution 

(LTQ) and high-resolution (FT-ICR) mass spectra for a representative biantennary  glycan 

released from FBS glycoproteins are shown in Figure 4.5. 

Figure 4.4. Total ion chromatogram constructed from FT-ICR mass spectra for glycans 
released by  gradient elution (top left) from FBS. Bottom: Glycans elute at ~21 min, 
whereas most polymers and salts elute at the wash stage (bottom left; with elution time 
scale expansion at upper right). No non-glycopeptide interferences signals were seen 
during the elution, interval, as evident in the mass scale-expanded spectral segment insets 
at middle right.
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Figure 4.5. Representative positive ion CID mass spectra for a biantennary  glycan 
released from FBS glycoproteins, obtained with a linear quadrupole ion trap (top) and 
FT-ICR (bottom). The deduced structure is inset. The glycan linkage pattern matches with 
GlycoSuiteDB (http://glycosuitedb.expasy.org).
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Table 4.2. Glycan compositions identified for fetal bovine serum.

Number Glycan Composition Observed Calculated Mass Error

Mass (Da) Mass (Da) (ppm)

1 Hex3HexNAc2 910.3276 910.3278 -0.15

2 Hex3HexNAc3 1113.407 1113.407 0.17

3 Hex4HexNAc3 1275.461 1275.460 0.76

4 Hex3HexNAc4 1316.486 1316.487 -0.26

5 Hex3HexNAc3NeuAc 1404.502 1404.503 -0.18

6 Hex4HexNAc3dHex 1421.519 1421.518 0.63

7 Hex3HexNAc4dHex 1462.544 1462.544 -0.35

8 Hex4HexNAc4 1478.540 1478.539 0.46

9 Hex4HexNAc3dHexS 1501.474 1501.475 -0.15

10 Hex7HexNAc2 1558.539 1558.539 -0.17

11 Hex4HexNAc3NeuAc 1566.557 1566.555 0.88

12 Hex4HexNAc3NeuGc 1582.551 1582.550 0.39

13 Hex5HexNAc3dHex 1583.572 1583.571 0.82

14 Hex6HexNAc3 1599.567 1599.566 0.70

15 Hex4HexNAc4dHex 1624.598 1624.597 0.67

16 Hex5HexNAc4 1640.594 1640.592 0.99

17 Hex3HexNAc5dHex 1665.623 1665.624 -0.76

18 Hex4HexNAc5 1681.620 1681.619 0.46

19 Hex3HexNAc3NeuAc2 1695.599 1695.598 0.68

20 Hex8HexNAc2 1720.592 1720.592 0.22

21 Hex4HexNAc3dHexNeuGc 1728.609 1728.608 0.68

22 Hex7HexNAc3 1761.619 1761.618 0.32

23 Hex4HexNAc4NeuAc 1769.636 1769.635 0.62

24 Hex5HexNAc4dHex 1786.652 1786.650 1.19

25 Hex6HexNAc4 1802.645 1802.645 0.09

26 Hex4HexNAc5dHex 1827.677 1827.677 0.40

27 Hex4HexNAc3NeuAc2 1857.651 1857.651 0.18

28 Hex6HexNAc3NeuAc 1890.663 1890.661 1.21

29 Hex4HexNAc4dHexNeuAc 1915.695 1915.693 1.38

30 Hex5HexNAc4NeuAc 1931.690 1931.688 1.15

31 Hex5HexNAc4NeuGc 1947.682 1947.682 -0.25

32 Hex7HexNAc4 1964.700 1964.698 1.02

33 Hex5HexNAc5dHex 1989.731 1989.729 0.66

34 Hex5HexNAc3NeuAc2 2019.706 2019.704 1.09

35 Hex7HexNAc3NeuAc 2052.715 2052.714 0.78

36 Hex4HexNAc4NeuAc2 2060.731 2060.730 0.49

37 Hex5HexNAc4dHexNeuAc 2077.746 2077.745 0.46

38 Hex6HexNAc4NeuAc 2093.743 2093.740 1.26

39 Hex5HexNAc5NeuAc 2134.766 2134.767 -0.28

40 Hex6HexNAc5dHex 2151.784 2151.782 0.59

41 Hex5HexNAc4NeuAc2 2222.784 2222.783 0.48

42 Hex5HexNAc4NeuAcNeuGc 2238.778 2238.778 -0.08
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43 Hex6HexNAc4dHexNeuAc 2239.799 2239.798 0.39

44 Hex5HexNAc4NeuGc2 2254.772 2254.773 -0.53

45 Hex6HexNAc5NeuAc 2296.822 2296.820 0.78

46 Hex7HexNAc5dHex 2313.836 2313.835 0.19

47 Hex4HexNAc4NeuAc3 2351.827 2351.826 0.72

48 Hex5HexNAc4dHexNeuAc2 2368.842 2368.841 0.54

49 Hex7HexNAc6 2370.856 2370.857 -0.06

50(1) Hex5HexNAc4dHexNeuAcNeuGc 2384.836 2384.836 0.01

50(2) Hex6HexNAc4NeuAc2 2384.836 2384.836 0.01

51 Hex5HexNAc4dHexNeuGc2 2400.830 2400.831 -0.21

52 Hex4HexNAc6dHexNeuAcS 2401.809 2401.808 0.20

53 Hex5HexNAc4NeuAc3 2513.879 2513.878 0.23

54 Hex5HexNAc4NeuAc2NeuGc 2529.873 2529.873 0.04

55 Hex5HexNAc4NeuAcNeuGc2 2545.870 2545.868 0.90

56 Hex5HexNAc4NeuGc3 2561.867 2561.863 1.46

57 Hex6HexNAc5NeuAc2 2587.913 2587.915 -0.77

58 Hex6HexNAc5NeuAcNeuGc 2603.910 2603.910 -0.21

59 Hex6HexNAc5NeuGc2 2619.908 2619.905 1.23

60 Hex8HexNAc5NeuAc 2620.925 2620.925 -0.33

61 Hex5HexNAc4dHexNeuAc3 2659.937 2659.936 0.13

62 Hex5HexNAc4dHexNeuAc2NeuGc 2675.935 2675.931 1.49

63 Hex5HexNAc4NeuAc4 2804.975 2804.974 0.51

64 Hex6HexNAc5NeuAc3 2879.010 2879.011 -0.07

65 Hex6HexNAc5NeuAc2NeuGc 2895.009 2895.005 1.27

66 Hex7HexNAc5dHexNeuAc2 2896.026 2896.026 0.02

67 Hex6HexNAc5NeuAcNeuGc2 2911.003 2911.000 0.91

68 Hex6HexNAc5NeuGc3 2926.995 2926.995 -0.18

69 Hex6HexNAc5NeuAc4 3170.104 3170.106 -0.66

70 Hex6HexNAc5NeuAc5 3461.205 3461.201 0.92

Monosaccharide nomenclature: Hexose (Hex); N-acetylhexosamine (HexNAc); 
Deoxyhexose (dHex); N-acetylneuraminic acid (NeuAc); N-glycolylneuraminic acid 
(NeuGc); Sulfate (S)

For glycosylation site determination, only the peptides containing one possible N-

linked glycosylation site were considered, because data interpretation workload will be 

extremely increased if the multiple glycosylation sites were considered. But, those 

peptides might be included when computer based data analysis is available. In fact, from 

the data we collected, only few of the identified peptides in FBS contained more than one 

possible N-linked glycosylation site (Data not shown). After deglycosylation with 

PNGase F, proteins were subject to proteolysis and analyzed with LC MS/MS. Raw data 

were searched against IPI Cow database (version v3.54). Deamination of asparagine was 

51



used to determine glycosylation sites. Finally, we identified 68 unique peptides 

containing possible N-linked glycosylation sites related to 38 proteins (Table 4.3).

Table 4.3. N-linked glycopeptides and their corresponding glycoproteins from fetal 
bovine serum.

Protein Description Peptide Sequence Observed
Mass (Da)

Mass
Error (ppm)Mass (Da) Error (ppm)

53 kDa protein K.FNNSTVSSER.F 1140.505 0.49

R.HLNDTFSAR.G 1060.495 1.17

K.STGKPTLYNVSLVLSDTAST*CY.- 2377.137 0.35

Alpha-1B-glycoprotein R.AGNYS*CSYR.T 1077.418 -0.74

A2M protein R.FAPNIYVLDYLNETQQLTAELK.S 2583.315 1.52

K.G*CLLLSHLNETVTVSASLESVR.E 2385.224 1.45

K.SLGNVNFTVSAEAVESQEL*CGS- 3397.613 0.97

EVPVVPEHGR.K

K.VGLNFSPGQSFPASQAHLR.V 2013.009 0.88

K.VTNETLTLTFTVLQDIPVR.D 2160.171 1.34

Alpha-1-acid glycoprotein K.*CVYN*CSFIK.I 1190.510 -0.39

K.IYRQNGTLSK.V 1179.624 -0.51

R.TFMLAASWNGTK.N 1326.630 1.40

Alpha-2-HS-glycoprotein R.KL*CPD*CPLLAPLNDSR.V 1868.914 0.73

K.L*CPD*CPLLAPLNDSR.V 1740.817 -0.41

R.RPTGEVYDIEIDTLETT*CH- 3671.750 1.51

VLDPTPLAN*CSVR.Q

R.VVHAVEVALATFNAESNG- 3016.550 -0.28

SYLQLVEISR.A

Apolipoprotein B R.FEVASPLYNTTWSAGLK.N 1883.932 0.55

R.FNSSYVQGTNQITGR.Y 1671.784 -0.48

K.LNVTTSLNR.K 1017.545 0.02

K.NISDTVLGWNLYYRPQASPDK.I 2437.192 0.42

Apolipoprotein D R.ADGTVNQIEGEATPENITEPAK.L 2284.072 0.51

K.GS*CIQANYSLK.E 1240.576 -0.05

Beta-2-glycoprotein 1 K.FASLSVYKPLAGNNSFYGSK.A 2150.071 1.26

K.FGNWSAQPS*CK.A 1281.546 0.67

R.V*CPFAGILENGTVR.Y 1532.766 0.22

Complement C1q - K.VITNQENVYQNNTGR.F 1749.827 -0.56

subcomponent subunit A

Complement component 4A K.LNISTDDLPGLR.L 1313.684 0.98

22 kDa protein R.VQGANLTEDHTLFFPK.Y 1816.899 -0.19

Complement factor I R.WGEVHLINN*CSEFYPGR.Y 2077.931 -0.07

CP protein K.EHEGAIYPDNTTDFQK.A 1864.811 -0.45

Prothrombin (Fragment) R.WVLTAAH*CLLYPPWDKNF- 3142.595 0.07

TVDDLLVR.I
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Fetuin-B R.GENATVNQRPANPSK.T 1582.770 -0.23

Hemopexin R.FDPVTGEVNSTYPR.D 1581.731 -0.30

K.RSWPAVGN*CSSAIR.W 1560.746 -0.37

R.SWPAVGN*CSSAIR.W 1404.644 -1.34

Immunoglobulin J chain R.ENISDPTSPMR.T 1246.551 0.66

Inter-alpha-trypsin- R.ENITYMMMSHVAEQEEMFR.S 2375.993 1.48

inhibitor heavy chain H4 K.KAFITNFSMVIDGVTYPGNIK.E 2315.186 -0.34

K.LAEALTTSQNK.T 1175.604 0.66

K.LLNGTPLFGPPGPPAAASPFHR.M 2214.162 1.40

56 kDa protein R.YAIQYFNNNTSHSHLFDLK.E† 2312.087 0.23

Isoform LMW of Kininogen-1 K.EGD*CPFQSNK.T 1181.467 0.88

LOC615103 SERPINA3-3 R.FNLTEIQETQIHQGFQ- 3131.625 -0.57

HLLQALNRPR.E

LOC784964 similar to- K.SNYELNDTLSQMGIK.K 1712.792 -0.26

Endopin 1b isoform 1 K.SNYELNDTLSQMGIKK.I 1840.888 0.03

Putative uncharacterized- K.EALHNDQDHFNLTTG- 3005.397 -0.25

VFT*CTIPGVYR.F

protein MGC137211 K.NDTQILEK.E 960.4759 -0.50

Paraoxonase 1 K.HANWTLTPLK.K 1180.625 1.02

R.SSYLAR(ox)MNASR.E 1271.594 0.75

Proteoglycan 4 R.NGTLVAFR.G 877.4656 -0.16

Primary amine oxidase R.STWFGIYYNITK.G 1492.724 -0.02

Alpha-1-antiproteinase K.GLGFNLTELAEAEIHK.G 1741.891 1.38

Serpin A3-1 K.FNLTEIQEK.E 1121.561 0.87

R.GSTLTEILEGLKFNLTEIQEK.E 2363.247 0.07

K.HTEQAEFHVSDNK.T 1541.674 -0.68

SERPINA3-6 K.SNYELNDTLSQMGIK.K 1712.796 1.67

47 kDa protein K.TPFNPNHTYESEFHVSQNER.V 2433.060 -0.70

Endopin 2 K.TPFNPNHTYESEFHVSQNER.V 2433.065 1.06

Endopin 2C K.TPFNPNHTYESEFHVSK.N 2033.912 0.12

SERPINA3-8 K.FNLTETPER.E 1106.526 1.36

Antithrombin-III K.LGA*CNNTLK.Q 990.4797 -0.73

R.LTINQWISNKTEGR.I 1659.858 0.02

K.SITFNETYQDISEVVYGAK.L 2164.020 -0.74

SERPIND1 protein R.FAEFVNASAAYELGTVHNLFR.K 2356.152 1.44

Serotransferrin R.NSSL*CAL*CIGSEK.G 1438.642 -0.93

Vitronectin K.NGSLFAFR.G 911.4507 0.68

*C. Iodoacetamide derivatized cysteine.
(ox)M. Oxidized methionine.
N-linked glycosylation sites are underlined.
†. N-linked glycosylation is not determined due to limited fragmentation sequence 
coverage from MS/MS.
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Figure 4.6. The percentage of uniquely identified glycopeptides for a given mass error 

tolerance.

Glycopeptide assignments were mainly  based on high accurate mass 

measurement. Chromatography  retention time, molecular weight of the corresponding 

glycoproteins, and CID MS/MS spectrum [221] of selected glycopeptides were used as 

complementary  information. With MS/MS spectrum, the information from neutral losses 

of saccharides such as hexose (162 Da), N-acetylhexosamine (203 Da), fucose (146 Da), 

or N-acetylneuraminic acid (291 Da) could be used to indicate the presence of 

glycopeptides. However, with quadrupole linear ion trap, very little peptide structure 

information can be extracted from CID MS/MS [207, 222]. Therefore, glycopeptide 

assignment will be more dependant on high resolution parent ion scan. An appropriate 

mass error threshold needs to be determined for unequivocal identifying glycopeptides. 

To evaluate the glycopeptide assignments with specific mass tolerance, a program was 
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compiled in C++ to build up  a list containing all possible glycopeptide masses based on 

experimental glycan and glycosylation site libraries. Once it is constructed, all masses 

were sorted in a non-decreasing order and the calculation was performed to determine 

how many percentage glycopeptides would be uniquely assigned with a given mass 

tolerance. The percentages of uniquely  identified glycopeptides in mass error category  of 

1 ppm, 2 ppm, 3 ppm, 4 ppm, 5 ppm and 6 ppm were calculated (Figure 4.6). Based 

purely  on high accurate mass, the percentage that fell into 1 ppm and 2 ppm categories 

were 99.92% and 99.8% respectively. The number dropped quicker when mass tolerance 

reached 3 ppm and higher. Therefore, we applied 2 ppm as a mass error threshold for 

glycopeptide assignment. 

Figure 4.7. Selected ion chromatograms constructed from FT-ICR mass spectra for 
t ryptic glycopeptides having the common peptide primary sequence, 
K.SNYELNDTLSQMGIKK.I from protein LOC784964 similar to Endopin 1b isoform 1. 
The periods indicate the cleavage sites of trypsin, and two adjacent amino acids are also 
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labeled. Top: Total ion chromatogram. Oxidized glycopeptides elute faser than 
unoxidized, whereas additional N-acetylneuraminic acid groups increase retention time.

Table 4.4 shows the compositions of identified glycopeptides in FBS. In total, 

137 unique glycopeptides were assigned, which were corresponding to 18 glycoproteins. 

Variable modifications of glycopeptides including oxidation on methionine, 

carbamidomethyl on cycstine, and one missed cleavage were considered. Here, oxidation 

might be an issue for glycopeptide assignment, because the mass of oxygen could either 

contributed by oxidized peptide, or came from the mass differences between hexose and 

fucose, or N-glycolylneuraminic acid and N-acetylneuraminic acid. The glycopeptides 

might be mis-assigned if only with high-resolution MS data. Fortunately, retention time 

and the neutral loss of glycans from CID MS/MS spectrum could be applied to validate 

the assignments. Figure 4.7 shows the retention time differences of a representative 

glycopeptide between the oxidized form and non-oxidized one. The assignments were 

further confirmed by glycan neutral losses in MS/MS spectrum (Figure 4.8).
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Figure 4.8. CID MS/MS spectrum obtained with a quadrupole linear ion trap for 
glycopeptide, K.SNYELN(Hex5HexNAc4NeuAc2)DTLSQoxMGIKK.I. The precursor 
ion mass spectrum is shown at upper left. Neutral loss of N-acetylneuraminic acid (291 
Da) indicates that the glycan does not contain N-glycolylneuraminic acid.

Table 4.4. Glycopeptide compositions and their glycan composition for fetal bovine 
serum. 

Peptide Observed
Mass (Da)

Calculated
Mass (Da)

Error
(ppm)

Glycan Composition
Mass (Da) Mass (Da) (ppm)

K.*CVYN*CSFIK.I 2284.925 2284.923 0.97 Hex3HexNAc3

2446.975 2446.975 -0.02 Hex4HexNAc3

2576.017 2576.018 -0.34 Hex3HexNAc3NeuAc

2738.071 2738.071 0.19 Hex4HexNAc3NeuAc

2754.069 2754.066 1.29 Hex4HexNAc3NeuGc

3103.202 3103.203 -0.27 Hex5HexNAc4NeuAc

3119.197 3119.198 -0.28 Hex5HexNAc4NeuGc

3394.299 3394.298 0.27 Hex5HexNAc4NeuAc2

3410.300 3410.293 2.03 Hex5HexNAc4NeuAcNeuGc

3426.289 3426.288 0.18 Hex5HexNAc4NeuGc2

3542.369 3542.372 -0.95 Hex7HexNAc6

3685.392 3685.394 -0.59 Hex5HexNAc4NeuAc3

3701.384 3701.389 -1.16 Hex5HexNAc4NeuAc2NeuGc

R.QNGTLSK.V 2660.068 2660.069 -0.59 Hex5HexNAc4NeuAc

2951.167 2951.165 0.72 Hex5HexNAc4NeuAc2

R.STWFGIYYNITK.G 3421.405 3421.412 -2.04 Hex5HexNAc4NeuGc

R.ENITYMMMSHVAE-
QEEMFR.S

4085.604 4085.603 0.26 Hex4HexNAc3dHexNeuGc
QEEMFR.S 4376.705 4376.698 1.54 Hex5HexNAc3NeuAc2

K.LAEALTTSQNK.T 2270.019 2270.016 1.23 Hex3HexNAc3

2432.071 2432.069 1.04 Hex4HexNAc3

2561.111 2561.111 -0.30 Hex3HexNAc3NeuAc

2723.163 2723.164 -0.58 Hex4HexNAc3NeuAc

2739.159 2739.159 0.07 Hex4HexNAc3NeuGc

2852.206 2852.207 -0.17 Hex3HexNAc3NeuAc2

2926.243 2926.244 -0.31 Hex4HexNAc4NeuAc

3014.262 3014.260 0.95 Hex4HexNAc3NeuAc2

3104.295 3104.291 1.20 Hex5HexNAc4NeuGc

3217.334 3217.339 -1.63 Hex4HexNAc4NeuAc2

3379.388 3379.392 -1.14 Hex5HexNAc4NeuAc2

3395.392 3395.387 1.62 Hex5HexNAc4NeuAcNeuGc

3670.489 3670.487 0.43 Hex5HexNAc4NeuAc3

3686.487 3686.482 1.29 Hex5HexNAc4NeuAc2NeuGc

K.FASLSVYKPLA-
GNNSFYGSK.A

4062.769 4062.761 1.98 Hex5HexNAc4NeuAc
GNNSFYGSK.A 4353.859 4353.857 0.47 Hex5HexNAc4NeuAc2
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4369.853 4369.852 0.23 Hex5HexNAc4NeuAcNeuGc

R.V*CPFAGILENGTVR.Y 2830.259 2830.258 0.61 Hex3HexNAc4

K.FGNWSAQPS*CK.A 2375.960 2375.957 1.08 Hex3HexNAc3

2579.042 2579.037 1.93 Hex3HexNAc4

3194.236 3194.238 -0.53 Hex5HexNAc4NeuAc

3485.343 3485.336 2.08 Hex4HexNAc4NeuAc2

R.FNSSYVQGTNQITGR.Y 3584.480 3584.478 0.59 Hex5HexNAc4NeuAc

3600.477 3600.473 1.12 Hex5HexNAc4NeuGc

3875.572 3875.574 -0.36 Hex5HexNAc4NeuAc2

3891.568 3891.568 -0.12 Hex5HexNAc4NeuAcNeuGc

4166.676 4166.669 1.73 Hex5HexNAc4NeuAc3

K.LNVTTSLNR.K 2785.199 2785.201 -0.63 Hex5HexNAc4dHex

R.NGTLVAFR.G 2458.038 2458.037 0.33 Hex6HexNAc3

2749.133 2749.132 0.23 Hex6HexNAc3NeuAc

K.FNNSTVSSER.F 2543.032 2543.028 1.77 Hex4HexNAc3dHex

2600.039 2600.039 0.18 Hex4HexNAc4

2908.160 2908.160 -0.09 Hex5HexNAc4dHex

3215.253 3215.251 0.73 Hex6HexNAc4NeuAc

3522.344 3522.341 0.99 Hex5HexNAc4dHexNeuGc2

K.NGSLFAFR.G 2533.052 2533.048 1.55 Hex5HexNAc4

2695.105 2695.100 1.79 Hex6HexNAc4

2840.141 2840.138 0.94 Hex5HexNAc4NeuGc

R.NSSL*CAL*CIGSEK.G 3351.337 3351.336 0.32 Hex5HexNAc4NeuAc

3642.432 3642.432 0.15 Hex5HexNAc4NeuAc2

3658.426 3658.426 -0.23 Hex5HexNAc4NeuAcNeuGc

3674.420 3674.421 -0.26 Hex5HexNAc4NeuGc2

3788.497 3788.489 1.94 Hex5HexNAc4dHexNeuAc2

3933.526 3933.527 -0.28 Hex5HexNAc4NeuAc3

3949.521 3949.522 -0.30 Hex5HexNAc4NeuAc2NeuGc

R.FDPVTGEVNSTYPR.D 3785.517 3785.519 -0.66 Hex5HexNAc4NeuAc2

4076.614 4076.615 -0.21 Hex5HexNAc4NeuAc3

R.SWPAVGN*CSSAIR.W 3317.339 3317.338 0.27 Hex5HexNAc4NeuAc

3608.435 3608.434 0.40 Hex5HexNAc4NeuAc2

K.L*CPD*CPLLAP-
LNDSR.V

3653.511 3653.510 0.07 Hex5HexNAc4NeuAc
LNDSR.V 3944.607 3944.606 0.38 Hex5HexNAc4NeuAc2

3960.600 3960.601 -0.14 Hex5HexNAc4NeuAcNeuGc

3976.602 3976.594 2.03 Hex5HexNAc4NeuGc2

4235.704 4235.701 0.75 Hex5HexNAc4NeuAc3

4251.694 4251.696 -0.52 Hex5HexNAc4NeuAc2NeuGc

4267.689 4267.691 -0.42 Hex5HexNAc4NeuAcNeuGc2

4526.799 4526.797 0.41 Hex5HexNAc4NeuAc4

R.VVHAVEVALATFNAE-
SNGSYLQLVEISR.A

5294.357 5294.360 -0.44 Hex6HexNAc5NeuAc
SNGSYLQLVEISR.A 5585.465 5585.455 1.78 Hex6HexNAc5NeuAc2

R.RPTGEVYDIEIDTLETT-
*CHVLDPTPLAN*CSVR.Q

4563.078 4563.078 -0.06 Hex3HexNAc2

*CHVLDPTPLAN*CSVR.Q 4766.156 4766.157 -0.37 Hex3HexNAc3

4928.215 4928.210 1.04 Hex4HexNAc3
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5057.255 5057.253 0.41 Hex3HexNAc3NeuAc

5074.261 5074.268 -1.41 Hex4HexNAc3dHex

5219.315 5219.305 1.85 Hex4HexNAc3NeuAc

5584.440 5584.438 0.40 Hex5HexNAc4NeuAc

5600.443 5600.433 1.86 Hex5HexNAc4NeuGc

5875.540 5875.533 1.10 Hex5HexNAc4NeuAc2

5891.524 5891.528 -0.69 Hex5HexNAc4NeuAcNeuGc

5907.529 5907.523 1.08 Hex5HexNAc4NeuGc2

6021.592 6021.591 0.21 Hex5HexNAc4dHexNeuAc2

6037.580 6037.586 -0.97 Hex5HexNAc4dHexNeuAcNeuGc

6166.629 6166.628 0.14 Hex5HexNAc4NeuAc3

6182.630 6182.623 1.13 Hex5HexNAc4NeuAc2NeuGc

6457.730 6457.724 0.94 Hex5HexNAc4NeuAc4

R.KL*CPD*CPLLAP-
LNDSR.V

3781.604 3781.605 -0.29 Hex5HexNAc4NeuAc
LNDSR.V 4072.702 4072.701 0.23 Hex5HexNAc4NeuAc2

4088.695 4088.696 -0.28 Hex5HexNAc4NeuAcNeuGc

4363.795 4363.796 -0.25 Hex5HexNAc4NeuAc3

K.GFQHLLHTLNQPNHQ-
LQLTTGNGLFINESAK.L

5675.540 5675.542 -0.47 Hex5HexNAc4NeuAc2

LQLTTGNGLFINESAK.L 5691.543 5691.537 1.18 Hex5HexNAc4NeuAcNeuGc

5966.651 5966.650 0.13 Hex5HexNAc4NeuAc3

K.GLGFNLTEL-
AEAEIHK.G

3654.582 3654.582 -0.03 Hex5HexNAc4NeuAc
AEAEIHK.G 3945.684 3945.677 1.69 Hex5HexNAc4NeuAc2

3961.674 3961.672 0.41 Hex5HexNAc4NeuAcNeuGc

4236.778 4236.772 1.27 Hex5HexNAc4NeuAc3

K.TPFNPNHTYES-
EFHVSQNER.V

4345.758 4345.755 0.59 Hex5HexNAc4NeuAc
EFHVSQNER.V 4636.852 4636.851 0.19 Hex5HexNAc4NeuAc2

K.FNLTEIQEK.E 3325.346 3325.349 -0.78 Hex5HexNAc4NeuAc2

3616.441 3616.444 -0.96 Hex5HexNAc4NeuAc3

3632.437 3632.439 -0.68 Hex5HexNAc4NeuAc2NeuGc

3907.538 3907.540 -0.38 Hex5HexNAc4NeuAc4

R.GSTLTEILEGLK-
FNLTEIQEK.E

4567.037 4567.035 0.25 Hex5HexNAc4NeuAc2

FNLTEIQEK.E 4584.056 4584.051 1.05 Hex6HexNAc4dHexNeuAc

K.HTEQAEFHVSDNK.T 3454.365 3454.368 -0.80 Hex5HexNAc4NeuAc

3745.463 3745.463 0.10 Hex5HexNAc4NeuAc2

3761.462 3761.458 1.09 Hex5HexNAc4NeuAcNeuGc

4036.564 4036.560 1.01 Hex5HexNAc4NeuAc3

K. SNYELNDTL-
SQMGIK.K

3916.586 3916.581 1.21 Hex5HexNAc4NeuAc2

SQMGIK.K 4207.685 4207.676 2.12 Hex5HexNAc4NeuAc3

K.SNYELNDTLS-
Q(ox)MGIK.K

3932.579 3932.576 0.80 Hex5HexNAc4NeuAc2

Q(ox)MGIK.K 4223.675 4223.671 0.79 Hex5HexNAc4NeuAc3

K.SNYELNDTLS-
QMGIKK.I

4044.679 4044.676 0.69 Hex5HexNAc4NeuAc2

QMGIKK.I 4335.769 4335.772 -0.66 Hex5HexNAc4NeuAc3

K.SNYELNDTLS-
Q(ox)MGIKK.I

3769.577 3769.576 0.36 Hex5HexNAc4NeuAc
Q(ox)MGIKK.I 4060.669 4060.669 -0.52 Hex5HexNAc4NeuAc2

4076.665 4076.665 -0.23 Hex5HexNAc4NeuAcNeuGc

4351.766 4351.766 -0.03 Hex5HexNAc4NeuAc3
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4367.761 4367.761 0.01 Hex5HexNAc4NeuAc2NeuGc

K.EHEGAIYPDNT-
TDFQK.A

4068.600 4068.600 0.08 Hex5HexNAc4NeuAc2

TDFQK.A 4359.695 4359.695 0.03 Hex5HexNAc4NeuAc3

4650.784 4650.791 -1.43 Hex5HexNAc4NeuAc4

R.GENATVNQR-
PANPSK.T

3495.462 3495.463 -0.29 Hex5HexNAc4NeuAc
PANPSK.T 3786.557 3786.556 0.13 Hex5HexNAc4NeuAc2

3802.549 3802.553 -1.18 Hex5HexNAc4NeuAcNeuGc

3934.625 3934.632 -1.78 Hex7HexNAc6

4077.654 4077.654 0.17 Hex5HexNAc4NeuAc3

4093.649 4093.651 -0.56 Hex5HexNAc4NeuAc2NeuGc

*C. Iodoacetamide derivatized cysteine.
(ox)M. Oxidized methionine.
N-linked glycosylation sites are underlined.

Conclusions

A novel method for utilizing FT-ICR MS to identify glycopeptides along with 

composition/structural information of glycans from serum has been developed. N-linked 

glycans in FBS were released by PNGase F, purified via solid phase extraction, and 

online separated with a TSK-Gel Amide80 column under HILIC chromatography 

conditions. N-linked glycosylation sites were determined as well. The high mass accuracy 

and high-resolution of precursor ion provided by 14.5 T FT-ICR mass analyzer enables 

confident assignments. Glycopeptide identification was mainly based on high-resolution 

mass measurement, whereas CID MS/MS spectrum (obtained from a quadrupole linear 

ion trap  in data-dependent mode), chromatography retention time, and protein molecular 

weight related to gel-electrophoresis fractionations served to confirm the assignments. 

Moreover, high mass accuracy and high-resolution data provided least overlaps even if 

glycopeptide identification based solely on accurate mass. This work has been published 

on Anal. Chem., (2010), 82 (15), 6542-6548. The developed method will provide 

technical support for the glycomics applications in Chapter 5.

60



CHAPTER FIVE

CHARACTERIZATION OF CHEMOTHERAPY EFFECT(S) 

OF 2-DEOXY-D-GLUCOSE ON GLOBAL 

GLYCOSYLATION IN GLIOBLASTOMA DERIVED 

CANCER CELLS AND CANCER STEM CELLS BY 

QUANTITATIVE GLYCOMICS

Introduction

Complex carbohydrate structures, glycans are essential components of 

glycoproteins, glycolipids, and proteoglycans. It has been estimated that more than half 

of all cellular proteins are glycosylated [223]. Alternations in glycosylation influence 

growth, differentiation, transformation, adhesion, metastasis, and immune surveillance of 

the tumor [224, 225]. The biosynthesis of glycans occurs in lumen of the Golgi apparatus 

in a non-template driven process involving coordinated expression of several 

glycosyltransferases [52, 226, 227]. The compex biosynthesis and lack of proofreading 

machinery  leads to inherent heterogeneity and large diversity of glycan structures. This 

serves to diversify  the biological functions and the limited number of genes in higher 

animal genomes to great tissue structures with defined boundaries and controlled 

functions [228]. And, glycans are expressed in a cell-type specific and a temporally 

regulated manner to allow cell phenotypes to change dynamicaly  in response to 

enviromental stimuli [229]. Therefore, glycomics - the study  of global glycan expression 

profiles - has been predicted to be very important  to revolutionize the understanding of 

cell biology [230]. Glycans-modifying proteins in mamalian cells include N-linked 

(bound to an asparagine side chain in an NXS/T amino acid consensus sequence with X ( 

proline), O-linked (with glycans attached via serine or threonine side chains), and 

glycosaminoglycans (bound to serine side chain) [225]. At this moment, we will only 

focus on N-glycans in our work.
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N-linked glycosylation is a common oligosaccharide modification of eukaryotic 

proteins by the endoplasmic reticulum (ER). By a cotranslational process, the glycan 

Glu3Man9GlcNAc2 is transferred from a lipid-linked oligosaccharide (LLO), 

Glu3Man9GlcNAc2-P-P-dolichol, to appropirate asparaginyl residues of nascent ER-

synthesized polypeptides. All N-glycans share a common core sugar structure, 

GlcNAc2Man3, termed the chitobiose core. Oligomannose type N-glycans contain only 

mannose attached to the core, Complex N-glycans have had all mannose residues 

removed by enzymatic processing and replaced to form antenna structures. Hybrid N-

glycans have been incompletely processed and have at least one antenna containing only 

mannose residues (Figure 5.1) [225]. The specific roles and N-glycans involve regulation 

and control of protein folding [231, 232] and trafficking [233].

2-Deoxy-D-glucose (2-DG) is a stable glucose analogue in which the hydroxyl 

group at the second position carbon is replaced by a hydrogen [234]. It can be actively 

taken up  by the hexose transporters and phosphorylated but cannot be fully  metabolized. 

Most cancer cells exhibit increased glycolysis with higher glucose uptake and use this 

metabolic pathway for generation of ATP as a main source of their energy supply. This 

phenomenon is known as the Warburg effect and is considered as one of the most 

fundamental metabolic alterations during malignant transformation [235, 236]. Therefore, 

tumor cells should also have a higher uptake of 2-DG, which suggests 2-DG can be 

applied in clinical trials as a tumor therapeutic [237]. Although many results indicate that 

2-DG treated cells, unable to metabolize glucose, stop growing as a result of a lack of 

energy and metabolic intermediates [238], the fact  that  glycolysis is inhibited by  2-DG, 

seems not to be sufficient to explain why 2-DG treated cells stop growing [239, 240]. On 

the cellular level, 2-DG is predicated to alter glycosylation that  is dependent on catabolic 

glucose intermediates, but little information about 2-DG effects on glycosylation have 

been learned.
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Figure 5.1. Types of N-glycans with linkage patterns. Blue cube: N-Acetylglucosamine 
(GlcNAc); green circle: Mannose (Man); yellow circle: Galactose (Gal); purple diamond: 
N-Acetylneuraminic acid (NeuAc); red triangle: Fucose (Fuc) [225].

Cancer stem cells (CSCs) [241] are capable of unlimited self-renewal and 

multilineage differentiation. Although CSCs constitute only  a small percentage (<1%) of 

the total tumor cell population, CSCs present the biggest challenge for treating cancer. 

Our data have shown that 2-DG inhibits the growth of glioblastoma-derived stem cells 

(gCSC11 and gCSC13 cell lines) [242] and gCSC differentiated cancer cells (U87 and 

D54 cell lines) under normoxic conditions. We hypothesize that 2-DG affects formation 

of N-glycans by replacing D-mannose in glycosylation processes. In this study, many 

experiments were performed to learn the effects of 2-DG on global N-glycan formation. 

Experimental procedures

Materials. All solvents were purchased from J.T. Baker (Philipsburg, NJ) in the 

highest purity. PNGase F was purchased from New England BioLabs (Ipswich, MA). 

Graphitized carbon cartridge SPE (8 mL, GCC-SPE) was purchased from Grace Davison 
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Discovery Sciences (Deerfield, IL). TSK-Gel Amide80 column was purchased from 

Tosoh Biosciences (1.0 mm x 5.0 cm, 5 µm, San Francisco, CA). All labeled glycans 

were synthesized by  our collaborator, Dr. Priebe Waldemar at  MD Anderson Cancer 

Center.  

Protein sample preparation. Cell pellets were shipped from Dr. Conrad’s group 

at MD Anderson Cancer Center. Two million cells were resuspended in freeze-thaw 

buffer (20 mM  Tris-HCl pH 7.5, 10% Glycerol) with protease inhibitor cocktails 

(Thermo-pierce, IL). For lysis, the cells were subjected to seven freeze-thaw cycles, each 

consisting of 1.5 min of freezing at liquid nitrogen and 5 min of thawing on ice, vortex 

briefly between each cycle. Supernatant was collected by  centrifugation at 5,000 % g at 

4°C for 5 min. Protein concentrations were measured by Bradford protein assay (Bio-

Rad, Hercules, CA).

Deglycosylation of glycoproteins with PNGase F. Deglycosylation and glycan 

sample preparation were following our previous published protocol [34]. Basically, 25 

µL aliquot of proteins were boiled at 95 °C for 10 min with 5 µL of denaturing buffer (4% 

SDS, 0.2 M  DTT) and 48 µL of 100 mM  ammonium bicarbonate (pH 7.8) to denature 

proteins. After cooling down to room temperature, 10 µL of 10% NP40, 10 µL of 0.5 M 

sodium phosphate and 1000 units of PNGase F were applied to make a total volume of 

100 µL. N-linked glycoproteins were digested at 37 °C for 10 h. An additional 500 unites 

PNGase F were added and the samples were incubated for another 10 h. After 20 h 

incubation, enzyme activity of PNGase F was quenched by 500 µL of aqueous 0.1% TFA.

Oligosaccharide purification. Graphitized carbon cartridge SPE (GCC-SPE) 

were used to purify  PNGase F released oligosaccharides following the published method 

with modifications. Firstly, the cartridge was sequentially conditioned with 2 column 

volumes of wash solution (0.1% TFA in H2O), 2 column volumes of conditioning 

solution (0.05% TFA in 80/20 actonitrile/H2O v/v), and 4 column volumes of wash 

solution. Then, glycans were applied to the cartridge and washed with 4 column volumes 

of wash solution to remove salts and other small molecules. Finally, glycans were eluted 

with 1 mL of elution solution (0.1% TFA in 30/70 acetonitrile/H2O v/v). This step was 
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repeated four additional times for a total volume of 5 mL eluent. Eluent fractions were 

lyophilized and stored at -80 °C for future analysis.   

Glycan chromatography. Lyophilized N-linked glycans were dissolved into 80% 

acetonitrile, 20 mM ammonium acetate (pH = 4.7), and injected onto an TSK-Gel 

Amide80 column. Liquid chromatography was operating under HILIC conditions [243] 

performed by a Shimadzu LC-10AD chromatography system (Shimadzu, Columbia, 

MD). Glycans were initially  trapped and washed under condition of 90% solution B 

(solvent A: 50 mM  ammonium acetate, pH = 4.7; solvent B: 98% acetonitrile) at flow 

rate of 15 uL/min. After 5 min, the gradient ramped to 30% solution A over 5 min, and 

further increased to 80% solution A over additional 30 min and held for 5 min.  

Mass spectrometry. Mass spectrometry  was performed with a modified hybrid 

linear quadrupole ion trap/FT-ICR mass spectrometer (LTQ-FT, Thermo Fisher Corp., 

Bremen Germany) equipped with an actively shielded 14.5 T superconducting magnet 

(Magnex, Oxford, UK) [4]. External calibration was performed by  following the 

manufacturer’s procedure. Electrospray ionization was achieved by applying 2.0 kV to a 

liquid junction precolumn. The capillary voltage, temperature and tube lens voltage were 

50 V, 275 °C and 120 V respectively. Broadband scans were performed in the ICR cell at 

AGC of 3 % 106 ions, maximum injection time of 2000 ms and resolving power of 

100,000 @ m/z 400. MS/MS scans were performed in the ion trap  with normalized 

collisional energy of 30. N-glycan compositions were assigned manually. Average signal 

magnitudes after normalized to internal standard, as well as standard deviation from three 

biological replicates were calculated for the ratio of expression level analysis of N-

glycans among samples. 

Results

Analysis strategy and N-glycan profilings. An ESI LTQ FT-ICR mass 

spectrometry  was applied to generate mass spectrometric glycan profiles of cancer cells 

and cancer stem cells. We focused on the analysis of N-glycans, which were 

enzymatically released from cellular glycoproteins, because 2-DG is a glucose analogue 

predicted to be a substrate in glucose metabolism and may  be involved in N-glycosylation 
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as a mannose analogue. GCC-SPE purified N-glycans were lyophilized and resuspended 

into 80% acetonitrile, 20 mM ammonium acetate (pH = 4.7). Separation of N-glycans 

were performed on a TSK-Gel Amide80 column, which had been validated as a robust 

stationary phase in glycan chromatography [34, 217, 220]. Glycan sample preparation 

and online mass spectrometry analysis were controlled for reproducibility by mixing with 

synthetic glycans. 

Figure 5.2. Representative positive ion CID mass spectrum for a biantennary N-glycan 

labeled with three 2-DGs, obtained with a linear quadrupole ion trap. The deduced 
structure is inset. Predicted biantennary structure is based on the sequential loss of neutral 
glycans.

Generally, we assigned about 90 glycan compositions for each cell line mainly 

based on the high accurate mass provided by  FT-ICR MS, complemented with CID MS/

MS spectrum collected with LTQ and chromatography retention time. High mass 
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accuracy  and high resolving power of high-field FT-ICR mass spectrometry greatly 

improved the resolution and the assignment confidency of N-glycans in the complex 

mixture extracted from cells. CID MS/MS spectrum of most abundant  N-glycans were 

collected to confirm the composition of the assignments. 

For most abundant neutral glycans, both cancer cells and CSCs showed high 

expression level of oligomannose type of N-glycans. There were more variations in 

hybrid/complex type N-glycans between different cell lines. Interestingly, no fucosylated 

N-glycans were detected in gCSC11 (Figure 5.3 and 5.6). This unique N-glycan patterns 

may be developped as new biomarkers for screen or identification of gCSC11 .
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Figure 5.3. Quantative comparison of 2-DG incorporated N-glycans between 2-DG 
treated and mannose rescued U87, D54 and gCSC11 cells. No 2-DG incorporated glycan 
species were detected in control and mannose treated control cells. 
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2-DG incorporates into N-glycans and inhibits their expression. Since fucose 

and 2-DG have same formulation, it will be a challenge to separate them by mass. 

Therefore, the deuterium labeled 2-DG was synthesized to distinguish it from fucose, and 

it was treated with cells when necessary. Once 2-DG involved in a N-glycan, it would be 

different from fucosylated glycans by shifting mass of 1.006165 Da, which confirmed the 

presence of 2-DG. Positive-ion CID low-resolution (LTQ) mass spectrum for a 

representative biantennary  N-glycan labeled with three 2-DGs is shown in Figure 5.2. 

The lists of identified 2-DG involved N-glycans’ compositions and their expression levels 

for U87, D54 and gCSC11 are shown in Figure 5.3. Each bar height represents signal 

magnitude of ions measured in ICR cell, which provided semiquantitative relative 

abundance profile of the N-glycans. Triplicate measurements for each sample yielded 

consistent results in all cases.

As we predicted, 2-DG was actively  uptaken by  cells and phosphorylated to 2-

DG-P to be trapped in the cell. However, since hydroxyl group at the second position of 

carbon is replaced by a hydrogen in 2-DG, 2-DG-P cannot be further metabolized by 

phosphohexose isomerase, which converts glucose-6-phosphate (G-6-P) to fructose-6-

phosphate [244]. Therefore, 2-DG-P is trapped and accumulated in the cells, leading to 

inhibition of glycolysis and further induces a depletion of cellular ATP [245]. 2-DG also 

affects protein glycosylation. Schwarz’s group  showed in the early 1970s that 2-DG 

incorporated aberrant oligosaccharides will not be able to transfer to subsequent 

glycoproteins by interfering the assembly of lipid-linked oligosaccharides (LLOs), the 

precursor of N-glycans [246]. However, by observation of 2-DG incorporation in both 

oligosaccharide chains of high mannose N-glycans and core portion of released N-

glycans, it might  indicate that 2-DG incorporated aberrant N-glycan precursors can be 

transfered from LLOs to glycoproteins. Once 2-DG was processed as mannose and added 

into N-glycans, it terminated N-glycan biosynthesis, which relied on second position 

hydroxyl group for extension. One, two and three 2-DG incorporated N-glycan species 

were detected. Generally, all N-glycan expression levels in 2-DG treated samples 

decreased about 60% compared to control (Figure 5.4, 5.5, 5.6). Abnormal N-
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glycosylation may induce an accumulation of mis-folded proteins in the endoplasmic 

reticulum (ER), leading to ER stress response [240, 247]. If this disruption prolonged, the 

programmed cell death may be initiated.  

Figure 5.4. Quantitation on the most abundant oligo-mannose and hybrid/complex type 
N-glycans in the D54 samples. Treatments were labeled on the side. Generally, 
expression of N-glycan levels were down regulated in presence of 2-DG, which, however, 
went back after mannose rescue. 

Low-dose mannose reverses 2-DG toxicity but not glucose. Mannose is a key 

sugar used for N-linked oligosaccharide. It is known that free exogenous mannose can 

enter the cells and is phosphorylated by the hexokinase using ATP to form Man-6-P 

[225]. Phosphorylated mannose can be further converted into GDP-Man and used for N-

glycan biosynthesis. It has been indicated by Schwarz’s group that the toxicity  of 2-DG 
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can be reversed by  exogenous mannose [246]. To learn how exogenous mannose is used 

to rescue the cell death, we synthesized deuterium labeled mannose. In control, 1mM 

labeled mannose was supplied to cell culture medium. Very  little amount of exogenous 

mannose was processed into N-glycans in all cell lines except gCSC11 (Figure 5.7, 5.8). 

In gCSC11, all glycan levels were about 2 times higher than control cells after treated 

with mannose, due to the low rate of glycolysis in gCSC11 (Figure 5.7) or higher 

turnover rate of phosphomannomutase. After treated with 2-DG, all cell lines could 

metabolize exogenous mannose into N-glycan biosynthesis pathway  when cells were 

growing under normoxia, and thereby reverse cell death. 

Obviously, that exogenous mannose reverses cell death does not depend on 

interfering with 2-DG uptake, because 2-DG involved N-glycan species still existed after 

cells are rescued by mannose (Figure 5.4, 5.5, 5.6). In comparison of sugar expression 

levels, we found that mannose did not rescue N-glycans with one 2-DG incorporation (all 

cell lines, see Figure 5.3). The expression levels of glycans with two 2-DGs were 

decreased after mannose treatment, but few exceptions were present in U87 including N-

glycan species of Hex4HexNAc2(2-DG)2, Hex5HexNAc2(2-DG)2, Hex7HexNAc2(2-DG)2, 

and Hex8HexNAc2(2-DG)2. After mannose rescue, almost all three 2-DG incorporated N-

glycans disappeared (Figure 5.3). Thus, mannose is not able to affect the ability of 2-DG 

to inhibit  glycolysis and yet reverses the toxicity  induced by that sugar analogue under 

normoxia. Additionally, the effectiveness of 2-DG is affected by  the presence of its 

natural counterpart and cannot completely  reduce the availability of glucose for 

glycolysis. In cell medium, the ratio of concentration between mannose and glucose is 

1mM : 4 mM. It has less chance that the cells can be rescued by  generating enough ATP 

from additional 1 mM mannose in presence of 2-DG.
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Figure 5.5. Quantitation on the most abundant oligomannose and hybrid/complex type 
N-glycans in the U87 samples. Treatments were labeled on the side. Generally, 
expression of N-glycan levels were down regulated in presence of 2-DG, which, however, 
went back after mannose rescue. The glycan expression levels in U87 are shown very 
similar trend as they are in D54.
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Figure 5.6. Quantitation on the most abundant oligo-mannose and hybrid/complex type 
N-glycans in the gCSC11 samples. Treatments were labeled on the side. Generally, 
expression of N-glycan levels were down regulated in presence of 2-DG, which, however, 
went back after mannose rescue. Since gCSC11 cells utilize exogenous mannose for N-
glycoslylation in absence of 2-DG, which was different from D54 and U87. Therefore, 
the glycan levels in mannose treated cells are generally  about 2 times higher than control 
cells.

To find if toxicity  of 2-DG can be eliminated by glucose, we added 10 mM  

glucose into cell medium, which has second position deuterium labeled (2-D-glucose). 

During the process from glucose to GlcNAc, the second position of deuterium will  be 

exchanged with hydrogen and lost  the marker. Therefore, the mass shift by  deuterium 

uptake in the N-glycans will come from labeled mannose processed from 2-D-glucose.  

Figure 5.9 clearly shows that exogenous mannose is more effectively to incorporate into 
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N-glycans than glucose. This result  further supports that the 2-DG induced cell death is 

mediated by interference with N-glycosylation rather than by inhibition of glycolysis. 

Therefore, the competition between mannose and 2-DG is a determinant for this sugar 

analogue in the cells growing under normoxia.

Figure 5.7. Spectra of a representative N-glycan, Man5GlcNAc2, in gCSC11 under 
various treatments. Deuterium labeled mannose treatment alone shows large 
incorporation of mannose into the N-glycans in gCSC11. Data is opposite of U87 and 
D54. Labeled mannose makes quantitation impossible because the monoisotopic peak of 
different labeled mannose glycans are beginning to overlap with other isotope peaks 
(from 13C). The sample in spectrum D showed an overall N-glycans after mannose rescue.   
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Figure 5.8. Spectra of a representative N-glycan, Man5GlcNAc2, in D54 under various 

treatments. Deuterium labeled mannose treatment alone is similar to low glucose, but 
with very  low incorporation of labeled mannose (see B). But the cell started picking up 
labeled mannose once it was stressed by  2DG. Data is same as U87 (data not show). The 
sample in spectrum D showed an overall N-glycans after mannose rescue.

Exogenous mannose inhibits transformation of glucose into mannose. It has 

been observed that many glycans have lower abundance in U87, D54 when the cells were 

treated with 1 mM of mannose. To explain this observation, we grew the cell in the 

medium containing glucose with deuterium labeled at sixth carbon position (6-D-

glucose). After glucose metabolism, the labeled glucose can be processed into both 

mannose and GlcNAc. In parallel, the cells were treated with 1 mM of mannose. Figure 

5.10 shows clearly that cancer cells (U87 and D54) have higher rate of glycolysis than 

cancer stem cells (gCSC11 and gCSC13) in that less amount of labeled glucose is 

metabolized into N-glycans. Meanwhile, after the cells are treated with mannose, all cell 
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lines have significant decrease in incorporation of labeled suguars derived from 6-D-

glucose. gCSC11 shows highest decrease of labeled glycans due to the ability of gCSC11 

processing exogenous mannose into N-glycosylations. Whereas, gCSC13 shows lowest, 

becasue it  utilizes limited amount of exogenous mannose for N-glycosylation as U87 and 

D54. Compared to gCSC13, U87 and D54 have higher rate of glycolysis. Thus they  show 

less incorporation of labeled sugars. In conclusion, exogenous mannose inhibits the 

transformation of glucose to mannose (Figure 5.11).   

Figure 5.9. Spectra of a representative N-glycan, Man5GlcNAc2, in gCSC11 under 
various treatments. The spectrum from second carbon position deuterium labeled glucose 
treatment alone is similar to low glucose, but with very  low incorporation as it is 
processed into labeled mannose (see C). More labeled glucose were processed into the N-
glycan once the cell was stressed by 2DG. The sample in spectrum D shows that mannose 
is much more effective rescuer for N-glycosylation comparing to glucose.
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Figure 5.10. Spectra of a representative N-glycan, Man5GlcNAc2, in U87, D54, gCSC11 
and gCSC13 treated with sixth carbon position deuterium labeled glucose (6-D-G) (A-D) 
and 6-D-G + mannose (E-H). Unlabeled glucose is depleted from cell medium. In A-D, 
the extend of deuterium label (mass shift) in the Man5GlcNAc2 represents rate of 
glycolysis in different cell lines. Less N-glycan labelings associate with higher glycolysis 
rate. In E-H, the peaks are shifted towards low m/z in all cell lines, which represents less 
deuterium incorporation. Generally, it shows raw mannose inhibited the pathway from 
glucose to GDP-Man and further into N-glycosylation. Since gCSC11 have ability  to use 
exogenous mannose for N-glycosylation, it has highest extent mass shift compared to 
other cell lines (see E). 

Figure 5.11. The ratio between labeled and unlabeled glycan species for N-glycan 
Man5GlcNAc2 in four cell lines. D0 standards for the unlabeled glycan. D1 means that 
there is one deuterium in the glycan (it  can be on Man or GlcNAc), D2 means two 
deuteriums and so on so forth. Since there are 7 monosaccharides in Man5GlcNAc2, the 
maximum of deuterium incorporation will be 7. Y axis is percentage. The height of each 
bar indicates that the percentage of corresponding glycan specie in N-glycan 
Man5GlcNAc2 pool. The calculation was based on the theoretical ratio between the 
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isotopic peaks. For example, D0 was based on signal magnitude of monoisotopic peak 
from unlabeled Man5GlcNAc2, because there was no overlap  with other species. The 
theoretical ratio between monoisotopic peak and first isotope peak (13C) was applied to 
calculated the theoretical peak height of first isotope peak. If the difference between the 
observation and theory under the threshold, then it would be considered as one deuterium 
being involved, otherwise, the peak height for one deuterium labeled glycan species was 
reported. Same theory was applied to calculate rest species. After we obtained all signal 
magnitude of monoisotopic peaks from all species, they were summed together. Finally, 
we used signal magnitude of monoisotopic peak from one specie divided by the 
summation to represent the percentage of corresponding glycan specie. Generally, the 
picture shows clearly that mannose inhibit the transformation from glucose to GDP-Man.

Discussions and Conclusions

FT-ICR, as a high resolving power and high mass accuracy instrument, is crucial 

for our glycan analysis. Even though PNGase F relased N-glycans  were subjected to a 

purification with GCC-SPE before analytical separation, the co-elute compounds still 

may  be overlapped with targeted N-glycans. Moreover, after PNGase F digestion, the 

glycans with same composition but different reducing end may be overlapped as well. 

This will introduce big errors into semi-quantitation if not resolved. High resolving 

power of FT-ICR avoided most overlap peaks commonly happen in MS spectrum when 

collected by low-resolution instruments. Figure 5.12 presents an example with a 

resolving power of 282,000 at m/z 1112 that resolved N-glycan Hex5HexNAc4NeuAc2 

species with reducing end of OH and NH2 respectively. Meanwhile, since the existance of 

free glyans [248, 249], O-glycans [250, 251] in the sample mixture as well as many 

glycan adducts introduced by ionization during mass spectrometry analysis, high mass 

accuracy  becomes another important determinant to correctly profile glycan compositions 

from such complex sample.
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Figure 5.12. 14.5 tesla FT-ICR mass spectra of N-glycan Hex5HexNAc4NeuAc2. A 
resolving power of 282,000 at m/z 1112 resolved two peaks from monoisotopic mass of 
the N-glycan with reducing end of NH2 group and the 13C isotopic mass of the N-glycan 
with reducing end of OH group.

Because of the similarity in structure to mannose, the direct effect of 2-DG on N-

glycosylation is that it  inhibits the synthesis of N-glycans by interfering with LLO 

synthesis and incorparting into N-glycans. The extension of oligosaccharides that relies 

on second position hydroxyl group will be aborted becasue it lacks of this functional 

group in 2-DG. Generally, after treated with 2-DG, N-glycan expression levels went 

down about 60% compared to the cells were cultured in regular low glucose media. 

Utimately, inhibition of N-glycosylation leads to disruption in the folding of 

glycoproteins, which are then either retained in the ER and/or degraded [252, 253]. The 

accumulation of unfolded or misfolded proteins in ER activate the unfolded protein 

response (UPR) to restore normal function of the cell by halting protein translation and 
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activate the signaling pathways that lead to increase the production of molecular 

chaperones involved in protein folding [254]. Meanwhile, the lack of N-glycans up-

regulates the sugar transporters to uptake more monosaccharide for N-glycan biosynthesis 

[255-257]. Failure of reestablishing homeostasis in the ER initiates apoptosis. 

Low dose exogenous mannose could completely reverse toxicity of 2-DG in 

which expression levels of normal N-glycans went back to the level as they were in 

control (Figure 5.4, 5.5, 5.6). However, for the 2-DG incorporated oligo-mannose type 

N-glycans, mannose cannot decrease the expression level of the species with one 2-DG 

but with two or three 2-DGs. Therefore, it seems that exogenous mannose is not 

interfering with 2-DG uptake, yet by boosting the glycolysis to reverse toxicity  of 2-DG. 

Actually, a clue to this other mechanism came from data in which 2-DG was investigated 

for their relative abilities to interfere with LLO synthesis and, ultimately, N-glycosylation 

of proteins. 2-DG is actively taken up  by the hexose transporters and phosphorylated by 

hexokinase to convert into 2-DG-6-P. 2-DG-6-P is further picked up by 

phosphomannomutase (PMM) and processed into 2-DG-1-P. By this pathway, 2-DG is 

used as mannose analogue involved in all types of oligomannose N-glycans, even the 

core portion of N-glycans. Exogenous mannose competes with incorporation of 2-DG 

into N-linked oligosaccaharide and rescues cells (Figure 5.13). This explanation is 

further supported by  results which large amount of deuterium labeled mannose are 

metabolized into N-glycosylation (Data not shown). 

In conclusion, the toxicity of 2-DG is via interfering with N-glycosylation of 

proteins, disrupting protein folding, leading to ER stress and further inducing apoptotic 

cell death. As results of 2-DG, inhibition of glycolysis and ATP depletion are not fatal for 

cell viability. We discover a novel inhibition mechanism of 2-DG on cancer cells and 

cancer stem cells, which provide valuable information to understand how 2-DG targets 

and kills cancer cells and cancer stem cells as a chemotherapeutic agent. These results 

will support further clinical trials of 2-DG. Moreover, the novel method development for 

glycomic research target on tissue culture will be directly useful for cancer research. 
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I have contributed 90% work to this project. Another 10% are done by our 

collaborators. So far, all data have been completely collected and manuscript is in 

processing. Preliminary data have been presented in 15th anual scientific meeting of the 

society for neuro-oncology, 2010, Montreal, Canada. The manuscript of these results will 

soon be submitted to Nat. Med.

  

Figure 5.13. Overall scheme of the effects of 2-DG on glycolysis and N-glycosylation, as 

well as the mannose rescue pathway. 2-DG, as a glucose analogue, is actively delivered 
into the cell and following phosphorylated by glucokinase (Hexokinase, HK) formed as 
2-DG-6-P. Because PGI cannot process 2-DG-6-P, the glycolysis pathway was inhibited. 
But glycolysis pathway will not be completely closed, because glucose is always exist. To 
incorporate 2-DG into N-glycans, 2-DG-6-P, as an analogue of Mannose-6-P, will be 
recognized by PMM and converted into 2-DG-1-P. Finally, 2-DG becomes an active 
monosaccharide GDP-2-DG and is mis-assembled into N-glycans. For all cell lines, 
exogenous mannose may be phosphorylated by  HK, because it has been shown that free 
mannose inhibits transformation of glucose to GDP-Man. For U87, D54 and gCSC13, 
Mannose-6-P may be converted into Fructose-6-P for glycolysis pathway. But, for 
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gCSC11, the higher turnover rate of PMM (or higher expression level) catalyzes 
Mannose-6-P into Mannose-1-P for N-glycosylation.
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CHAPTER SIX 

SYSTEMATIC PHOSPHOPROTEIN ANALYSIS IN THE 

ARCAPS BY OPTIMIZED ENRICHMENT METHOD AND 

FTICR MASS SPECTROMETRY

Introductions 

Phosphorylation of proteins regulates multiple effects such as translocation, 

protein-protein interactions, and activation and inactivation. Many human diseases, 

including multiple forms of cancer, arise through deregulation of this processing 

capability [258, 259]. Characterization of protein phosphorylation status, especially 

following stimulated transduction events, can provide mechanistic insights into the 

signaling transduction, cell cycle progression, adhesion, migration, and numerous other 

functions [260]. 

Now, mass spectrometry  (MS) has become a powerful technology for analysis of 

in vivo phosphorylation [64, 261-263]. It is believed that, however, the phosphate group 

has an effect on the ionization of phosphorylated peptides in MS, resulting in decreased 

signal intensity during the detection. Moreover, signal of phosphopeptide may be 

quenched by other non-modified peptides [264]. Thus, enriching phosphopeptides from a 

pool of complex peptide mixtures will dramatically  improve the success for 

characterization. As an important part in phosphoproteomics, developing enrichment 

strategies to facilitate the large-scale analysis has drawn considerable attention. Now, a 

wide variety  of enrichment methods have been proposed to selectively enrich 

phosphopeptides by targeting the phosphate moiety, including derivatization of phospho-

residues [265-269], antibody based capture, immobilized metal ion affinity 

chromatography  (IMAC) [77, 79, 270-272], enrichment on metal oxide surfaces [79, 

273], strong cation exchange chromatography [64, 274], and phosphopeptide 

precipitation [275]. Moreover, many recent studies have applied multiple phsophopeptide 
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separation/enrichment techniques in succession for further enhance and detection of 

phosphorylation sites in complex protein mixtures [276, 277].

Mass accuracy is highly  desirable in MS based systematic identification and 

characterization of phosphoproteins, because of great benefits demonstrated previously 

[278, 279]. With advances of instrumentation, it is possible to collect high mass accuracy 

MS data online by Fourier Transform ion cyclotron resonance (FTICR) mass 

spectrometer [3, 280]. Besides, automatic gain control, which precisely selects the 

number of ions measured in each FTICR scan, can minimize the need for internal 

calibration and further lower the mass error [4]. Here, the method we used consisted of 

one high-resolution precursor ion scan in FTICR cell followed by  ten data-dependent low 

resolution MS/MS scans operated with a quadrupole linear ion trap  (LTQ). The benefits 

of this method in the study of phosphoproteomics have been addressed [278, 279].

Prostate cancer is the most commonly  diagnosed cancer in men and the second 

leading cause of male cancer-related deaths all over the world with more than 250,000 

deaths a year. The highly  invasive and metastatic cell line used for this study, an 

androgen-repressed human prostate cancer (ARCaP) cell line, was derived from the 

ascites fluid of a patient with advanced prostate cancer that had metastasized to the lymph 

nodes, lungs, pancreas, liver, kidneys, and bones [281, 282]. Large-scale identification of 

phosphoproteins on such aggresive cell line will advance our knowledge on prostate 

cancer malignant transformation and progression, and allow us to identify 

phosphoproteins that are responsible for the malignant transformation and aggressiveness 

of human prostate cancer as well as develop novel therapeutic targets.

Experimental Methods

Materials. All solvents, methanol, acetonitrile, and water were purchased from 

J.T. Baker (Philipsburg, NJ) at HPLC grade. Trypsin, formic acid, ammonium 

bicarbonate, and potassium dihydrogen phosphate, calcium chloride, and acetic acid were 

purchased from Sigma-Aldrich (St. Louis, MO). IMAC SwellGel Disc, protease inhibitor 
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and phosphatase inhibitor cocktails were purchased from Thermo-pierce (Rockford, IL). 

Phos-TiO2 (5 &m, Titansphere) was purchased from GL Sciences (Torrance, CA).

Cell culture. ARCaP, which is an established human prostate carcinoma cell line, 

were routinely  grown in low-glucose Dulbecco’s modified Eagle’s medium supplemented 

with 10% fetal bovine serum, 100 unites/ml penicillin, and 100 ug/ml streptomycin in a 

humidified atmosphere containing 5% CO2 at 37 °C.

Protein sample preparation, gel  electrophoresis, digestion. Three million 

ARCaP cells were washed three times with cold PBS and harvested by scraping. 

Harvested cells were resuspended in lysis buffer (20 mM  Tris, pH 7.4, 10 mM  NaCl, 8 M 

Urea, 4% CHAPS, and 1% DTT) with 1.5 x protease inhibitor and 1.5 x phosphatase 

inhibitor cocktails. The cells were then lysed by ultrasonic treatment with 25% amplitude, 

15 passes at  4°C. Supernatant was collected by centrifugation at  10,000 % g at 4°C for 15 

min, followed by reduction of disulfide bonds with 10 mM DTT for 35 min at 56 °C, and 

alkylation of free sulfhydryl groups with 55 mM iodoacetamide at room temperature in 

the dark for 35 min with continuous shaking. 

Extracted proteins were denatured at 90 °C for 10 min and following separated by 

preparative SDS/PAGE with a Bis-Tris 4-12% gradient gel (Invitrogen, Carlsbad, CA). 

The gel was stained with Coomassie blue (Invitrogen) and then cut into ten bands 

according to molecular weight. In-gel trypsin digestion was following a standard protocol 

[218] but  with larger volume in 15 mL tubes. Briefly, the gel bands were excised into 

approximately 1 % 1 mm cubes, washed with 40% acetonitrile/50 mM  NH4HCO3 and 

dried under vacuum. Trypsin was applied to each gel piece at high enzyme/substrate ratio 

(~1:30) to improve cleavage efficiency. The digestion was carried out at 37 °C for 18 

hours. The digests were extracted using 70/25/5 (acetonitrile/H2O/formic acid), speed 

vacuumed to dryness, and stored at -80 °C for subsequent analysis.

Phosphopeptide enrichment. IMAC. Briefly, a standard protocol from the 

manufacture was followed to enrich phosphopeptides using IMAC SwellGel Disc. 

Peptide mixtures were dried and dissolved into 5% acetic acid, incubated with IMAC 

resin for 20 min at room temperature with agitation.  The resin was sequentially washed 
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by 0.1% acetic acid and 0.1% acetic acid with 10% acetonitrile twice to remove 

nonspecific bindings. The bound peptides were eluted with 100 mM NH4HCO3 (pH 9.0). 

CPP. Speedvac dried peptides were dissolved into 10 &L of 250 mM  acetic acid 

and 35% acetonitrile. Sample pH was adjusted to above 10 by  mixing with 50 &L 50 mM 

KH2PO4. Phosphopeptides precipitation was followed by adding 2 &L of 2 M CaCl2. The 

mixture was gently shaking for 10 min at room temperature then centrifuged to remove 

supernatant, which could be stored at -80 °C for subsequent analysis. The pellet was 

washed with 50 &L of 80 mM CaCl2 and spun again to collect the pellet  that was then 

dissolved into 20 &L H2O of 0.1% trifluoroacetic acid (TFA) with 5% formic acid. The 

precipitated peptides were subsequently desalted with a C18 reversed phase column. 

TiO2. Phos-TiO2 was conditioned in acetonitrile. Tryptic peptides were dissolved 

into 50 &L of binding buffer, containing 0.1% TFA, 25% lactic acid and 60% acetonitrile. 

Non-specific bound peptides were washed by  0.5% TFA and 80% acetonitrile three times. 

Phosphospeptides were sequentially  eluted with 5% ammonium aqueous solution and 5% 

pyrrolidine aqueous solution [69, 71]. 

Liquid chromatography and mass spectrometry. Prior to mass spectrometry, 

tryptic digests were online separated by  reversed-phase nano-liquid chromatography (10 

µL sample) with a C18 capillary column (New objective, MA). An Eksigent NanoLC 

(Dublin, CA) delivered a 90 min gradient (2 to 50% B) at 400 nL/min (solution A: 0.5% 

formic acid in 2% aqueous methanol; solution B: 0.5% formic acid in 98% aqueous 

methanol). 

Mass spectrometry was performed with a modified hybrid linear quadrupole ion 

trap/FT-ICR mass spectrometer (LTQ-FT, Thermo Fisher Corp., Bremen Germany) 

equipped with an actively shielded 14.5 T superconducting magnet  (Magnex, Oxford, 

U.K.) [3]. External calibration was based on the quadrupolar trapping potential 

approximation [283, 284]. The sample analysis was operated in top-10 data-dependent 

mode: high resolution MS for precursor ion scan and low resolution LTQ MS/MS for 

product ion scan. For each precursor ion measurement, 3 million ions were accumulated 

in the LTQ prior to transfer to the ICR cell. The top  ten most abundant ions were 
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fragmented by collision-induced dissociation (CID) in the LTQ for low-resolution MS/

MS (2 microscans, 10,000 target ions, 2.0 Da isolation width, 35.0 collision energy, 0.250 

activation Q, 30 ms activation period, and dynamic exclusion list size of 60 for 1 min). 

Automatic gain control (1 % 106 ions) resulted in less than 0.5 ppm rms mass error with 

external calibration. Data was collected with Xcalibur software (Thermo). 

Quantitation analysis. Quantitatively comparison was analyzed by  measuring 

peptide peak areas [285]. The experiments were run in triplicates to generate standard 

deviations for error. Internal standard peptide was applied to monitor the stability  of 

liquid chromatography and mass spectrometer. For comparison, measured peptide ion 

magnitudes and retention times were extracted manually from Xcalibur to calculate peak 

areas. Finally, averaged peak areas of the same peptide from triplicates were used to 

generate signal magnitude ratios of phosphopeptides. 

Data analysis and informatics. Raw data was extracted with a custom peak 

picking algorithm at a 10% signal-to-noise threshold (personal communication with Dr. 

Jarrod Marto). Resulting files were searched with MASCOT (Matrix Science, 

Cambridge, UK) against IPI human database v3.30 (http://www.ebi.ac.uk/Databases/) 

and IPI human random database with a parent ion tolerance of 2.0 ppm. Oxidation of 

methionine, iodoacetamide derivative of cysteine and phosphorylation of serine, 

threonine and tyrosine were specified as variable modifications. 

Scaffold (version Scaffold 2.05, Proteome Software Inc., Portland, OR) was used 

to validate MS/MS based peptide and protein identifications. Peptide identifications were 

accepted if they could be established at greater than 95.0% probability as specified by the 

Peptide Prophet algorithm [286]. Phosphoprotein identifications were accepted if they 

could be established at greater than 99.0% probability  and contained at least one 

identified phosphopeptides and one nonphosphopeptides. Protein probabilities were 

assigned by the Protein Prophet algorithm [287]. Proteins that contained similar peptides 

and could not be differentiated based on MS/MS analysis alone were grouped to satisfy 

the principles of parsimony.

88



Results and Discussions

Evaluation of CPP, IMAC and TiO2 enrichment methods. The 

phosphorylation has prominent role in cell biology, but phosphorylated proteins are often 

rare because proteins that  are regulated by  this process have low stoichiometries and only 

a small portion will be phosphorylated at any given time [258, 288]. Therefore, effective 

enrichment of phosphopeptides is essential for a large-scale phosphorylation analysis. To 

find the optimized phosphopeptide enrichment method(s), here, we compared three 

different phosphopeptide enrichment methods, including calcium phosphopate 

precipitation (CPP), IMAC and TiO2 by using a protein/peptide standard mixture. 

To compare the efficiency and specificity  of three enrichment methods, standard 

phosphopeptides, tryptic fragment of $-casein and #-casein were mixed with #-

lactoglobulin, myoglobin, cytochrome c, BSA, ubiquitin and standard peptides mixture in 

1:1:0.5:15:15:15:15:15:10 with corresponding 5 pmol of $-casein and #-casein. This near 

15-fold stoichiometric level between phospho- and nonphosphoproteins/peptides was 

setup to simulate the phosphorylation levels in vivo. Due to the different phosphopeptide 

enriching mechanisms in three methods, it thus showed different efficiency  and 

selectivity of phosphopeptides. CPP retained a total of 24 phosphorylated peptides, 

including 17 phosphopeptides that also found in the TiO2 eluates and 15 phosphopeptides 

from IMAC eluates (see Figure 6.1 left). Unfortunately, all methods intended to retain 

nonphosphopeptides. Based on the number of detected nonphosphopeptides, CPP was the 

least specific method, in which 90 nonphosphopeptides were detected. Further analysis 

showed many  of these non-specific peptides are acidic peptides. Nonphosphopeptides 

were found from IMAC and TiO2 eluates are 41 and 5 (see Figure 6.1 right). This 

indicates the specificity of TiO2 is highest. Additionally, since less nonphosphopeptides 

were retained in TiO2 elutes, the average signal of detected phosphopeptides were also 

relatively higher (see Figure 6.2). This result confirmed that less nonphoshpopeptide 

interferences could contribute to increase phosphopeptide signal and further help for 

identifications. 
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Figure 6.1. Comparison of sensitivities of CPP, IMAC and TiO2 enrichment strategies. 
Left and right are the number of overlapped phosphopeptides and nonphosphopeptides 
identified from three different methods.

In summary, CPP is a higher sensitive but less specific enrichment method 

because it precipitates large amount of nonphosphopeptides along with phosphopeptides. 

Although TiO2 has less sensitivity, it  effectively  removes most  nonphosphopeptides from 

the sample. Thus, in our large-scale phosphorylation analysis, to effectively enrich 

phosphopeptides and remove nonphosphopeptide interferences, all ARCaP fractions were 

first processed with CPP to reduce the sample complexities and followed by enrichment 

with TiO2 to generate high purity phosphopeptide samples.
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Figure 6.2. Quantitatively comparison of identified phosphopeptides between different 
enrichment methods. Phosphopeptide ratios were generated by measuring average peak 
area intensities.

Identification and validation of phosphoproteins from ARCaPs. The strategy 

used for this large-scale phosphorylation analysis was shown in Figure 6.3. Initially, 

three million ARCaP cells’ lysate was loaded on a preparative SDS-polyacrylamide gel to 

fractionate the proteins based on molecular weight. The entire gel was divided into 10 

bands. Each region was proteolyzed with trypsin followed by  phosphopeptide enrichment 

by CPP. The precipitated peptides were desalted by  a C18 reversed phase column and 

following applied to the TiO2. As shown in Figure 6.4, the phosphopeptides were 

effectively enriched by  this CPP-TiO2 two-step enrichment strategy. Overall, 82% spectra 

were assigned to phosphopeptides relative to total peptide sequences purified from all gel 

fractions. 

91



Figure 6.3. Flowchart of strategy  used for large scale profiling phosphoproteins in the 
ARCaPs.

For MS analysis, both the enriched phosphopeptides and nonphosphopeptides 

supernatant were analyzed with LC-MS/MS in a hybrid LTQ FTICR MS. High mass 

accuracy  precursor ions mass collected with FTICR enabled the reduction of mass 

tolerance to less than 2 ppm, and reduced the number of peptides initially  considered by 

the peptide spectral matching algorithm. In addition, the analysis of nonphosphopeptides 

contributed to confident identification of phosphoproteins as well. The MS/MS spectra 

were searched with MASCOT against IPI-human database and IPI-human random 

database, which contains protein sequences in the forward direction and random 

direction. The target-decoy database strategy reduced false discoveries caused by random 

matching or spectra poor quality, and permitted a false-positive rate (FDR) to be 
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estimated based on the number of reversed-sequence identifications populating the final 

data set  [289, 290]. With all filtering criteria, including mass accuracy, charge state, 

numbers of phosphorylation sites, and number of total modifications, we generated a 

phosphopeptide data set with an average mass error of 0.32 ppm and a mass error 

distribution of 0.6 ppm in standard deviation. To further increase the identification 

confidence of phosphoproteins, only the proteins containing at least one phosphopeptides 

and one nonphosphopeptides were kept in the final data set.  Finally, we have total of 385 

phosphoproteins detected.

Figure 6.4. Efficiency of CPP-TiO2 enrichment strategy. The graph depicted the number 
of spectra assigned to phosphopeptides and nonphosphopeptides related to each gel 
fraction.
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The experiments were performed in triplicates to obtain an assessment of the 

technique reproducibility. In total, we had 306, 272, and 298 phosphoproteins detected 

from experiment replicate 1, 2 and 3 (see Figure 6.5). The overlapping contents between 

triplicates showed 225 phosphoproteins were identified in all three runs with an average 

reproducibility of 78% ± 5%. In addition, we had 48, 29, and 42 unique phosphopeptide 

IDs from each replicate. As shown previously, the nature of shotgun proteomics is not 

favorable for high reproducibility in replicates’ analysis but contribute to increase sample 

sensitivity [289]. We attributed this high reproducibility  to the stringent phosphoprotein 

false-positive cutoff rate we used. 

Figure 6.5. Venn diagram presenting the overlap  of identified phosphoproteins from 
triplicate analyses.

Classification of Phosphoproteins. Phosphoproteins are involved in many 

signaling pathways that control various biological events, such as cell growth, 

differentiation, or proliferation [259]. According to the protein annotations in the NCBI 

database, Figure 6.6 shows a Gene Ontology  (GO) [291] analysis of the in vivo 
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phosphoproteome. As expected, more than one-third of total identified phosphoproteins 

were assigned to nucleus, indicating that nuclear proteins are the major substrates of 

phosphorylation. About 16% and 13% phosphoproteins were found in cytoplasm and 

organelle part. Because of the low abundance and no special enrichment, only few 

assigned phosphorylation events were associated with membrane parts and some 

intracellular organelles, such as mitochondria and Golgi apparatus. Due to the limitations 

of current technology  and transient property of phosphorylation, we may  miss a certain 

part of phosphoproteins, but it does not mean absolute absence of particular 

phosphorylation events [292].

Figure 6.6. Gene Ontology  (GO) analysis of phosphoproteins. Identified phosphoproteins 
was grouped by their cellular locations based on protein annotations from the NCBI 
database.

Pathological Relevance of identified phosphoproteins. One of the goals in 

systematical phosphoproteome study is to gain insight into cellular signaling pathways. In 
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this study, we found few phosphoproteins that were potentially functioning in several 

biological processes. As an example, Table 6.1 displayed four important pohsphoproteins 

that may be involved in PTEN signaling pathway. PTEN seems important in ARCaP 

because androgen receptor (AR) signaling has been reported to be involved in PTEN 

[293]. In addition, we found 10 phosphoproteins involved in TNFR1 signaling pathway 

and 5 phosphoproteins involved in cycling of RAN in nucleocytoplasmic transport. In 

depth analysis of phosphorylation regulated signaling pathway in ARCaPs is on going.

Table 6.1. The list of identified phosphoproteins involved in PTEN signaling pathwayThe list of identified phosphoproteins involved in PTEN signaling pathwayThe list of identified phosphoproteins involved in PTEN signaling pathwayThe list of identified phosphoproteins involved in PTEN signaling pathway

Protein Names IPI Accession Unique Unique

Peptides Phosphopeptides

Isoform Beta-4A of Integrin beta-4 precursor IPI00220845 41 10

GRB2 Protein IPI00794611 4 1

PTK2 protein tyrosine kinase 2 isoform b variant IPI00749256 6 2

Mitogen-activated protein kinase 1 IPI00003479 4 2

Conclusions

In this study, we first  compared three different enrichment strategies including 

IMAC, CPP and TiO2. We developed high efficiency phosphopeptide enrichment 

strategy, coupled with CPP and TiO2, which effectively enriched phosphopeptides from 

ARCaP cell lysate. With ultrahigh mass accuracy, stringent filtering, 385 high-confidence 

phosphoproteins were identified from three replicates with overall mass error of 0.32 ± 

0.6 ppm at peptide level. Each of phosphoproteins contains at least one phosphopeptide 

and one nonphosphopeptide. This extremely  stringent rule is also used for the first time 

for phosphoprotein identification. Some of our identifications are involved in an 

important signaling pathway of ARCaP providing valuable information to understand the 

prostate cancer development from primary  stage to late stage. I have contributed 95% 

work to this project and Dr. Sang’s lab contribute 5%. This data comprises an important 
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resource for future studies on quantitative phosphoproteome analysis of prostate cancer 

cell lines. The manuscript has been written up and will soon be submitted to J. Proteome 

Res.

97



CHAPTER SEVEN

DEPHOSPHORYLATION OF MSP FIBER PROTEIN 3 (MFP3) 

BY PP2A DURING CELL BODY RETRACTION IN THE MSP-

BASED AMOEBOID MOTILITY OF ASCARIS SPERM

Introduction

Amoeboid cell motility, which plays a central role in many processes such as 

embryo development, wound healing and immunological defense, requires coordination 

of protrusion of the leading edge with retraction of the trailing cell body [294]. In most 

eukaryotic cells, protrusion is powered by  localized Arp2/3 complex-mediated actin 

assembly  along their leading edge, whereas retraction is thought to be driven by 

actomyosin contractility  [295, 296]. Although leading edge protrusion has been studied 

extensively  in a variety of cells [295, 297, 298] reconstituted motility  systems from cell 

extracts [299, 300], and even in defined protein mixtures [301-303], much less is known 

about the mechanism of retraction. The molecular complexity  of actin-based motility and 

the lack of simpler reconstituted systems have hindered exploration of this important 

component of cell migration. 

Nematode sperm provide an alternate opportunity for investigating the 

mechanism underlying cell motility. Although in these cells, locomotion is based on a 

dynamic cytoskeleton based on major sperm protein (MSP) instead of actin, the general 

features of leading edge protrusion and cell body  retraction are so remarkably  similar to 

those observed in actin-based cells [304, 305] that the mechanisms for generating 

locomotion must be comparable in both systems. MSP-based motility  has been 

reconstituted in vitro in sperm extracts where vesicles derived from the plasma membrane 

at the leading edge induce ATP-dependent assembly  of columnar meshworks of MSP 

filaments called fibers.

Polymerization of MSP filaments at the surface of the vesicle elongatates the fiber 

and pushes the vesicles forward in the same way as cytoskeletal assembly along the 
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leading edge drives protrusion of the lamellipodia in intact sperm [306]. Fibers assembled 

in vitro can be manipulated to reconstitute retraction much more easily  than in actin-

based systems. Perfusion with Yersinia tyrosine phosphatase (YOP) in sperm extract 

triggers rapid shrinkage of the fiber, which generates sufficient force to pull an artificial 

cargo attached to retracting fiber [307].  Unlike microfilaments, MSP filaments have no 

structural polarity and no motor proteins have been identified in the MSP motility 

apparatus.  Thus, the retraction of fibers, both in vitro and the cell body of crawling 

sperm, does not appear to require the chemomechanical activity of a protein like myosin. 

The reconstituted Ascaris in vitro motility  system has proven to be valuable for 

identifying the molecular components of motility and understanding how polymerization 

dynamics can generate protrusive forces [308-310].  For example, a phosphorylated 

integral membrane protein, MPOP, that recruits a soluble casein kinase 1 called MPAK to 

the vesicle surface, generates MSP the localized polymerization that results in movement. 

MPAK, in turn, phosphorylates a second cytosolic component, MSP fiber protein 2 

(MFP2), which then binds to filaments and accelerates their assembly. These biochemical 

events are essential for leading edge protrusion in sperm [308-310]. In contrast, little is 

known about the biochemical basis of retraction. YOP only  induces retraction in the 

presence of a cell-free extract of sperm (S100) suggesting that another component is 

required [307]. Here, we report  that a protein phosphatase (a putative PP2A homologue) 

in S100 is activated by  YOP and then triggers retraction of MSP fibers. Further, we show 

that MSP fiber protein 3 (MFP3), a structural component in the MSP motility apparatus, 

is released from the cytoskeleton when it is dephosphorylated by PP2A.

Experimental Procedures 

Materials.  All solvents were purchased from J.T. Baker (Philipsburg, NJ) in the 

highest purity.  Trypsin was purchased from Sigma-Aldrich (St. Louis, MO).  The C18 (5 

cm x 75 µm, 15 µm i.d. spray tip) nanoscale capillary column was purchased from New 

Objective (Woburn, MA). 
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Sperm Collection and Preparation of Sperm Extracts. Ascaris sperm were 

collected and activated as described previously [306, 311]. For immunofluroscence 

studies, activated sperm were pipetted onto glass coverslips, allowed to settle for 5 min, 

and fixed in 2% glutaralderhyde, 0.5% Triton X-100 in HKB buffer (50 mM  HEPES, 65 

mM KCl, 10 mM NaHCO3 [pH 7.6]) for 30 min. To prepare cell-free extracts (S100), 

pellets of sperm were lysed by three freeze-thaw cycles and then centrifuged at  100,000% 

g for 45 min at 4°C [308]. The resulting supernatant (S100) was aliquoted and stored at 

)80°C until use.  

In-Gel Tryptic Digestion. Protein gel spots were excised and diced into 

approximately 1 % 1 mm pieces and digested with 100 pmol of trypsin following a 

standard in-gel digestion protocol [218].  After digestion, peptides were extracted with 

300 &L of 75/20/5 (acetonitrile/H2O/formic acid), speed vacuumed to dryness, and stored 

at -80 °C for future analysis.  Prior to MS analysis, the samples were dissolved in 10 &L 

of 97.5/2/0.5 (H2O/methanol/formic acid) solvent.

Reversed Phase Liquid Chromatography and Mass Spectrometry. Prior to 

mass analysis, tryptic peptides were separated and purified by  a nano-HPLC, over 75 

micron i.d., C18 column (New Objective). The elution gradient was from 98% A to 98% B 

(A: 2:97.5 (v/v) CH3OH/H2O with 0.5% FA; B: 97.5:2 (v/v) CH3OH/H2O with 0.5% FA) 

at 400 nL/min [14, 312]. Mass analysis was performed with a modified hybrid linear 

quadrupole ion trap/FT-ICR mass spectrometer (LTQ-FTICR MS, Thermo Fisher 

Scientific, Bremen Germany) equipped with an actively shielded 14.5 T superconducting 

magnet (Magnex, Oxford, U.K.). The five most abundant ions were collisionally 

dissociated (CID) in LTQ (3 microscans, 10,000 target ions, 2.0 Da isolation width, 35.0 

normalized collision energy, 0.250 activation Q, 30 ms activation period, and dynamic 

exclusion list size of 60 for 1 minute). Automatic gain control provided less than 0.500 

ppm FT-ICR rms mass error with external calibration [313]. Data was collected with 

Xcalibur software (Thermo Fisher).

Data Analysis and Informatics.  Raw data was extracted with a custom peak 

picking algorithm at 10% signal-to-noise ratio threshold.  Peak-list  files were searched 
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with MASCOT (Matrix Science, Cambridge, UK) [124] against a custom database that 

contained the MFP3 sequence (1 ppm mass tolerance for parent ions; 1 Da tolerance for 

MS/MS; trypsin cleavage specificity, one missed cleavage; and oxidation and 

carbamidomethyl as allowed modifications for methionine and cysteine respectively). 

Phosphorylation is limited to serine, threonine and tyrosine. 

Results

The protein, which we designated MSP fiber protein 3 (MFP3), is unique to 

nematode sperm and exhibits homology to the uncharacterized Caenorhabditis elegans 

sperm-enriched protein ssq1-4. As shown in Figure 7.1, MFP3 contains 19 tandem 

repeats of a 15-residue motif in the middle of its sequence flanked by its ~90-amino acid 

N domain and C domain. These 19 tandem repeats differ only marginally in sequence and 

show five different variants (Figure 7.2). 
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Figure 7.1. Identification of MFP3 as the primary substrate for PP2A in fibers. The 
deduced protein sequence of MFP3 from full-length cDNA, translated by  proteomic tools 
at ExPasy (http://ca.expasy.org). The phosphorylated motif – LDTK*TAIGA was 
highlighted. The motif in three out of five tryptic variants are found being 
phosphorylated, which are labeled by single, double, and triple lines respectively.

Figure 7.2. Peptide compositions of tandem repeats in MFP3 sequence. Phosphorylation 
sites identified by FT-ICR MS/MS are highlighted.

To identify  the phosphorylation sites in MFP3, the coomassie blue stained MFP3 

2D gel spots (~50 kDa) were excised in-gel tryptic digested and subjected to nano LC-

MS/MS analysis. The results showed phosphothreonine in three unique peptides, which 

were detected by the neutral loss of 80 Da (HPO3) upon collision-induced dissociation 

(CID) [314]. Comparing the mass of b- and y-ions in MS/MS spectrum to their 

theoretical value confirmed the assignment of phosphorylation sites [124]. The results are 

summarized in Table 7.1. Parent ion mass was derived by Fourier transform ion 

cyclotron resonance (FT-ICR) mass spectrometer. Thus the mass errors of assigned 

peptides are sub-ppm [4]. MS/MS spectrum, collected in LTQ, were applied to sequence 

peptides. Finally  the masses of 1496. 695 Da, 1528.667 Da, and 1528.801 Da were 

assigned to the tryptic peptides of pTAIGAPVGMSGLDTK (Figure 7.3), 

pTAIGAPMGMSGLDTK (Figure 7.4), and 376pTAIGAPVGAPAVGAAVK392 (Figure 

7.5) respectively. As the tandem repeated primary  structure of MFP3, most tryptic 

peptides are identical. Therefore, only the peptide of 376pTAIGAPVGAPAVGAAVK392 

can be located on MFP3, but all the identified phosphothreonines are located on the motif 

of LDTK*TAIGA, in which *T is the target of up-stream kinase.
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The unique structure of MFP3 hides the information of phosphorylation sites on 

the intact protein, because most tryptic peptides of MFP3, which contain phosphrylation 

motif, are identical. In this case, top-down MS will be a powerful technique to map the 

phosphorylation sites on MFP3. Since cell free system for MFP3 phosphorylation is a 

complex protein and compound mixture, the separation of phosphorylated MFP3 prior to 

mass spectrometry analysis is crucial. We electroeluted Sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) separated MFP3 out from gel pieces 

and followed by cold acetone precipitation. Redissolved protein was directly applied to 

ESI top-down MS. The primary data have shown the detection of MFP3 with multiple 

phospho-groups (data not shown). However, the low S/N ratio broadband spectrum was 

not promising for the following fragmentation analysis. Further top-down experiments 

may be performed to locate exact phosphorylation sites on MFP3.
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Figure 7.3. Isolation and identification of phosphopeptide pTAIGAPVGMSGLDTK. a. 

High resolution parent ion spectrum of the peptide. b. Low resolution spectrum is applied 
to locate the phosphorylation site and sequence peptide. Only  confidently identified b and 
y ions are labeled. The sequence analysis was done by  MASCOT and followed by 
manual validation.

Figure 7.4. Isolation and identification of phosphopeptide pTAIGAPMGMSGLDTK. a. 

High resolution parent ion spectrum of the peptide. b. Low resolution spectrum is applied 
to locate the phosphorylation site and sequence peptide. Only  confidently identified b and 
y ions are labeled. The sequence analysis was done be MASCOT and followed by  manula 
validation.

Table 7.1.  Nano LC MS/MS characterized phosphopeptides in MFP3

Peptide Sequence Modifications Observed Theoretical Mass Error Start End 
Mass (Da) Mass (Da) (ppb)

TAIGAPVGMSGLDTK Phospho 1496.6947 1496.6945 90 N/A N/A
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TAIGAPMGMSGLDTK Phospho 1528.6674 1528.6666 550 N/A N/A
TAIGAPVGAPAVGAAVK Phospho 1528.8011 1528.8013 -140 376 392

Figure 7.5. Isolation and identification of phosphopeptide pTAIGAPVGAPAVGAAVK. 

a. High resolution parent ion spectrum of the peptide. b. Low resolution spectrum is 
applied to locate the phosphorylation site and sequence peptide. Only confidently 
identified b and y ions are labeled. The sequence analysis was done be MASCOT and 
followed by manula validation.

Conclusions and Discussions

Combined with other biochemical and molecular biolgoy experiments. We can 

address conclusion that assembly of the MSP motility  apparatus in cell-free extracts of 

Ascaris sperm has provided a reliable and versatile method for identifying the accessory 

components of locomotion. For example, biochemical dissection of fiber elongation led 
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to the discovery of MPOP, MPAK, and MFP2 as proteins involved in leading edge 

protrusion in sperm [308-310]. Here, we exploited methods devised to study fiber 

retraction to identify  two proteins that are involved in cell body retraction. PP2A, a 

ubiquitously expressed evolutionarily  conserved Ser/Thr phosphatase, triggered retraction 

of MSP fibers by dephosphorylation of MFP3, a structural component in the MSP 

motility apparatus (Figure 7.6).

Figure 7.6. Schematic illustration of a side view of a crawling sperm showing the 
components involved in phosphorylation/dephosphorylation of MFP3 and the 
relationship  of this cycle to the MSP filaments dynamics that  power sperm motility. See 
text for details.

MFP3 is clearly the primary target of the phosphatase in fibers. Consistent with 

the Western blot  patterns, which showed MFP3 labeled by  anti-pT and not anti-pS, MS/

MS analysis detected only phosphothreonine residues in MFP3. Like other structural 

motility proteins in MSP system, MFP3 has substantial sequence similarity  to a protein 

family of unknown function in C. elegans and shows no homology to known proteins in 

other types of cell. Consequently, the sequence by itself provides little insight into the 

function of the protein. However, our experimental data indicate that  MFP3 seems to be 

multiply  phosphorylated, binds primarily to the sides of MSP filaments, and is released 
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upon dephosphorylation. The release of MFP3 is associated with filament disassembly 

during fiber retraction, suggesting MFP3, in its phosphorylated form, may be involved in 

stabilizing MSP filaments. This function would be consistent with the behavior of the 

fiber complexes in sperm, which undergo little, if any re-modeling as they flux rearward 

through the lamellipod, but then disassembles rapidly at the lamellipod-cell body 

junction. 

A long-standing problem in the amoeboid motility  of nematode sperm has been 

the source of energy that powers the process. Because MSP itself lacks any detectable 

ATPase activity, the energy to power locomotion must be supplied to other components 

of the system. For example, MSP polymerization and leading edge protrusion depend on 

phosphorylation of two proteins that define the site [308] and the rate of cytoskeletal 

assembly  [310]. On the basis of our present results, we hypothesize that phosphorylation 

of MFP3 may function to provide energy to power retraction. One plausible way in which 

this could be achieved could relate to the substantial overall positive charge of MSP (pI = 

8.3–8.9; [315]), which would tend to result in MSP dimers repelling one another. 

Multiple phosphorylation of MFP3 would generate a molecule with a large negative 

charge that could lie in the grooves of the MSP helix (analogous to the way in which 

tropomyosin lies in the long-pitch grooves of the F-actin helix). In this orientation, MFP3 

could span several MSP dimers so that its overall negative charge could effectively 

neutralize their positive charge and thereby  stabilize the filaments. In this context, it is 

likely that the periodicity of the 15-residue tandem repeats in the central region of MFP3 

matches a structural repeat in MSP filament helices [316], although clearly it will be 

necessary  to determine the structure of MFP3 to evaluate this hypothesis. We further 

propose that the energy  stored by phosphorylating MFP3 would then be released by 

PP2A, and, by  reducing the negative charge on the molecule, would render the filaments 

unstable because the repulsion between the positively charged MSP dimers would no 

longer be masked. Thus, through its modulation of filament stability the phosphorylation 

state of MFP3 could modulate the cytoskeletal dynamics of nematode sperm and provide 

the energy for retraction. 
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This project has been completely finished. The resultes have been published on  

Mol. Biol. Cell, (2009), 20 (14), 3200-3208
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CHAPTER EIGHT

MODULATION OF THE GLYCOPROTEOME OF GLIOMA 

STEM CELLS DURING DIFFERENTION

Introduction

Glycosylation is a biologically significant and complex post-translational 

modifications in nature [128]. Glycoproteins play important roles during molecular and 

cellular recoginition in development, growth, and cellular communication and in 

particular are involved in cancer progression and immune responses [111, 198, 199]. 

There is growing evidence that alterations to the glycosylation of a protein can be 

correlated with developmental and pathological changes. Therefore, glycoproteins have 

often became clinical biomarkers and therapeutic targets [198-201]. 

Two-dimensional electrophoresis (2-DE) of proteins used to be an art practiced by 

a few researchers. High-resolution 2-DE can reveal virtually  all proteins present in a cell 

at any given time, including those with post-translational modifications [35, 317]. Various 

methods have been developed for the detection of glycoproteins on 2-D gels, such as 

carbohydrate moiety-specific staining [318]. Visualized glycoproteins were further 

proteolyzed, liquid chromatography separated and analyzed by mass spectrometry. This 

method is one of the most powerful techniques for protein identification, and is playing 

an increasingly important role in defining stuctures of glycoproteins [56]. 

A glioblastoma stem cell line [241], gCSC11[242], characterized by CD133 

expression [319], grows as tumorsphere in culture and if subsequently implanted in nude 

mice brains, will recapitulate high grade glial tumors. Stimulation with a STAT3 inhibitor 

WP1193 or culturing in 10% FBS both led to loss of CD133 expression in gCSC11 cells, 

but differed in phenotype changes. STAT3 inhibitor treated gCSC11 cells underwent 

dissociation in culture and converted to progenitor cells if further treated with FBS [320]. 

On the other hand, serum stimulation induced differentiation to cells similar to mature 

tumor cells. As phosphorylation of proteins is crucial for cell differentiation, it is 
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necessary  to quantitatively compare their expression level changes under the different 

treatments, which will reveal the functions of protein phosphorylation in cell 

differentiation.

Experimental Methods

Materials. All solvents, methanol, acetonitrile, and water were purchased from 

J.T. Baker (Philipsburg, NJ) at HPLC grade. Trypsin, formic acid, ammonium 

bicarbonate, and acetic acid were purchased from Sigma-Aldrich (St. Louis, MO). 

Protease and phosphatase inhibitor cocktails were purchased from Thermo-pierce 

(Rockford, IL). Pro-Q Emerald 488 staining solution was purchased from Invitrogen 

(Carlsbad, CA, USA). Pro-Q Diamond staining solution, SYPRO Ruby  staining solution, 

IPG strips and electrode wick were purchased from BioRad (Hercules, CA).

Protein extraction. All work was done on ice unless specified otherwise. 

Different treated gCSC11 pellets were suspended in the solution of 8 M urea, 4% 3-

[(cholamidopropyl) dimethylammonio] propanosulfonate hydrate (CHAPS), 1% 

dithiothreitol (DTT) and 40 uL/mL protease inhibitor cocktail. Suspended cells were 

homogenized by pestle for three times, 20 seconds each. Samples were centrifuged at 

18,000 rpm, 4°C, for 30 min to remove insoluble materials. The supernatants were split 

into two test tubes with exactly  same volume and kept on ice for next step experiment or 

stored in -80°C.

Gel electrophoresis and staining. Soluble proteins were separated by  Two-

Dimensional Gel Electrophoresis (2DE). Prior to gel electrophoresis, the sample volume 

was brought to 300 uL and added 0.2% ampholyte (pH 3-10), 0.02% bromophenoyl blue. 

Approximately  300 uL of sample was loaded onto isoelectric focusing (IEF) cell 

(BioRad) for first dimension separation by different protein pI values. Electrode wick was 

applied 3 uL distilled water and placed over the cathode and anode respectively. 

Isoelectric focusing was performed with IPG strips, pH 3-10, 17 cm, which were placed 

gel side down and covered with 3 mL of mineral oil to prevent evaporation. Rehydration 

took 12 hours without voltage on. Proteins were then focused for 80,000 V h at 10,000 V. 
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After IEF, the IPG strips were equilibrated in 2 mL of reducing buffer solution of 

6M urea, 2% sodium dodecyl sulfate (SDS), 0.375M Tris-HCl pH 8.8, 20% glycerol, 130 

mM DTT and agitated for 20 mins. The strips were then equilibrated with alkylating 

equilibration buffer, which contained 135 mM iodoacetamide instead of 130 mM  DTT. 

Second dimension separation was performed on 10% SDS-PAGE self cast gel, at  15°C 

for about 7.5 hours. 

The gels were immersed in 250 mL of fixing solution (50% methanol, 5% glacial 

acetic acid and 45% distilled water) with gentle agitation for 1 hr and fixed with 

refreshed fixing solution overnight. The gels were then washed with 250 ml washing 

solution (3% glacial acetic acid and 97% distilled water) twice, 20 mins per-wash. After 1 

hour oxidization with 250 mL oxidizing solution (from Pro-Q Emerald 488 glycoprotein 

stain kit), the gels were washed with washing solution four times, 15 mins per-wash. Pro-

Q Emerald 488 staining solution was applied to the gels and stained for 2 hours in dark. 

The gels were destained four times by washing solution with 20 mins each. Pro-Q 

diamond was used to stain phosphoproteins with same protocol but no oxidization. The 

images were acquired on Typhoon 9410 (GE Healthcare, USA). After the image was 

acquired, gel was stained with SYPRO-RUBY for 1 hour, destained by distilled water for 

3 times with 10 mins each, and scanned by typhoon 9410.

Image analysis. Spot detection, matching, quantitation, and normalization were 

performed by use of PDQuest 2-D analysis software (Version 8.0.1, Bio-Rad).

In-gel trypsin digestion. The glycoprotein/phosphoprotein spots were excised 

robotically (ProPic II, Genomic Solutions, USA). The gel pieces were destained with 25 

mM ammonium bicarbonate in 50:50 (v/v) CH3CN/H2O three times and dried in the 

vacuum centrifuge. Gel spots were incubated with 15 &L, 10 pmol/&L trypsin solution at 

37°C overnight. Then gel spots were immersed in 20 &L of 75:25 (v/v) CH3CN/H2O with 

5% TFA to extract peptides and vacuum-dried. The test tube was stored in the -80°C for 

further analysis.

Proteomic LC/MS-MS analysis and database searching. The tryptic peptides 

were dissolved in 10 &L 98:2 (v/v) CH3OH/H2O with 0.5% FA, and were separated and 
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purified by  nano-HPLC, pre-packed C18 column (5 cm x 75 µm, 15 µm i.d. spray  tip,  

New Objective, Ringoes, NJ, USA). Elution gradient was from 98% A to 98% B (A: 2:98 

(v/v) CH3OH/H2O with 0.5% FA; B: 98:2 (v/v) CH3OH/H2O with 0.5% FA) under 600 

nL/min flow rate. High-resolution accurate mass measurements were acquired with a 

custom-built, microelectrospray ionization (ESI), hybrid LTQ 14.5 T Fourier transform 

ion cyclotron resonance (FT-ICR) mass spectrometer (Thermo Fisher, San Jose, CA, 

USA) supplemented by quadrupole linear ion trap MS/MS. The emitters were operated in 

positive-ion mode. Retention time was set to 30 min. Raw data files were submitted to 

MASCOT Daemon (Matrix Science, Boston, MA, USA) to perform database search. The 

search parameters were as follows: 10 ppm mass tolerance; trypsin digestion with two 

missed tryptic cleavage site; oxidation as variable modification for methionine and 

iodoacetamide derivative of cystein. The protein score was significant and at least one 

MS/MS peptide matched.

Results and Discussions

Glycoproteins after 2DE separation were visualized by treating gels with Pro-

Emerald 488 glycoprotein stain (see, eg. Figure 8.1). The optical density of stained spots 

correlates with glycoprotein abundance. We observed 33 differentially expressed 

glycoprotein spots in treated and untreated gCSC11 cells based on their staining intensity 

and the reported protein abundances were corrected after background subtraction (Figure 

8.2). Table 8.1 shows identified glycoproteins. Most of the identified differentially 

expressed glycoproteins have never been reported as glycosylated.
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Figure 8.1. Pro-Q Emerald 488 stained 2D gel of gCSC11 cancer stem cells treated with 
10% FBS. The numbered protein spots correlate to the identified proteins in Table 8.1. 

Table 8.1. Mascot search results of identified glycoproteins after 2D gel and LC-MS/MS 
separation and detection of gCSC11 cell samples.

Spot Protein ID MW Mascot Peptide

Score Matches

1 ALB Serum albumin 71530 121 3

2 ALB Serum albumin 71530 129 5

3 ALB Serum albumin 71530 107 4

4 VCP Transitional endoplasmic reticulum ATPase 89266 176 15

ALB Serum albumin 71530 36 4

5 HSPD1 61 kDa protein 61174 478 28

6 HSP90B1 Endoplasmin precursor 92411 434 10

7 CALR Calreticulin precursor 48112 309 13

8 HYOU1 Hypoxia up-regulated protein 1 precursor 111266 106 4

113



9 CALU Isoform 1 of Calumenin precursor 37084 396 13

10 VIM Vimentin 53619 1139 44

TUBA1C TUBA1C protein 36997 272 5

11 VIM Vimentin 53619 1073 40

12 VIM Vimentin 53619 1132 45

TUBB Tubulin beta chain 49639 92 2

13 VIM Vimentin 53619 666 37

14 VIM Vimentin 53619 1282 59

TUBB Tubulin beta chain 49639 422 13

TUBB2C Tubulin beta-2C chain 49799 379 12

TUBB2A Tubulin beta-2A chain 49875 326 12

TUBB3 Tubulin beta-3 chain 50400 322 10

15 VIM Vimentin 53619 931 39

LGALS7;LOC732032;LOC653499;LOC728910 
Galectin-7

15066 92 1

16 VIM Vimentin 53619 1123 46

17 ACTB Actin, cytoplasmic 1 41710 388 18

DKFZp686D0972 hypothetical protein LOC345651 41976 113 7

Galectin-7 15066 104 1

18 TUBB Tubulin beta chain 49639 356 9

TUBB2A Tubulin beta-2A chain 49875 266 8

TUBB2B Tubulin beta-2B chain 49921 291 8

19 UCHL1 Ubiquitin carboxyl-terminal hydrolase isozyme 
L1

24808 92 2

20 PRDX2 Peroxiredoxin-2 21878 383 13

21 PDIA3 Protein disulfide-isomerase A3 precursor 56747 681 23

22 UCHL1 Ubiquitin carboxyl-terminal hydrolase isozyme 
L1

24808 144 7

23 GSTP1 Glutathione S-transferase P 23341 88 2

24 PRDX6 Peroxiredoxin-6 25019 203 11

25 STIP1 Stress-induced-phosphoprotein 1 62599 592 28

PSPC1 paraspeckle protein 1 58706 131 6

26 ENO1 Isoform alpha-enolase of Alpha-enolase 47139 739 29

27 GAPDH Glyceraldehyde-3-phosphate dehydrogenase 36030 225 11

28 HNRPA2B1 Isoform B1 of Heterogeneous nuclear 
ribonucleoproteins A2/B1

37407 224 7

29 HNRPA2B1 Isoform B1 of Heterogeneous nuclear 
ribonucleoproteins A2/B1

37407 344 13

30 HNRPA2B1 Isoform B1 of Heterogeneous nuclear 
ribonucleoproteins A2/B1

37407 225 9

31 HNRPA2B1 Isoform B1 of Heterogeneous nuclear 
ribonucleoproteins A2/B1

37407 87 5

32 CRYAB Alpha crystalline B chain 20146 88 4

33 GAPDH Glyceradehyde-3phosphate dehydrogense 36030 75 3

Two glycoprotein spots (spots 17 and 26) were preferentially expressed (at least 4 

fold more abundant than STAT3 or FBS treated gCSC11 cells) in native gCSC11 cells. 
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Sample number 17 co-spots ACTB beta actin, DKFZp686D0972 hypothetical protein 

(actin-like protein) and galectin-7 and further studies are needed to differentiate 

expression levels of individual glycoproteins. Actin, especially #-actin, is commonly used 

as internal standard for expression normalization. However, recent reports supported 

variation of #-actin expression in certain diseases [321, 322], including breast & colon 

carcinoma, and associated modification of function [323]. Galectin-7 belongs to a #-

galactose binding galectin family (galectin-1 to galectin-15) which plays important roles 

in cancer biology  [324]. In cultured glioblastoma multiforme (GBM) cells, combined p53 

gene/chemo-therapy triggered apoptosis and mild G2 arrest [325]. Down-regulation of 

galectin-1 was observed in thus treated cells and further study of galectin-1 knock-down 

by siRNA revealed a reduction in cell viability  and increased sensitivity to conventional 

chemotherapy [326]. Over-expression of galectin-7 was reported in 7,12-

dimethylbenz(a)anthraacene induced rat  mammary  carcinomas [327]. In a quantitative 

immunohistochemical expression study, down-regulation of galectin-7 was associated 

with a majority  of benign thyroid lesions [328]. Up-regulation of galectin-7 was observed 

in the aggressive phenotype of murine lymphoma cell lines [329]. Recently, the same 

research group reported the inhibition of aggressive behavior of murine lymphoma in 

vivo by decreasing expression of galectin-7 [330].

Another glycoprotein preferentially expressed in native rather than in STAT3 or 

FBS treated gCSC11 cell is ENO1 isoform alpha-enolase (spot 26). Alpha-enolase is a 

glycolytic enzyme involved in generation of ATP. Cancer cells normally manifest change 

in metabolism to prefer aerobic glycolysis over oxidation of pyruvate, known as 

“Warburg effect” [331]. Moreover, cancer cells irreversibly over-express glycolytic 

enzyme to cope with hypoxia. Thus, up-regulation of glycolytic enzymes is usually 

observed in cancer cells. Up-regulation of ENO1 has been associated with a variety  of 

cancer cell lines, including small cell lung cancer [332], head and neck cancer [333], 

acute myeloid leukemia [334]. Clinically, Over-expression of ENO1 was observed in 

tumor tissues of lung cancer [335], breast  cancer [336], and pancreatic cancer [337]. 

Moreover, expression level of ENO1 correlates with prognoses or relapse for patients 
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suffering non-small cell lung cancer [335]. Besides glycolytic activities, alpha-enolase 

may associate with regulation of differentiation via binding to c-myc promoter to 

negatively regulate c-myc expression [338]. In an in vitro study of colorectal cancer cell 

line Caco-2, alpha-enolase was highly down-regulated in differentiating cells compared 

to proliferating cells [339]. In many cell types, down-regulation of c-myc is required 

prior to differentiation [339]. In a hematopoietic stem cell (HSC) study, c-myc was found 

to control the balance between self-renewal and differentiation via controlled adhesion to 

the stem cell niche [340]. Loss of c-myc shifts the balance of HSC towards self-renewal. 

In contrast, High c-myc pulls the balance towards differentiation into committed 

progenitors.

Figure 8.2. Protein ID and corrected abundances of detected glycoproteins from gCSC11 
with different treatments.

116



23 glycoprotein spots (spots 5-16, 18-19, 22-25, 28-31 & 33) differ (at least 2 

fold) between native and STAT3 treated gCSC11 cells (Figure 8.2). Glylcoproteins 

present in native gCSC11 cells but not in STAT3 treated cells were heat-shock proteins/

chaperones, including HSP90B1 endoplasmin precursor (spot 6) and HYOU1 hypoxia 

up-regulated protein 1 precursor (spot 8), and cytoskeleton proteins tubulin beta chains 

(TUBB, TUBB2A and TUBB2B in spot 18). Ten glycoproteins were preferentially  (at 

least 2 fold) expressed in native gCSC11 cells rather than in STAT3 treated cells (Figure 

8.2, spots 5, 7 & 9-16). Those glycoproteins are heat shock proteins/chaperones, 

including HSPD1 61kDa and CALR calreticulin, calcium binding protein (CALU 

isoform 1 of caumenin precursor), and cytoskeleton proteins (vimentin and tubulin). Nine 

glycoproteins were present in STAT3 treated but not in native gCSC11 cells (spots 19, 

22-24, 28-31 & 33).  Function of these proteins include deubiquitination (UCHL1, spots 

19 & 22), xenobiotic biodegradation (GSTP1, spot 23), redox regulation (PRDX6, spot 

24), glycolysis (GAPDH, spot 33)  and RNA binding (HNRPA2B1, spots 28-31). STIP1 

stress-induced-phosphoprotein 1 and co-spotted PSPC1 paraspeckle protein 1 (spot 25) 

were preferentially expressed in STAT3 treated rather than in native gCSC11 cells. STIP1 

was reported as co-chaperone mediating association of Hsp70 and Hsp90. Function of 

PSPC1, an RNA-binding protein localized in paraspeckle, needs further investigation.

14 glycoprotein spots (spots 1-4, 18, 20-21, 27-33) differ (at least  2 fold) between 

native and FBS treated gCSC11 cells (Figure 8.2). The unique glycoprotein present in 

native but not in FBS treated gCSC11 cells is PRDX2 peroxiredoxin-2 (spot 20), an 

antioxidant enzyme which might also functions in cancer progression or development. 

PDIA3 protein disulfide-isomerase A3 precursor (spot 21) was at least 2 fold more 

abundant in native gCSC11 cells than in FBS treated cells. PDIA3 affects antigen 

presentation and processing and protein folding.  Glylcoproteins unique in FBS treated 

gCSC11 cells (compared to native gCSC11 cells) include ALB serum albumin (spots 

1-4), VCP transitional endoplasmic reticulum ATPase (spot 4), GAPDH 

glyceraldehyde-3-phosphate dehydrogenase (spots 27 and 33), HNRPA2B1 isoform B1 

of heterogeneous nuclear ribonucleoproteins A2/B1 (spots 28-31) and CRYAB alpha 
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crystalline B chain (spot 32).  Functions of these proteins include glycolysis (GAPDH, 

spots 27 & 33), heat-shock protein/chaperone (CRYAB, spot  32) and RNA binding 

(HNRPA2B1, spots 28-31). Cytoskeletal proteins TUBB, TUBB2A and TUBB2B tubulin 

beta, beta-2A and beta-2B chains (co-spotted in 18) were preferentially (at least 2 fold) 

expressed in FBS treated rather than in native gCSC11 cells.

In all, we have done comparative analysis of glycoproteomics in a glioblastoma 

derived stem cell line, gCSC11, during differentiation. 2-DE coupled with glycoprotein 

specific fluorescence staining has been used as a robust  separation technique in this 

project. Results show 33 differentially  expressed glycoproteins, most of which has never 

been reported as glycosylated. ENO1 isoform alpha-enolase is preferentially expressed in 

native rather than in STAT3 or FBS treated gCSC11 cell. Preferential expression of alpha-

enolase in gCSC11 glioblastoma stem cells may reflect  the modulated metabolism or 

control the balance between self-renewal and differentiation via modulation of c-myc. 

The results are extremely  useful for understanding the differentiation of gCSC11 at 

molecular level. I have contributed 90% to this project and our collaborators have 10% 

contribution.
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CHAPTER NINE

PHOSPHORYLATION SITE CHARACTERIZATIONS IN 

GALECTIN-1

Introduction

Galectins are a phylogenetically conserved family of lectins defined in 1994 as a 

shared carbohydrate recognition domain (CRD) responsible for #-galactoside binding 

[341]. There are 15 galectin members involved in this family. Galectin-1 is encoded by 

the LSGALS1 gene located on chromosome 22q12 (http://www.ncbi.nlm.nih.gov/entrez/

query.fcgi?db=Genome&itool=toolbar). The transcript of galectin-1 is the product of four 

exons encoding it with 135 amino acids (GenPept: NP_002296, SwissProt: P09382) 

[341]. Galectin-1 contains one CRD and is biologically  active as either monomer or 

homodimer [342]. Expression of galectin-1 has been well documented in many different 

tumor types such as astrocytoma, melanoma and prostate, thyroid, colon, bladder and 

ovary carcinomas [343]. 

Galectin-1 is a multi-functional protein performing either intracellular or 

extracellular functions as the monomer or homodimer, and it works on different cell types 

to put either positive or negative effects on cell growth. It is involved in tumor 

transformation, cell cycle regulation, apoptosis, cell adhesion, migration and 

inflammation. The extracellular functions of galectin-1 require its homodimer structure 

and carbohydrate-binding property, while the intracellular galectin-1 can be active as a 

monomer. It  requires binding partners of galectin-1 to perform all these functions, but the 

binding manners are different, which can be either protein-protein interaction, or protein-

carbohydrate interaction [344]. 

So far, the research indicated that galectin-1 plays important roles in the cell 

extracellular matrix (ECM). Cancer cells secret galectin-1 to ECM  to help  them escape 

from immune system, regulate tumor aggressiveness and migration. Galectin-1 is 

produced in the cytosol, and then it can either remain intracellular or be delivered to be 
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outside of the cells via non-classical secretion pathway. Galectin-1 lacks recognizable 

secretion signal sequences and does not pass through the standard ER/Golgi pathway 

[345]. In addition, it also shows characteristics of the typical cytoplasmic proteins, 

including acetylated N-terminus and lack of glycosylation. Thus, galectin-1 secretion 

must be operated by a novel mechanism distinct from classical vescile-mediated 

exocytosis. Our primary data of phosphorylated species of galectin-1 may indicate the 

new mechanism of its secret/regulation pathway.

Experimental Procedures 

Materials.  All solvents were purchased from J.T. Baker (Philipsburg, NJ) in the 

highest purity. Trypsin, formic acid, ammonium bicarbonate and acetic acid were 

purchased from Sigma-Aldrich (St. Louis, MO). Protease and phosphotase inhibitor 

cocktails were purchased from Thermo-pierce (Rockford, IL). The C18 (5 cm x 75 µm, 15 

µm i.d. spray tip) nanoscale capillary column was purchased from New Objective 

(Woburn, MA). Pro-Q Diamond staining solution, SYPRO Ruby staining solution, IPG 

strips and electrode wick were purchased from BioRad (Hercules, CA).

Protein extraction. All work was done on ice unless specified otherwise. 

Different treated gCSC11 pellets were suspended in the solution of 8 M urea, 4% 3-

[(cholamidopropyl) dimethylammonio] propanosulfonate hydrate (CHAPS), 1% 

dithiothreitol (DTT) and 40 uL/mL protease inhibitor cocktail. Suspended cells were 

homogenized by pestle for three times, 20 seconds each. Samples were centrifuged at 

18,000 rpm, 4°C, for 30 min to remove insoluble materials. The supernatants were split 

into two test tubes with exactly  same volume and kept on ice for next step experiment or 

stored in -80°C.

Gel electrophoresis and staining. Soluble proteins were separated by  Two-

Dimensional Gel Electrophoresis (2DE). Prior to gel electrophoresis, the sample volume 

was brought to 300 uL and added 0.2% ampholyte (pH 3-10), 0.02% bromophenoyl blue. 

Approximately  300 uL of sample was loaded onto isoelectric focusing (IEF) cell 

(BioRad) for first dimension separation by different protein pI values. Electrode wick was 
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applied 3 uL distilled water and placed over the cathode and anode respectively. 

Isoelectric focusing was performed with IPG strips, pH 3-10, 17 cm, which were placed 

gel side down and covered with 3 mL of mineral oil to prevent evaporation. Rehydration 

took 12 hours without voltage on. Proteins were then focused for 80,000 V h at 10,000 V. 

After IEF, the IPG strips were equilibrated in 2 mL of reducing buffer solution of 

6M urea, 2% sodium dodecyl sulfate (SDS), 0.375M Tris-HCl pH 8.8, 20% glycerol, 130 

mM DTT and agitated for 20 mins. The strips were then equilibrated with alkylating 

equilibration buffer, which contained 135 mM iodoacetamide instead of 130 mM  DTT. 

Second dimension separation was performed on 10% SDS-PAGE self cast gel, at  15°C 

for about 7.5 hours. 

The gels were immersed in 250 mL of fixing solution (50% methanol, 5% glacial 

acetic acid and 45% distilled water) with gentle agitation for 1 hr and fixed with 

refreshed fixing solution overnight. The gels were then washed with 250 ml washing 

solution (3% glacial acetic acid and 97% distilled water) twice, 20 mins per-wash. Pro-Q 

Diamond staining solution was applied to the gels and stained for 2 hours in dark. The 

images were acquired on Typhoon 9410 (GE Healthcare, USA). After the image was 

acquired, gel was stained with SYPRO-RUBY for 1 hour, destained by distilled water for 

3 times with 10 mins each, and scanned by typhoon 9410.

In-gel trypsin digestion. The phosphoprotein spots were cut out robotically 

(ProPic II, Genomic Solutions, USA). The gel pieces were destained with 25 mM 

ammonium bicarbonate in 50:50 (v/v) CH3CN/H2O three times and dried in the vacuum 

centrifuge. Gel spots were incubated with 15 &L, 10 pmol/&L trypsin solution at 37°C 

overnight.  Then gel spots were immersed in 20 &L of 75:25 (v/v) CH3CN/H2O with 5% 

TFA to extract peptides and vacuum-dried. The test tube was stored in the -80°C.

Reversed Phase Liquid Chromatography and Mass Spectrometry. Prior to 

mass analysis, tryptic peptides were separated and purified by  a nano-HPLC, over 75 

micron i.d., C18 column (New Objective). The elution gradient was from 98% A to 98% B 

(A: 2:97.5 (v/v) CH3OH/H2O with 0.5% FA; B: 97.5:2 (v/v) CH3OH/H2O with 0.5% FA) 

at 400 nl/min [14, 312]. Mass analysis was performed with a modified hybrid linear 
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quadrupole ion trap/FT-ICR mass spectrometer (LTQ-FTICR MS, Thermo Fisher 

Scientific, Bremen Germany) equipped with an actively shielded 14.5 T superconducting 

magnet (Magnex, Oxford, U.K.). The five most abundant ions were collisionally 

dissociated (CID) in LTQ (3 microscans, 10,000 target ions, 2.0 Da isolation width, 35.0 

normalized collision energy, 0.250 activation Q, 30 ms activation period, and dynamic 

exclusion list size of 60 for 1 minute).  Automatic gain control provided less than 0.500 

ppm FT-ICR rms mass error with external calibration [313].  Data was collected with 

Xcalibur software (Thermo Fisher).

Data Analysis and Informatics.  Raw data was extracted with a custom peak 

picking algorithm at 10% signal-to-noise ratio threshold.  Peak-list  files were searched 

with MASCOT (Matrix Science, Cambridge, UK) [124] against IPI-human database or a 

database that  contained the galectin-1 sequence (1 ppm mass tolerance for parent ions; 1 

Da tolerance for MS/MS; trypsin cleavage specificity, one missed cleavage; and 

oxidation and carbamidomethyl as allowed modifications for methionine and cysteine 

respectively). Phosphorylation is limited to serine, threonine and tyrosine. 

Results and Discussions

Phosphoproteins after 2DE separation were visualized by treating gels with Pro-

Diamond phophoprotein stain. The optical density  of stained spots correlates with 

phosphoprotein abundance. Galectin-1 was found in STAT3 inhibitor treated gCSC11 

stem cells, in a strong staining phospho-specific ProQ Diamond stained 2D gel (see, 

Figure 9.1).
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Figure 9.1. A. Pro-Q Diamond stained 2D gel of gCSC11 cancer stem cells treated with 
10% FBS. B. Insert of the region from the ProQ Diamond Phospho-stained 2D gel of 
gCSC11 cancer stem cells treated with STAT3 inhibitor showing the strong staining of a 
spot identified as galectin-1.

 In vitro, incubation of galectin-1, caseine kinase I (CKI), [*-32P]ATP can detect 

32P labeled galectin-1 protein. On-line top-down mass spectrometry data revealed that 

there are two phosphate groups added onto galectin-1, however, due to low sequence 

coverage in MS/MS, it wasn’t informative enough to locate the phosphorylation site. 

Fortunately, we identified two residues of Thr58 and Ser30 are the phosphorylation sites 

from tryptic digested peptides of galectin-1 (Figure 9.2, 9.3). 
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Figure 9.2. Identification of phosphorylation of Thr58. a. Parent ion mass, was obtained 
by high resolution FT-ICR mass spectrometer. b. MS/MS spectrum was generated by CID 
in linear ion trap and detected by low resolution LTQ mass spectrometer. The neutral loss 
of phosphate fragment is unique and the most abundant peak in the MS/MS spectrum 
generated by CID.

On the other hand, we didn’t find that any  residue of galectin-1 could be 

phosphorylated when incubating with caseine kinase II (CKII) in vitro, which is derived 

from a human glioblastoma cDNA library. However, this incubation induced dimerization 

of galectin-1 (Figure 9.4). Since galectin-1 performs its extracellular activity  in form of 

homodimer, it  is predicated that  the dimerization of galectin-1 may  be stimulated by 

phosphorylation, but it  is unknown that how the dephosporylation happened afterwards. 

In all, if this hypothesis is true, it could unveil a mechanism of phosphorylation and 

dephosphorylation regulated galectin-1 secretion pathway. The experiments designed to 

validate this hypothesis are underway and will be done by  our collaborators. I have 20% 

contribution to the entire project.
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Figure 9.3. Identification of phosphorylation of Ser30. a. Parent ion mass, was obtained 
by high resolution FT-ICR mass spectrometer. b. MS/MS spectrum was generated by CID 
in linear ion trap and detected by low resolution LTQ mass spectrometer. The neutral loss 
of phosphate fragment is unique and the most abundant peak in the MS/MS spectrum 
generated by CID.
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Figure 9.4. Gel image of galectin-1 incubated with CKI (lane 1) or CKII (lane 2) 
respectively. The dimerized galectin-1 band only showed in lane 2. Left lane is molecular 
weight marker.
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APPENDIX A

LIQUID CHROMATOGRAPHY ELECTROSPRAY 

IONIZATION FOURIER TRANSFORM ION CYCLOTRON 

RESONANCE MASS SPECTROMETRIC 

CHARACTERIZATION OF N-LINKED GLYCANS AND 

GLYCOPEPTIDES 

Liquid Chromatography Electrospray Ionization
Fourier Transform Ion Cyclotron Resonance Mass
Spectrometric Characterization of N-Linked
Glycans and Glycopeptides

Xu Wang,†,‡ Mark R. Emmett,*,†,‡ and Alan G. Marshall*,†,‡

Department of Chemistry and Biochemistry, 95 Chieftain Way, Florida State University, Tallahassee, Florida 32306,
and Ion Cyclotron Resonance Program, National High Magnetic Field Laboratory, Florida State University,
1800 East Paul Dirac Drive, Tallahassee, Florida 32310-4005

We combine liquid chromatography, electrospray ioniza-

tion, and Fourier transform ion cyclotron resonance mass

spectrometry (LC ESI FT-ICR MS) to determine the sugar

composition, linkage pattern, and attachment sites of

N-linked glycans. N-linked glycans were enzymatically

released from glycoproteins with peptide N-glycosidase

F, followed by purification with graphitized carbon car-

tridge solid-phase extraction and separation over a TSK-

Gel Amide80 column under hydrophilic interaction chro-

matography (HILIC) conditions. Unique glycopeptide

compositions were determined from experimentally mea-

sured masses for different combinations of glycans and

glycopeptides. The method was validated by identifying

four peptides glycosylated so as to yield 12 glycopeptides

unique in glycan composition for the standard glycopro-

tein, bovine alpha-2-HS-glycoprotein. We then assigned

a total of 137 unique glycopeptide compositions from 18

glycoproteins from fetal bovine serum, and the glycan

structures for most of the assigned glycopeptides were

heterogeneous. Highly accurate FT-ICR mass measure-

ment is essential for reliable identification.

Glycosylation is a common post-translational modification, and

plays important roles in many biological processes. Glycans serve

a variety of structural and functional roles in membrane and

secreted proteins. The extensive and complex forms of attached

glycans provide the functional diversity needed to generate

extensive phenotypes from limited genotypes.1 Protein glycosy-

lation is significant in biomarker discovery,2-4 vaccine design,5

and structure/function studies.6-9 Moreover, the biological func-

tions of glycoproteins in health and disease have become a

significant area of interest in biomedical research.10

N-linked oligosaccharide chains exhibit a common core struc-

ture (3 mannoses and 2 N-acetyl-glucosamine molecules) based

on an N-acetyl-glucosamine (GlcNAc) attached to an asparagine

residue in a tripeptide consensus sequence NXS/T, in which X

can be any amino acid except proline. N-linked saccharides can

be released from glycoproteins by digestion with peptide N-

glycosidase F (PNGase F).11 O-linked glycosylation occurs on the

hydroxy oxygen of serine, threonine, or tyrosine side chains, but

lacks a consensus protein sequence and a common oligosaccha-

ride chain linkage pattern.12,13 Here, we focus on N-linked

glycoproteins.

Characterization of glycosylation requires carbohydrate com-

position and linkage pattern, as well as attachment site specific-

ity.14 Although an N-linked glycan can potentially attach to any

consensus sequence, the occupation of a site is not obligatory.

Moreover, many of the possible compositions corresponding to a

given glycan mass may not be produced biologically. Finally, the

percent site occupancy for a given glycan can vary dramatically

between samples. The available databases for glycoprotein analy-

sis, such as GlycoMod,15 GlycoSuiteDB (http://glycosuitedb.

expasy.org), typically generate highly redundant data sets. For

example, although GlycoMod returns 491 different possible glycan
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(A.G.M.); Phone: +1 850-644-0648 (M.R.E.); Fax: +1 850 644 1366; E-mail:
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‡ National High Magnetic Field Laboratory.

(1) Raman, R.; Raguram, S.; Venkataraman, G.; Paulson, J. C.; Sasisekharan,

R. Nat. Methods. 2005, 2, 817–824.

(2) Håkansson, K.; Emmett, M. R.; Marshall, A. G.; Davidsson, P.; Nilsson,

C. L. J. Proteome Res. 2003, 2, 581–588.
(3) Renfrow, M. B.; Cooper, H. J.; Tomana, M.; Kulhavy, R.; Hiki, Y.; Toma,

K.; Emmett, M. R.; Mestecky, J.; Marshall, A. G.; Novak, J. J. Biol. Chem.

2005, 280, 19136–19145.
(4) Zhao, J.; Qiu, W.; Simeone, D. M.; Lubman, D. M. J. Proteome Res. 2007,

6, 1126–1138.
(5) Go, E. P.; Irungu, J.; Zhang, Y.; Dalpathado, D. S.; Liao, H.; Sutherland,

L. L.; Munir Alam, S.; Haynes, B. F.; Desaire, H. J. Proteome Res. 2008, 7,

1660–1674.
(6) Dalpathado, D. S.; Irungu, J.; Go, E. P.; Butnev, V. Y.; Norton, K.; Bousfield,

G. R.; Desaire, H. Biochemistry. 2006, 45, 8665–8673.
(7) Flack, M. R.; Froehlich, J.; Bennet, A. P.; Anasti, J.; Nisula, B. C. J. Biol.

Chem. 1994, 269, 14015–14020.
(8) Valove, F. M.; Finch, C.; Anasti, J. N.; Froehlich, J.; Flack, M. R.

Endocrinology. 1994, 135, 2657–2661.
(9) Saneyoshi, T.; Min, K. S.; Jing, M. X.; Nambo, Y.; Hiyama, T.; Tanaka, S.;

Shiota, K. Biol. Reprod. 2001, 65, 1686–1690.
(10) North, S. J.; Hitchen, P. G.; Haslam, S. M.; Dell, A. Curr. Opin. Chem. Biol.

2009, 19, 489–506.
(11) Plummer, T. H. J.; Tarentino, A. L. Glycobiology 1991, 1, 257–263.
(12) Hakansson, K.; Cooper, H. J.; Emmett, M. R.; Costello, C. E.; Marshall,

A. G.; Nilsson, C. L. Anal. Chem. 2001, 73, 4530–4536.
(13) Kornfeld, R.; Kornfeld, S. Annu. Rev. Biochem. 1985, 54, 631–664.
(14) An, H. J.; Froehlich, J. W.; B, L. C. Curr. Opin. Chem. Biol. 2009, 13,

421–426.
(15) Cooper, C. A.; Gasteiger, E.; Packer, N. H. Proteomics. 2001, 1, 340–349.

Anal. Chem. 2010, 82, 6542–6548

10.1021/ac1008833  2010 American Chemical Society6542 Analytical Chemistry, Vol. 82, No. 15, August 1, 2010
Published on Web 06/29/2010

127



compositions between 2000 and 2100 Da,16 many do not exist in

a real biological system. Therefore, it is preferable to limit to

experimentally determined glycan species, occupied glycosylation

sites, and glycopeptide masses, to narrow the search and increase

the probability of unique identification.

A standard experimental approach is specific enzymatic pro-

teolysis and fractionation of glycopeptides by liquid chromatog-

raphy or affinity chromatography, followed by mass spectral

analysis.17-22 Because most methods involve releasing the glycans

from a glycoprotein and analyzing carbohydrates and glycosylation

sites separately,23,24 knowledge of which glycan is attached to

which site is lost.

High-resolution mass spectrometry can resolve some glyco-

forms not separated by liquid chromatography, and the glycan

neutral loss in tandem mass spectrometry (MS/MS) can serve

to determine the glycan composition.25-29 However, low energy

CID MS/MS does not necessarily yield linkage and branching

details, even at ultrahigh mass resolution.30,31 Here, we apply

ultrahigh-resolution Fourier transform ion cyclotron resonance

mass spectrometry (FT-ICR MS)32 to assign N-linked glycopeptide

attachment sites along with glycan composition and linkage

pattern of glycoproteins/glycopeptides in fetal bovine serum

(FBS).

EXPERIMENTAL METHODS

Materials. All solvents, methanol, acetonitrile, and water

were purchased from J.T. Baker (Philipsburg, NJ) at HPLC

grade. Trypsin, formic acid, ammonium bicarbonate, and

ammonium acetate were purchased from Sigma-Aldrich (St.

Louis, MO). PNGase F was obtained from New England

BioLabs (Ipswich, MA). A graphitized carbon cartridge SPE

(GCC-SPE) was purchased from Grace Davison Discovery

Sciences (Deerfield, IL). A TSK-Gel Amide80 column (1 mm ×

5 cm, particle size 5 µm) was purchased from Tosoh Bio-

sciences (San Francisco, CA).

Deglycosylation of Glycoproteins with PNGase F. A 15 µL

aliquot of FBS was boiled at 100 °C for 5 min with 5 µL of

denaturing buffer (4% SDS, 0.2 M dithiothreitol (DTT) and 30

µL of 100 mM ammonium bicarbonate (pH 7.5) to denature

proteins. After cooling to room temperature, 10 µL of 10% nonyl

phenoxylpolyethoxylethanol (NP40) and 40 µL of 100 mM

ammonium bicarbonate (pH 7.5) were applied to make a total

volume of 100 µL. N-linked glycoproteins were digested with

1000 units of PNGase F at 37 °C for 10 h. Additional PNGase

F (500 units) was added and the sample incubated for another

10 h. The sample was then split equally into two tubes for

glycan analysis and glycosylation site determination. Enzymatic

activity of PNGase F was quenched by addition of 500 µL of

aqueous 0.1% TFA.

Oligosaccharide Purification.A graphitized carbon cartridge

SPE (GCC-SPE) was used to purify PNGase F-released oligosac-

charides following a published method Kronewitter,33 with modi-

fications. First, the cartridge was sequentially conditioned with 2

column volumes of wash solution (0.1% TFA in H2O), 2 column

volumes of conditioning solution (0.05% TFA in 80/20 actoni-

trile/H2O v/v), and 4 column volumes of wash solution. Then,

glycans were applied to the cartridge and washed with 4

column volumes of wash solution to remove salts and other

small molecules. Finally, glycans were eluted with 1 mL of

elution solution (0.1% TFA in 30/70 acetonitrile/H2O v/v). This

step was repeated four times for a total volume of 5 mL eluent.

Eluent fractions were lyophilized and stored at -80 °C for

subsequent analysis.

Glycan Chromatography and Mass Spectrometry. Lyoph-

ilized N-linked glycans were dissolved in 200µL of 85% acetonitrile,

20 mM ammonium acetate (pH 4.7), and 15 µL was injected onto

a TSK-Gel Amide80 column. Liquid chromatography was per-

formed under HILIC conditions34,35 with a Shimadzu LC-10AD

chromatography system (Shimadzu, Columbia, MD). Glycans

were initially trapped and washed with 85% solution B (solvent A:

50 mM ammonium acetate, pH 4.7; solution B: 100% acetonitrile)

at a flow rate of 15 uL/min. After 5 min, the gradient was ramped

to 35% solution A over 10 min, and further increased to 70%

solution A over an additional 40 min and held for 10 min.

Mass spectrometry was performed with a modified hybrid

linear quadrupole ion trap/FT-ICR mass spectrometer (LTQ-FT,

Thermo Fisher Corp., Bremen Germany) equipped with an

actively shielded 14.5 T superconducting magnet (Magnex,

Oxford, UK).36 External calibration was based on the quadrupolar

trapping potential approximation.37,38 Microelectrospray ioniza-

tion39 was achieved by applying 2.0 kV to a liquid junction

precolumn. The capillary voltage, temperature, and tube lens

voltage were 50 V, 275 °C and 120 V. Broadband acquisitions were

performed in the ICR cell at an ion target number of 3 × 106 ions,

maximum injection period of 1000 ms, and resolving power of
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100 000 @ m/z 400. MS/MS was performed in the quadrupole
ion trap at normalized collisional energy of 28. Glycan composi-
tions were assigned manually. Assigned glycans were checked
with GlycoSuiteDB and GlycoMod.

Gel Electrophoresis and in-Gel Digestion.A 100 µL aliquot
of FBS was reconditioned with 400 µL of 20 mM Tris-HCl, pH
7.5, followed by reduction of disulfide bonds with 10 mM DTT
for 35 min at 56 °C, and alkylation of free sulfhydryl groups with
55 mM iodoacetamide at room temperature in the dark for 35
min, with continuous shaking. Deglycosylation of alpha-2-HS-
glycoprotein was performed under the same protocol without
reconditioning. Proteins were denatured at 90 °C for 10 min and
separated by preparative SDS/PAGE with a Bis-Tris 4-12%
gradient gel (80 × 80 mm, 1.5 mm thick, 10 wells) (Invitrogen,
Carlsbad, CA). The gel was stained with Coomassie blue (Invit-

rogen) and then cut into 11 bands according to molecular weight.
In-gel trypsin digestion followed a standard protocol.40 Briefly, the
gel bands were excised into approximately 1× 1 mm cubes, washed
with 40% acetonitrile/50 mM NH4HCO3 and dried under vacuum.
Trypsin was applied to each gel piece at high enzyme/substrate
ratio (∼1:30) to improve cleavage efficiency. The digestion was
carried out at 37 °C for 18 h. The digests were extracted with
70/25/5 (acetonitrile/H2O/formic acid), speed vacuumed to
dryness, and stored at -80 °C for subsequent analysis.

Reversed-Phase Capillary Liquid Chromatography Mass

Spectrometry. In-gel tryptic glycopeptides and deglycosylated
peptides were separated by reversed-phase nanoliquid chroma-
tography with a C18 capillary column (300 Å pore size, 5 µm
particle size, 150 mm bed length) (New Objective, Woburn,
MA). An Eksigent NanoLC (Dublin, CA) delivered a 70 min
gradient (20-80% B) at 350 nL/min for glycopeptides, and a
70 min gradient (5-55% B) at 350 nL/min for deglycosylated
peptides (solution A: 0.5% formic acid in 5% aqueous methanol;
solution B: 0.5% formic acid in 95% aqueous methanol).

The eluents were analyzed by LC MS/MS (bottom-up) with
the 14.5 T LTQ FT-ICR MS operated in top-10 data-dependent
mode: high resolution FT-ICR MS for precursor ions and low
resolution LTQ MS/MS for product ions. For each precursor ion
measurement, 3 million charges were accumulated in the LTQ
prior to transfer to the ICR cell. The 10 most abundant ions were
fragmented by collision-induced dissociation (CID) in the LTQ
for low-resolution MS/MS (3 microscans, 10 000 target ions, 2.0
Da isolation width, 35.0 collision energy, 0.250 activation Q, 30
ms activation period, and dynamic exclusion list size of 60 for 1
min). Automatic gain control (1 × 106 ions) resulted in less than
0.5 ppm rms mass error with external calibration. Data was
collected with Xcalibur software (Thermo).

Figure 1. Experimental flowchart for determining glycan structures,

glycosylation sites, and glycopeptide assignments.

Figure 2. Representative CID MS/MS spectra of a tryptic glycopeptide obtained with FT-ICR (top) and linear quadrupole ion trap (bottom), with

matches shown by vertical dashed lines.
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Data Analysis. Raw data from the protein digests was

extracted with a custom peak-picking algorithm (personal com-

munication with Dr. Jarrod Marto) at a 10% peak height-to-rms

baseline noise threshold. The resulting files were searched with

MASCOT (Matrix Science, Cambridge, UK) against IPI cow

database v3.54 (http://www.ebi.ac.uk/Databases/) with a parent

ion tolerance of 2.0 ppm. Specified variable modifications include

oxidation of methionine and iodoacetamide derivatization of

cysteine. One missed cleavage was allowed during the database

search.

RESULTS AND DISCUSSION

To assign the glycopeptide compositions, we generated two

libraries containing all experimentally determined glycan masses

and sites of glycosylation. The masses of different combinations

of glycan and peptide are then compared to experimentally

determined glycopeptide masses, and the unique assignments are

compiled. The workflow for glycoprotein analysis is shown in

Figure 1.

To validate the method, we chose as a standard, bovine alpha-

2-HS-glycoprotein, containing three possible consensus sequence

N-linked glycosylation sites yielding three unique tryptic peptides.

After deglycosylation with PNGase F, all three asparagine residues

were identified as at least partially occupied glycosylation sites,

based on their observed 0.9840 Da mass increase due to conver-

sion of asparagine to aspartic acid on deglycosylation. Each

glycosylation site was confirmed from the CID mass spectrum of

a tryptic deglycosylated peptide. Each enzymatically released

N-linked glycan was identified separately. In this way, 4 peptides

were found to glycosylated so as to yield 12 glycopeptides unique

in glycan composition (data not shown), based on experimental

glycan and peptide masses. Finally, a low-resolution (LTQ) CID

mass spectrum, confirmed by a high-resolution FT-ICR CID mass

spectrum, of each selected glycopeptide completed the identifica-

tion (see, e.g., Figure 2).

We next extended the method to analyze glycoproteins in

a complex biological sample, fetal bovine serum (FBS). Initially,

the sample was loaded onto a preparative SDS/PAGE gel to

fractionate the proteins based on molecular weight. The

proteins were visualized by staining with Coomassie blue and

the gel band was cut into 11 bands. Note that the proper sample

concentration is crucial. Concentrated serum is not only

detrimental for gel electrophoresis due to highly abundant

proteins such as albumin, but can also lead to irreversible

aggregation during deglycosylation. Here, 15 µL of 6% FBS for

each gel well was the maximum amount for gel electrophoresis,

and 17 µL of FBS in 100 µL reaction buffer avoided aggregation

during deglycosylation.

Liquid chromatography of PNGase F-released FBS glycans

was performed with a TSK-Gel Amide80 column that has been

validated as a robust stationary phase in glycan chromatogra-

phy.34,41 GCC-SPE purified FBS glycans were lyophilized and

resuspended into 85% acetonitrile, 20 mM ammonium acetate

(pH 4.7) before separation. LC FT-ICR MS showed that most

(39) Emmett, M. R.; Caprioli, R. M. J. Am. Soc. Mass Spectrom. 1994, 5, 605–

613.
(40) Shevchenko, A.; Tomas, H.; Havlis, J.; Olsen, J. V.; Mann, M. Nat. Protoc.

2006, 1, 2856–2860.

Table 1. Glycan Compositions Identified for Fetal

Bovine Seruma

number glycan composition
observed

glycan
calculated

glycan
mass
error

mass (Da) mass (Da) (ppm)
1 Hex3HexNAc2 910.3276 910.3278 -0.15
2 Hex3HexNAc3 1113.407 1113.407 0.17
3 Hex4HexNAc3 1275.461 1275.460 0.76
4 Hex3HexNAc4 1316.486 1316.487 -0.26
5 Hex3HexNAc3NeuAc 1404.502 1404.503 -0.18
6 Hex4HexNAc3dHex 1421.519 1421.518 0.63
7 Hex3HexNAc4dHex 1462.544 1462.544 -0.35
8 Hex4HexNAc4 1478.540 1478.539 0.46
9 Hex4HexNAc3dHexS 1501.474 1501.475 -0.15
10 Hex7HexNAc2 1558.539 1558.539 -0.17
11 Hex4HexNAc3NeuAc 1566.557 1566.555 0.88
12 Hex4HexNAc3NeuGc 1582.551 1582.550 0.39
13 Hex5HexNAc3dHex 1583.572 1583.571 0.82
14 Hex6HexNAc3 1599.567 1599.566 0.70
15 Hex4HexNAc4dHex 1624.598 1624.597 0.67
16 Hex5HexNAc4 1640.594 1640.592 0.99
17 Hex3HexNAc5dHex 1665.623 1665.624 -0.76
18 Hex4HexNAc5 1681.620 1681.619 0.46
19 Hex3HexNAc3NeuAc2 1695.599 1695.598 0.68
20 Hex8HexNAc2 1720.592 1720.592 0.22
21 Hex4HexNAc3dHexNeuGc 1728.609 1728.608 0.68
22 Hex7HexNAc3 1761.619 1761.618 0.32
23 Hex4HexNAc4NeuAc 1769.636 1769.635 0.62
24 Hex5HexNAc4dHex 1786.652 1786.650 1.19
25 Hex6HexNAc4 1802.645 1802.645 0.09
26 Hex4HexNAc5dHex 1827.677 1827.677 0.40
27 Hex4HexNAc3NeuAc2 1857.651 1857.651 0.18
28 Hex6HexNAc3NeuAc 1890.663 1890.661 1.21
29 Hex4HexNAc4dHexNeuAc 1915.695 1915.693 1.38
30 Hex5HexNAc4NeuAc 1931.690 1931.688 1.15
31 Hex5HexNAc4NeuGc 1947.682 1947.682 -0.25
32 Hex7HexNAc4 1964.700 1964.698 1.02
33 Hex5HexNAc5dHex 1989.731 1989.729 0.66
34 Hex5HexNAc3NeuAc2 2019.706 2019.704 1.09
35 Hex7HexNAc3NeuAc 2052.715 2052.714 0.78
36 Hex4HexNAc4NeuAc2 2060.731 2060.730 0.49
37 Hex5HexNAc4dHexNeuAc 2077.746 2077.745 0.46
38 Hex6HexNAc4NeuAc 2093.743 2093.740 1.26
39 Hex5HexNAc5NeuAc 2134.766 2134.767 -0.28
40 Hex6HexNAc5dHex 2151.784 2151.782 0.59
41 Hex5HexNAc4NeuAc2 2222.784 2222.783 0.48
42 Hex5HexNAc4NeuAcNeuGc 2238.778 2238.778 -0.08
43 Hex6HexNAc4dHexNeuAc 2239.799 2239.798 0.39
44 Hex5HexNAc4NeuGc2 2254.772 2254.773 -0.53
45 Hex6HexNAc5NeuAc 2296.822 2296.820 0.78
46 Hex7HexNAc5dHex 2313.836 2313.835 0.19
47 Hex4HexNAc4NeuAc3 2351.827 2351.826 0.72
48 Hex5HexNAc4dHexNeuAc2 2368.842 2368.841 0.54
49 Hex7HexNAc6 2370.856 2370.857 -0.06
50(1) Hex5HexNAc4dHexNeuAcNeuGc 2384.836 2384.836 0.01
50(2) Hex6HexNAc4NeuAc2 2384.836 2384.836 0.01
51 Hex5HexNAc4dHexNeuGc2 2400.830 2400.831 -0.21
52 Hex4HexNAc6dHexNeuAcS 2401.809 2401.808 0.20
53 Hex5HexNAc4NeuAc3 2513.879 2513.878 0.23
54 Hex5HexNAc4NeuAc2NeuGc 2529.873 2529.873 0.04
55 Hex5HexNAc4NeuAcNeuGc2 2545.870 2545.868 0.90
56 Hex5HexNAc4NeuGc3 2561.867 2561.863 1.46
57 Hex6HexNAc5NeuAc2 2587.913 2587.915 -0.77
58 Hex6HexNAc5NeuAcNeuGc 2603.910 2603.910 -0.21
59 Hex6HexNAc5NeuGc2 2619.908 2619.905 1.23
60 Hex8HexNAc5NeuAc 2620.925 2620.925 -0.33
61 Hex5HexNAc4dHexNeuAc3 2659.937 2659.936 0.13
62 Hex5HexNAc4dHexNeuAc2NeuGc 2675.935 2675.931 1.49
63 Hex5HexNAc4NeuAc4 2804.975 2804.974 0.51
64 Hex6HexNAc5NeuAc3 2879.010 2879.011 -0.07
65 Hex6HexNAc5NeuAc2NeuGc 2895.009 2895.005 1.27
66 Hex7HexNAc5dHexNeuAc2 2896.026 2896.026 0.02
67 Hex6HexNAc5NeuAcNeuGc2 2911.003 2911.000 0.91
68 Hex6HexNAc5NeuGc3 2926.995 2926.995 -0.18
69 Hex6HexNAc5NeuAc4 3170.104 3170.106 -0.66
70 Hex6HexNAc5NeuAc5 3461.205 3461.201 0.92

a Monosaccharide nomenclature: hexose (Hex);N-acetylhexosamine
(HexNAc); deoxyhexose (dHex); N-acetylneuraminic acid (NeuAc);
N-glycolylneuraminic acid (NeuGc); sulfate (S).
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glycans were eluted with 60-40% organic solvent, whereas

polymers and salts, as major interferences, had shorter reten-

tion time, and were well separated from carbohydrates. Based

on highly accurate FT-ICR masses, we are able to assign a total

of 73 glycan compositions with average rms mass error of 0.54

ppm (Table 1). High mass accuracy has been shown to improve

the confidence of glycan composition identification and limits

the search space for faster data processing.36,42 Many of those

identifications were further confirmed by CID MS/MS. Positive-

ion CID low-resolution (LTQ) and high-resolution (FT-ICR)

mass spectra for a representative biantennary glycan released

from FBS glycoproteins are shown in Figure 3.

To simplify glycosylation site determination, only those pep-

tides containing a single possible consensusN-linked glycosylation

site were considered (when computer-based data analysis be-

comes available, peptides with more than one consensusN-linked

glycosylation site could be included.). In fact, only a few of the

identified FBS peptides in FBS contained more than one possible

N-linked glycosylation site (data not shown). After deglycosylation

with PNGase F, proteins were subjected to proteolysis and

analyzed by LC MS/MS. The raw data were searched against IPI

Cow database (v3.54). Deamination of asparagine was used to

determine glycosylation sites. We identified 68 unique peptides

containing possible N-linked glycosylation sites on 38 proteins (see

Supporting Information (SI) Supplementary Table 1).

Glycopeptide assignment was based primarily on highly

accurate mass measurement, complemented and/or confirmed

by LC retention time, molecular weight of the corresponding

glycoprotein, and CID mass spectra43 of selected glycopeptides.

With MS/MS, the neutral losses of saccharides such as hexose

(162 Da), N-acetylhexosamine (203 Da), fucose (146 Da), or
(41) Bereman, M. S.; Williams, T. I.; Muddiman, D. C. Anal. Chem. 2009, 81,

1130–1136. (42) Park, Y.; Lebrilla, C. B. Mass Spectrom. Rev. 2005, 24, 232–264.

Figure 3. Representative positive ion CID mass spectra for a biantennary glycan released from FBS glycoproteins, obtained with a linear

quadrupole ion trap (top) and FT-ICR (bottom). The deduced structure is inset. The glycan linkage pattern matches with GlycoSuiteDB (http://

glycosuitedb.expasy.org).
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N-acetylneuraminic acid (291 Da) serve to indicate the presence

of glycopeptides. However, low-resolution CID MS/MS is not

very definitive.19,44,45 We therefore wrote a C++ program to

list all possible glycopeptide masses based on experimental

glycan and glycosylation site libraries. The percentage of

uniquely identified glycopeptides for a given mass error

tolerance fell rapidly from 99.92% (1 ppm), and 99.8% (2 ppm),

for mass tolerances of 3, 4, 5, and 6 ppm (see SI Supplementary

Figure 1). We therefore applied 2 ppm as a mass error

threshold for glycopeptide assignment.

In total, we uniquely assigned 137 glycopeptides for 18

glycoproteins (see SI Supplementary Table 2). We allowed for

chemical modifications including oxidation of methionine, carba-

midomethylation of cysteine, as well as one missed cleavage. An

additional oxygen could arise from the mass difference between

hexose vs fucose, or N-glycolylneuraminic acid vs N-acetyl-

neuraminic acid. The glycopeptides could be mis-assigned based

on only high-resolution MS data. Fortunately, retention time and

the neutral loss of glycans from CID MS/MS help to validate those

assignments (see SI Supplementary Table 3). For example, Figure

4 (top) shows the retention time differences for representative

oxidized and unoxidized glycopeptides. The assignments were

further confirmed by glycan neutral losses from MS/MS (Figure

4 (bottom)). In that example, two N-acetylneuraminic acid (291

Da) residues are readily lost from the precursor ion, indicating

that the attached glycan does not contain N-glycolylneuraminic

acid (307 Da). Thus the corresponding oxygen must be located

on methionine as oxidation.

(43) Conboy, J. J.; Henion, J. D. J. Am. Soc. Mass Spectrom. 1992, 3, 804–814.
(44) Wuhrer, M.; Koeleman, C. A. M.; Hokke, C. H.; Deelder, A. M.Anal. Chem.

2005, 77, 886–894.
(45) Seipert, R. R.; Dodds, E. D.; Clowers, B. H.; Beecroft, S. M.; German, J. B.;

Lebrilla, C. B. Anal. Chem. 2008, 80, 3684–3692.

Figure 4. Selected ion chromatograms constructed from FT-ICR mass spectra for tryptic glycopeptides having the common peptide primary

sequence, K.SNYELNDTLSQMGIKK.I from protein LOC784964 similar to Endopin 1b isoform 1. The periods indicate the cleavage sites of

trypsin, and two adjacent amino acids are also labeled. Top: Total ion chromatogram. Oxidized glycopeptides elute faser than unoxidized,

whereas additional N-acetylneuraminic acid groups increase retention time. Bottom: CID MS/MS spectrum obtained with a quadrupole linear

ion trap for the glycopeptide, K.SNYELN(Hex5HexNAc4NeuAc2)DTLSQoxMGIKK.I. The precursor ion mass spectrum is shown at upper left.

Neutral loss of N-acetylneuraminic acid (291 Da) indicates that the glycan does not contain N-glycolylneuraminic acid.
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APPENDIX B

SITES AND EXTENT OF SELENOMETHIONINE 

INCORPORATION INTO RECOMBINANT CAS6 PROTEIN 

BY TOP-DOWN AND BOTTOM-UP PROTEOMICS WITH 

14.5 T FOURIER TRANSFORM ION CYCLOTRON 

RESONANCE MASS SPECTROMETRY

Sites and extent of selenomethionine incorporation into

recombinant Cas6 protein by top-down and bottom-up

proteomics with 14.5 T Fourier transform ion cyclotron

resonance mass spectrometry

Xu Wang1,2, Jeremiah D. Tipton2, Mark R. Emmett1,2** and Alan G. Marshall1,2*
1Department of Chemistry and Biochemistry, Florida State University, 95 Chieftain Way, Tallahassee, Florida 32306
2Ion Cyclotron Resonance Program, National High Magnetic Field Laboratory, Florida State University, 1800 East Paul Dirac Drive,

Tallahassee, Florida 32310-4005

Received 6 April 2010; Revised 2 June 2010; Accepted 6 June 2010

Selenomethionine-modified proteins can improve X-ray crystallographic structural resolution by

multi-wavelength anomalous diffraction (MAD) phasing. However, the specificity and extent of

selenomethionine incorporation must first be assessed. Bottom-up and top-down proteomics with a

modified 14.5 T LTQ Fourier transform ion cyclotron resonance mass spectrometer offer a quick,

accurate, and robustmethod to locate and quantify selenomethionine incorporation after auxotrophic

expression. Selenomethionine (methioninewith sulfur replaced by selenium) has a different natural-

abundance isotopic distribution and a mass increase of 47.94 Da relative to wild-type methionine.

Here, both wild-type and selenomethionine-substituted forms of the Cas6 protein containing

’clustered regularly interspaced short palindromic repeats’ (CRISPRs) were expressed and purified.

Comparative bottom-up and top-down proteomics confirmed that all six methionines were fully

replaced by selenomethionines in Se-Cas6. Copyright # 2010 John Wiley & Sons, Ltd.

Proteins with ‘clustered regularly interspaced short palin-

dromic repeats’ (CRISPRs), or Cas proteins,1–4 can function

as nucleases, helicases, RNA/DNA-binding proteins, or

transcription factors.5 Also, Cas proteins are hypothesized to

repair DNA6 and/or provide prokaryotic host defense

against invading foreign replicons.7,8 As a novel endoribo-

nuclease in Pyrococcus furiosus, Cas6 cleaves CRISPR RNAs

within the repeat sequences to release individual invader

targeting RNAs.9 Wild-type Cas6 (wt-Cas6) and auxotro-

phically expressed selenomethionine-Cas6 (Se-Cas6) had

been previously prepared and purified for X-ray crystal-

lography experiments.9

Selenium has twice as many electrons as sulfur, and thus

scatters X-rays with four times the intensity, thereby facilitat-

ing location of the heavy atoms to improve phase deter-

mination in X-ray crystal diffraction.10 Selenomethionine

(Se-Met)-enriched proteins are thus often used to aid in X-

ray crystallographic phasing by multi-wavelength anomalous

diffraction (MAD).11 However, prior to X-ray crystallography,

it is necessary to establish the extent of replacement of

methionine (Met) by Se-Met for each methionine residue

in the protein primary amino acid sequence. Here, the task

is to determine the location(s) and degree of substitution

of Met by Se-Met for each of the six methionine positions in

wt-Cas6.

Fortunately, selenomethionine may be distinguished from

methionine based on its higher mass (by 47.94445Da)

and characteristic isotopic distribution (see Fig. 1),12,13 both

of which are readily accessible by Fourier transform

ion cyclotron resonance mass spectrometry (FT-ICR MS).14

‘Bottom-up’ collision-induced dissociation (CID) of tryptic

peptides containing selenomethionine is readily recognized,

but sequence coverage is incomplete because trypsin does

not produce peptides containing all possible Se-Met resi-

dues. ‘Top-down’ CID of intact wt-Cas6 and Se-Cas 6 pro-

duces complementary data with sequence coverage span-

ning all six possible Se-Met positions.15–17 The high resolving

power of FT-ICR MS at 14.5 T is especially helpful in

resolving overlapping isotopic distributions frompeptides of

different mass and charge. The combination of high mass

accuracy for intact proteins,18–20 bottom-up tryptic digest,

and top-down CID provides for unequivocal assessment of

selenomethionine incorporation into Se-Cas6.

EXPERIMENTAL

Materials
All solvents were purchased from J.T. Baker (Philipsburg,

NJ, USA) at the highest purity. Sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE) with a

RAPID COMMUNICATIONS IN MASS SPECTROMETRY
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Figure 1. Left: Isotopes and natural abundances of sulfur and selenium. Right:

structures and masses of methionine and selenomethionine.

Figure 2. Left: Broadband (left) ESI FT-ICRmass spectra (from 25 summed time-domain data

sets) of wild-type Cas6 (top) and selenium-labeled Cas6 (bottom). Right: isotopic distributions

for the 36þ charge state of wild-type Cas6 (top) and selenium-labeled Cas6 (bottom). The

isotopic distribution (circles) calculated from the elemental composition of wt-Cas6 (or selenium-

labeled Cas6) was superimposed on the experimental spectrum to determine which peak is

which (i.e., the correct mass to the nearest Da). The measured mass corresponding to the

circled peak with highest calculated magnitude for wt-Cas6 is higher by 287.752Da than the

corresponding Se-Cas6 circled peak for which 32S6 is replaced by 80Se6 (i.e., corresponding to

the incorporation of six selenomethionines (47.94445" 6¼ 287.667 Da)).

Copyright # 2010 John Wiley & Sons, Ltd. Rapid Commun. Mass Spectrom. 2010; 24: 2386–2392
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Bis-Tris 4–12% gradient gel and Coomassie blue were

purchased from Invitrogen (Carlsbad, CA, USA). Trypsin

was purchased from Sigma-Aldrich (St. Louis, MO, USA).

The C18 (5 cm! 75mm, 15mm i.d. spray tip) nanoscale

capillary column was purchased from New Objective

(Woburn, MA, USA). Wt-Cas6 and Se-Cas6 were expressed,

isolated, and purified as described elsewhere.9

SDS-PAGE separation and in-gel trypsin
digestion
Wt-Cas6 or Se-Cas6 protein (1mg) was separated by SDS-

PAGE with a Bis-Tris 4–12% gradient gel and stained with

Coomassie blue. Protein bands were excised and sliced into

approximately 1! 1mm pieces and digested with 100 pmol

of trypsin following a standard in-gel digestion protocol.21

After digestion, peptides were extracted with 300mL of

75:20:5 acitonitrile/H2O/formic acid, speed vacuumed to

dryness, and stored at "808C for future analysis. Prior to

MS analysis, the samples were dissolved into 10mL of 97.5:

2:0.5 H2O/methanol/formic acid (for bottom-up analysis).

Direct infusion and reversed-phase capillary
liquid chromatography
Protein was infused directly with an Advion BioSystems

Nanomate (Ithaca, NY, USA). For top-down analysis, wt-

Cas6 and Se-Cas6 were each dissolved into H2O/methanol/

formic acid (48:50:2) to 1–5 pmol/mL prior to direct infusion.

In-gel trypsin digests were separated by reversed-phase

nano-liquid chromatography (10mL sample) with a C18

capillary column. An Eksigent NanoLC (Dublin, CA, USA)

delivered a 45min gradient (5 to 95% B) at 400 nL/min

(solution A: 0.5% formic acid in 5% aqueous methanol;

solution B: 0.5% formic acid in 95% aqueous methanol).

Figure 3. ESI FT-ICR mass spectra of selected ‘bottom-up’

tryptic fragments of methionine- (M) and selenomethionine-

(#M) containing peptides from wild-type Cas6 and selenium-

labeled Cas6. Insets show CID cleavages.

Table 1. Identified peptides from wt-Cas6 and selenium-labeled Cas6

Peptide

Wild-type Cas6 Selenium-labeled Cas6

Exptl
mass (Da)

Calc’d
mass (Da)

Mass
error (ppb)

Exptl
mass (Da)

Calc’d
mass (Da)

Mass
error (ppb)

11FLIR14 548.3554 549.3555 "100 548.3554 549.3555 "100
15LVPEDKDR22 970.5083 970.5083 0 970.5083 970.5083 0
26VPYNHQYYLQGLIYNAIK43 2196.137 2196.137 20 2196.137 2196.137 20
44SSNPK48 531.2653 531.2654 200 531.2653 531.2654 200
49LATYLHEVK57 1072.592 1072.592 "9 1072.592 1072.592 "9
61LFTYSLFMAEK71 1348.674 1348.674 200 1396.618 1396.618 "400
61LFTYSLFMAEKREHPK76 1996.024 1996.023 "500 1996.024 1996.023 "500
77GLPYFLGYK85 1056.564 1056.564 "50 1056.564 1056.564 "50
114LWDER118 717.3445 717.3446 "60 717.3445 717.3446 "60
119FYLHEIK125 948.5069 948.5069 0 948.5069 948.5069 0
132KFNGSTFVTLSPIAVTVVR150 2035.146 2035.147 "80 2035.146 2035.147 "80
154SYDVPPMEK162 1064.485 1064.485 9 1112.429 1112.429 0
163EFYSIIK169 898.4799 898.4800 100 1996.024 1996.023 "500
163EFYSIIKDDLQDK175 1612.798 1612.798 6 1056.564 1056.564 "50
170DDLQDK175 732.3290 732.3290 "40 717.3445 717.3446 "60
176YVMAYGDKPPSEFEMEVLIAKPK198 2641.317 2641.317 50 2737.208 2737.206 700
202IKPGIYQTAWHLVFR216 1828.015 1828.015 "20 1828.015 1828.015 "20
217AYGNDDLLK225 1007.492 1007.492 10 1007.492 1007.492 10
226VGYEVGFGEK235 1083.524 1083.524 50 1083.524 1083.524 50
236NSLGFGMVK244 951.4848 951.4847 40 999.4290 999.4292 "200
253EAEEQEK259 861.3716 861.3716 0 861.3716 861.3716 0
260ITFNSR265 736.3868 736.3868 0 736.3868 736.3868 0

Copyright # 2010 John Wiley & Sons, Ltd. Rapid Commun. Mass Spectrom. 2010; 24: 2386–2392
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Mass Spectrometry
Mass spectrometry was performed with a modified hybrid

linear quadrupole ion trap/FT-ICR mass spectrometer

(LTQ-FT, Thermo Fisher Corp., Bremen Germany) equipped

with an actively shielded 14.5 T superconducting magnet

(Magnex, Oxford, UK).20 The in-gel digested samples were

analyzed by liquid chromatography/tandem mass spec-

trometry (LC/MS/MS) (bottom-up) with the 14.5 T LTQ

FT-ICRmass spectrometer operated in top-5 data-dependent

mode: i.e., high-resolution MS for precursor ions and

low-resolution LTQ MS/MS for product ions. For each

precursor ion measurement, 3 million charges were accu-

mulated in the LTQ prior to transfer to the ICR cell. The five

most abundant ions were fragmented separately by collision-

induced dissociation (CID) in the LTQ for low-resolution

MS/MS (3 microscans; 10 000 target ions; m/z¼ 2.0 isolation

width; normalized collision energy, 35.0; activation Q, 0.250;

30ms activation period; and dynamic exclusion list size of

60 for 1min). Automatic gain control produced less than

500 ppb rms mass error with external calibration. Data was

collected with Xcalibur software (Thermo).

Top-down analysis was performed by first isolating the

36þ charge state of interest with a selection window of

m/z¼ 16 in the LTQ. The same charge state was fragmented

in the LTQ (0.5 million ions; normalized collision energy,

40; activation Q, 30; and 50ms activation period) and

transferred to the ICR cell for measurement. A 3 s time-

domain ICR signal was collected for intact proteins and

top-down experiments (100 scans signal-averaged). A wired

octopole ion trap located behind the LTQ provides a second

mode of external ion accumulation and improved ion

ejection efficiency to the ICR cell. This process may be rep-

eated for numerous cycles before the entire octopole ion

population is transferred to the ICR cell.20,22 ICR frequency

was converted to mass-to-charge ratio by external cali-

bration23,24 from top-down analysis of standard proteins,

with total ion number held constant. Data was collected with

Xcalibur and MIDAS25 software.

Data analysis and informatics
Rawmass spectrawere analyzedwith a custompeak-picking

algorithm at a 10% signal-to-noise threshold. The resulting

files were searched with MASCOT (Matrix Science, Cam-

bridge, UK) against a custom-created database that con-

tained the wt-Cas6 primary amino acid sequence (1 ppm

mass tolerance for precursor ions; 1Da tolerance for MS/MS;

assumed trypsin protease specificity; one missed cleavage;

and oxidation as an allowed variable modification for meth-

ionine). For the Se-Cas6 digest, 47.94Da was added to each

identified methionine-containing peptide to search for the

corresponding selenomethionine peptides. Intact protein

analysis was performed by matching the isotopic distri-

bution for the known sequence to experimentally measured

charge states. The number of selenomethionines could then

be determined from the mass difference between wt-Cas6

and Se-Cas6. Top-down ion fragments were assigned by

hand, based on the ’mass sequence tag’ approach,26 and

verified by ProSight 2.0.27,28

Figure 4. Mass scale expanded segments following ‘top-down’ CID of intact wild-type and selenium-labeled

Cas6. Note the wider isotopic distribution for y15þ130 from selenium-labeled Cas6 relative to wild-type Cas6. The

measured and calculated masses are as in Table 2.

Copyright # 2010 John Wiley & Sons, Ltd. Rapid Commun. Mass Spectrom. 2010; 24: 2386–2392
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Table 2. Top-down CID MS/MS fragment ion masses used to identify selenomethionine residue sequence locations

Fragment
Ion

Wild-type Cas6 Selenium-labeled Cas6

Identified methionine(s)
Mass

increase
Exptl

mass (Da)
Calc’d

mass (Da)
Error
(ppm)

Exptl
mass (Da)

Calc’d
mass (Da)

Error
(ppm)

[b30 –H2O]6þ 3633.873 3633.876 0.8 3633.873 3633.877 1.1 0.001
[b31 –H2O]6þ 3761.931 3761.934 0.8 3761.931 3761.937 1.6 0.003
[b32 –H2O]6þ 3924.995 3924.999 1.0 3924.995 3924.997 0.5 0.002
[b33 –H2O]6þ 4088.058 4088.063 1.2 4088.058 4088.064 1.5 0.001
[b34 –H2O]6þ 4201.142 4201.147 1.2 4201.142 4201.149 1.7 0.002
[b35 –H2O]6þ 4329.201 4329.205 0.9 4329.201 4329.208 1.6 0.003
[b36 –H2O]6þ 4386.222 4386.227 1.1 4386.222 4386.230 1.8 0.003
[b91 –H2O]15þ 10860.678 10860.693 1.3 10908.627 10908.639 1.1 M68 47.946
[b92 –H2O]15þ 10947.710 10947.718 0.7 10995.659 10995.665 0.5 M68 47.941
[b93 –H2O]15þ 11048.758 11048.768 0.9 11096.707 11096.715 0.7 M68 47.947
[b94 –H2O]15þ 11151.767 11151.779 1.0 11199.716 11199.723 0.6 M68 47.945
[b95 –H2O]15þ 11250.836 11250.850 1.2 11298.784 11298.786 0.1 M68 47.936
[b97 –H2O]15þ 11476.931 11476.921 0.8 11524.879 11524.897 1.5 M68 47.976
[b98 –H2O]15þ 11590.015 11590.033 1.5 11637.964 11637.975 0.9 M68 47.942
[b99 –H2O]15þ 11661.052 11661.062 0.8 11709.001 11709.014 1.1 M68 47.952
[b100 –H2O]15þ 11790.095 11790.106 0.9 11838.039 11838.062 1.9 M68 47.956
[b101 –H2O]15þ 11861.132 11861.143 0.9 11909.076 11909.093 1.4 M68 47.950
[b102 –H2O]15þ 11974.216 11974.227 0.9 12022.160 12022.189 2.4 M68 47.962
y165

19þ 19120.868 19120.895 1.4 19360.604 19360.649 2.3 M108,M160, M178, M190, M242 239.754
y166

19þ 19233.952 19233.978 1.3 19473.688 19473.701 0.6 M108,M160, M178, M190, M242 239.723
y168

19þ 19404.057 19404.084 1.3 19643.794 19643.818 1.2 M108,M160, M178, M190, M242 239.734
y169

19þ 19518.100 19518.092 0.4 19757.836 19757.872 1.8 M108,M160, M178, M190, M242 239.780
y170

19þ 19617.169 19617.206 1.9 19856.905 19856.944 1.9 M108,M160, M178, M190, M242 239.738
y128

15þ 14647.493 14647.513 1.4 14389.282 14389.315 2.2 M160,M178, M190, M242 191.802
y130

15þ 14857.629 14857.646 1.1 15049.419 15049.439 1.3 M160,M178, M190, M242 191.793
y131

15þ 14944.661 14944.679 1.2 15136.451 15136.494 2.8 M160,M178, M190, M242 191.815
y132

15þ 15057.745 15057.757 0.8 15249.535 15249.559 1.6 M160,M178, M190, M242 191.802
y133

15þ 15158.793 15158.820 0.4 15350.583 15350.615 2.0 M160,M178, M190, M242 191.795
y48

7þ 5323.701 5323.707 1.1 5371.647 5371.652 0.9 M242 47.945
y50

7þ 5549.869 5549.878 1.6 5597.815 5597.824 1.6 M242 47.946
y51

7þ 5664.896 5664.902 1.0 5712.842 5712.852 1.7 M242 47.950

Figure 5. Top: 14.5 tesla FT-ICR ‘top-down’ CID mass spectral segments, showing

resolved overlapped isotopic distributions for [b100 – H2O]14þ and [b92 – H2O]13þ. Bottom:

Fragment ions are not resolved in the same spectral segment at lower resolving power.
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RESULTS AND DISCUSSION

Three different experiments were performed to fully

characterize Se-Cas6. First, comparison of the broadband

FT-ICR mass spectra of intact wt-Cas6 and Se-Cas6 revealed

a 287.752Da monoisotopic mass increase corresponding

to six selenomethionines (Fig. 2). Second, bottom-up

CID MS/MS of wt-Cas6 and Se-Cas6 after in-gel trypsin

digestion (Fig. 3) resulted in 78% sequence coverage

(Table 1 and Fig. 6). The wt-Cas6 peptides containing

methioninewere used to verify selenomethionine-containing

peptides from Se-Cas6. Figure 3 shows precursor ion

methionine/selenomethionine pairs from both the wt-Cas6

and Se-Cas6 tryptic digests. The distinctive selenium isotopic

distribution confirms the presence of selenomethionine

in those peptides.

Finally, top-down CID MS/MS of wt-Cas6 and Se-Cas6

produced fragment ions (see mass spectral segments in

Fig. 4) that define amino acid sequence tags,29 and confident

assignments with ProSight 2.0 (Table 2).27 The importance of

ultrahigh mass resolving power is demonstrated by Fig. 5

(top): baseline resolution at m/z 800 at a mass resolving

power of m/Dm50%¼ 370 000, in which Dm50% is mass

spectral peak full width at half-maximum peak height. At

lower resolving power (Fig. 5, bottom), the overlapped

isotopic distributions are not clearly separated.

The present results demonstrate the value of combining

high-resolution MS of precursor ions with low-resolution

CID for both intact (top-down MS/MS) and proteolyzed

(bottom-up MS/MS) proteins, for complete characterization

of the site(s) and extent of replacement of methionine by

selenomethionine in a protein. Sequence coverage with

bottom-up MS/MS alone rarely achieves 100% sequence

coverage and can fail to locate selenium modifications

(e.g., M68 was not detected by bottom-up MS/MS for Se-

Cas6). Sequence coverage of bottom-up MS/MS and top-

down MS/MS is shown in Fig. 6. The identification and

characterization of proteins by use of top-down MS/MS

can be high-throughput and efficient if the data analysis

is coupled with appropriate bioinformatics tools, such as

ProSight PTM.26,27
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The crawling movement of nematode sperm requires coordination of leading edge protrusion with cell body retraction,
both of which are powered by modulation of a cytoskeleton based on major sperm protein (MSP) filaments. We used a
cell-free in vitro motility system in which both protrusion and retraction can be reconstituted, to identify two proteins
involved in cell body retraction. Pharmacological and depletion-add back assays showed that retraction was triggered by
a putative protein phosphatase 2A (PP2A, a Ser/Thr phosphatase activated by tyrosine dephosphorylation). Immunoflu-
orescence showed that PP2A was present in the cell body and was concentrated at the base of the lamellipod where the
force for retraction is generated. PP2A targeted MSP fiber protein 3 (MFP3), a protein unique to nematode sperm that
binds to the MSP filaments in the motility apparatus. Dephosphorylation of MFP3 caused its release from the cytoskeleton
and generated filament disassembly. Our results suggest that interaction between PP2A and MFP3 leads to local
disassembly of the MSP cytoskeleton at the base of the lamellipod in sperm that in turn pulls the trailing cell body
forward.

INTRODUCTION

Amoeboid cell motility plays a central role in many pro-
cesses, such as embryo development, wound healing, and
immunological defense, and requires coordination of pro-
trusion of the leading edge with retraction of the trailing cell
body (reviewed by Rafelski and Theriot, 2004). In most
eukaryotic cells, protrusion is powered by localized Arp2/3
complex-mediated actin assembly along their leading edge,
whereas retraction is thought to be driven by actomyosin
contractility (Svitkina et al., 1997; Pollard and Borisy, 2003).
Although leading edge protrusion has been studied exten-
sively in a variety of cells (Wang, 1985; Hug et al., 1995;
Svitkina et al., 1997), reconstituted motility systems from cell
extracts (reviewed in Cameron et al., 2000; Pantaloni et al.,
2001), and even in defined protein mixtures (Loisel et al.,
1999; Co et al., 2007; Akin and Mullins, 2008), much less is
known about the mechanism of cell body retraction. The
molecular complexity of actin-based motility and the lack of
simpler reconstituted systems have hindered exploration of
this important component of cell migration.

Nematode sperm provide an alternate opportunity for
investigating the mechanism underlying cell motility. Al-

though in these cells locomotion is based on a dynamic
cytoskeleton based on major sperm protein (MSP) instead of
actin, the general features of leading edge protrusion and
cell body retraction are so remarkably similar to those ob-
served in actin-based cells (Theriot, 1996; Roberts and Stewart,
2000) that the mechanisms for generating locomotion must
be comparable in both systems. MSP-based motility has
been reconstituted in vitro in sperm extracts in which vesi-
cles derived from the plasma membrane at the leading edge
induce ATP-dependent assembly of columnar meshworks of
MSP filaments called fibers. Polymerization of MSP fila-
ments at the surface of the vesicle elongates the fiber and
pushes the vesicles forward in the same way as cytoskeletal
assembly along the leading edge drives protrusion of the
lamellipodia in intact sperm (Italiano et al., 1996). Fibers
assembled in vitro can be manipulated to reconstitute retrac-
tion much more easily than in actin-based systems. Perfu-
sion with Yersinia tyrosine phosphatase (YOP) in sperm
extract triggers rapid shrinkage of the fiber, which generates
sufficient force to pull an artificial cargo attached to retract-
ing fiber (Miao et al., 2003). Ascaris sperm do not undergo the
periodic lamellipodial extension–retraction cycles exhibited
by some actin-based crawling cells (e.g., see Dubin-Thaler et

al., 2008). Thus, fiber shrinkage reconstitutes the forces that
pull the cell body forward when sperm crawl. Unlike mi-
crofilaments, MSP filaments have no structural polarity and
no motor proteins have been identified in the MSP motility
apparatus. Thus, the retraction of fibers in vitro and of the
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cell body of crawling sperm do not seem to require the
chemomechanical activity of a protein such as myosin.

The reconstituted Ascaris in vitro motility system has
proven to be valuable for identifying the molecular compo-
nents of motility and for understanding how polymerization
dynamics can generate protrusive forces (LeClaire et al.,
2003; Buttery et al., 2003; Yi et al., 2007; Miao et al., 2008). For
example, a phosphorylated integral membrane protein,
MPOP, that recruits a soluble casein kinase 1 called MSP
polymerization–activating kinase (MPAK) to the vesicle sur-
face, generates the localized polymerization that results in
movement. MPAK, in turn, phosphorylates a second cyto-
solic component, MSP fiber protein MFP) 2, which then
binds to filaments and accelerates their assembly. These
biochemical events are essential for leading edge protrusion
in sperm (LeClaire et al., 2003; Buttery et al., 2003; Yi et al.,
2007). In contrast, little is known about the biochemical basis
of retraction. YOP only induces retraction in the presence of
a cell-free extract of sperm (S100), suggesting that another
component is required (Miao et al., 2003). Here, we report
that a protein phosphatase (a putative PP2A homologue) in
S100 is activated by YOP and then triggers retraction of MSP
fibers. Furthermore, we show that MFP3, a structural com-
ponent in the MSP motility apparatus, is released from the
cytoskeleton when it is dephosphorylated by PP2A.

MATERIALS AND METHODS

Sperm Collection and Preparation of Sperm Extracts
Ascaris sperm were collected and activated as described previously (Sepsenwolet
al., 1989; Italiano et al., 1996). For immunofluorescence studies, activated
sperm were pipetted onto glass coverslips, allowed to settle for 5 min, and
fixed in 2% glutaraldehyde, 0.5% Triton X-100 in HKB buffer (50 mM HEPES,
65 mM KCl, and 10 mM NaHCO3, pH 7.6) for 30 min. To prepare cell-free
extracts (S100), pellets of sperm were lysed by three freeze-thaw cycles and
then centrifuged at 100,000 ! g for 45 min at 4°C (LeClaire et al., 2003). The
resulting supernatant (S100) was aliquoted and stored at "70°C until use.

Fiber Retraction Assays
Fibers were grown by adding 1 mM ATP to one fifth diluted S100 and
pipetting 8–10 !l of the extract into chambers formed by mounting a 22- !

22-mm glass coverslip onto a glass slide with two parallel strips of double-
stick tape. After 15–20 min, the fibers were washed by perfusion of 25 !l of
KPM buffer (LeClaire et al., 2003) through the chamber followed by perfusion
of 30-!l of test solutions. Phase contrast images were obtained at 30-s inter-
vals with an Orca 12-bit charge-coupled device camera (Hamamatsu, Bridge-
water, NJ). Images were captured and processed with MetaMorph software
(Molecular Devices, Sunnyvale, CA).

Protein phosphatases tested for effects on fiber retraction were PP2A
(Millipore, Billerica, MA) and YOP (New England Biolabs, Ipswich, MA).
Phosphatase inhibitors used included calyculin A (Cell Signaling Technology,
Danvers, MA), okadaic acid (EMD Biosciences, San Diego, CA), PP1 inhibitor
2 (New England Biolabs), and sodium orthovanadate (Sigma-Aldrich, St.
Louis, MO).

Antibodies
The following antibodies were used: anti-phosphoserine (Millipore Bioscience
Research Reagents, Temecula, CA), anti-phospho-threonine (Cell Signaling
Technology), anti-PP2A c subunit (clone 1D6; Millipore), peroxidase-conju-
gated goat anti-mouse or rabbit antibodies (Jackson ImmunoResearch Labo-
ratories, West Grove, PA), AlexaFluor 568- or AlexaFluor 488-conjugated goat
anti-mouse or goat anti-rabbit (Invitrogen, Carlsbad, CA) and 10-nm gold-
conjugated anti-rabbit immunoglobulin G (IgG) antibody (Sigma-Aldrich).
Protein A/G-conjugated agarose was purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). Polyclonal antibody to MFP3 was generated by inject-
ing the New Zealand White rabbits with 1 mg of MFP3, obtained by electro-
elution from SDS-polyacrylamide gel electrophoresis (PAGE) gels, in
combination with 1 ml of complete Freund’s adjuvant. A booster injection of
antigen in incomplete Freund’s adjuvant was administered 4 wk later. Anti-
serum was collected after another 4 wk and stored at "70°C. Antibodies were
purified from immune serum by using an ImmunoPure Plus Immoblized
Protein A/IgG purification kit (Pierce Chemical, Rockford, IL).

Immunofluorescence
Glutaraldehyde-fixed sperm or fibers grown in vitro were washed in phos-
phate-buffered saline (PBS) buffer, treated three times with 10 mM NaBH4 in
PBS for 20 min to quench unreacted aldehydes, and blocked with 0.5% bovine
serum albumin (BSA) in PBS for at least 4 h. The specimens were then
incubated in primary antibodies, washed, treated with appropriate secondary
antibodies, and washed again. All antibodies were used at 5 !g/ml for 3 h at
25°C or overnight at 4°C. For controls, primary antibodies were omitted.
Immunostained cells or fibers were imaged with a QFM510 laser scanning
confocal microscope (Carl Zeiss, Thornwood, NY) equipped with dual HeNe
laser with appropriate filters or with an Axioskop2 microscope (Carl Zeiss)
equipped with a 40! acroplan/phase objective with appropriate filters.

Immunodepletion and Add-Back Assay
To deplete PP2A from extracts of Ascaris sperm, anti-PP2A catalytic subunit
(PP2Ac) antibody was coupled to immobilized Protein G Plus beads using the
bifunctional cross-linking agent disuccinimidyl suberate (Pierce Chemical).
S100 was diluted up to 40-fold into PBS buffer and incubated with the beads.
Unbound, immunodepleted fractions were collected by centrifugation after
2 h and subjected to three additional rounds of immunodepletion. Mock
depletion followed the same procedure by using beads coupled with normal
mouse IgG. The depletion efficiency was monitored by SDS-PAGE and im-
munoblot analysis with anti-PP2A antibody. After dialysis into KPM buffer,
the immunodepleted material was concentrated to its original volume and
stored at "70°C until use in retraction assays. A commercial PP2A was used
to replenish depleted extracts to test for the recovery of retraction-triggering
activity.

Immunoprecipitation and Immunoblot
S100 was incubated in KPM with 0.5% Triton X-100 for 30 min at 25°C and
then mixed with equal volume of 2! immunoprecipitation (IP) buffer (2%
Triton X-100, 300 mM NaCl, 20 mM Tris, pH 7.4, and 2 mM EGTA). The
lysates were precleared on protein A/G-coupled agarose beads for 1 h and
then incubated with 3 !g of anti-PP2A or anti-MFP3 antibody at 4°C over-
night or for 3 h on a rotating wheel. Protein G beads (25 !l) were added and
the mixture was incubated at 25°C for 3 h. The beads were harvested by
centrifugation at 1000 ! g for 1 min and then washed extensively with IP
buffer. Attached proteins were then eluted with either 3.0 M potassium
chloride or 100 mM glycine-HCl buffer, pH 2.7.

For immunoblot analysis, protein samples was resolved on a SDS-PAGE gel
and transferred to a polyvinylidene difluoride membrane (Bio-Rad Labora-
tories, Hercules, CA). After being blocked with Tris-buffered saline/Tween 20
containing 0.5% BSA, the membranes were incubated with appropriate pri-
mary antibody overnight in blocking buffer, incubated with peroxidase-con-
jugated secondary antibody for 3 h, and developed by enhanced chemilumi-
nescence (Pierce Chemical). In some cases, blot membranes were stripped and
reprobed with another antibody.

Immuno-electron Microcopy (EM)
MSP filaments for immuno-EM were prepared on a 5- ! 7-mm glass cover-
slips in S100 diluted 1:5 with KPM plus 1 mM ATP for 20 min, fixed with 2.5%
glutaraldehyde for 20 min, and washed with KPM buffer. The fixed MSP
filaments were then incubated in three changes of 10 mM NaBH4 (20 min
each) and blocked with 0.5% BSA in PBS for at least 4 h. The samples were
incubated at 4°C in PBS containing 5 !g/ml rabbit anti-MFP3 plus 0.5% BSA
overnight, washed three times for 10 min each in 20 mM Tris buffer, pH 8.0,
and probed with 10-nm colloidal gold-conjugated goat anti-rabbit Ig G anti-
bodies in Tris buffer, pH 8.0 at 25°C for at least 4 h. As controls, primary
antibodies were omitted. After three washes in Tris buffer, pH 8.0, the
samples were fixed in 2.5% glutaraldehyde, dehydrated in ethanol, and
critical point dried as described previously (Ris, 1985). Platinum replicas were
prepared as described previously (Svitkina et al., 1995, LeClaire et al., 2003)
and examined on a CM 120 electron microscope (Philips, Wilmington, DE)
operated at 80 kV.

Peptide Sequencing and cDNA Cloning
Bands containing MSP fiber proteins (MFP3) were excised from SDS-PAGE
gels and digested with trypsin (Hoffman-La Roche, Nutley, NJ). Separation of
the resulting peptide digests and N-terminal sequence analysis of selected
peptides were performed as described previously for other sperm motility
proteins (Buttery et al., 2003).

MFP3 cDNA was obtained by reverse transcription-polymerase chain re-
action (RT-PCR) by using mRNA isolated from Ascaris testes and primers
designed from the peptide sequences obtained as described method. The
cDNA was then inserted into a pCR 2.1 TOPO vector (Invitrogen) for se-
quencing of both strands. The full-length cDNA sequence (NCBI accession
AY326288) was translated by ExPASy translation program.
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Identification of Phosphorylation Sites in MFP3 by
Fourier Transform Ion Cyclotron Resonance Tandem
Mass Spectrometry (FTICR MSMS)

All solvents were purchased from Mallinckrodt Baker (Philipsburg, NJ) in the
highest purity. Trypsin was purchased from Sigma-Aldrich. A C18 (5 cm ! 75
!m; 15-!m i.d. spray tip) nanoscale capillary column was purchased from
New Objective (Woburn, MA).

For in-gel tryptic digestion, protein gel spots were excised and diced into
"1- ! 1-mm pieces and digested with 100 pmol of trypsin following a
standard in-gel digestion protocol (Shevchenko et al., 2006). After digestion,
peptides were extracted with 300 !l of acetonitrile:H2O:formic acid (75:20:5),
speed vacuumed to dryness, and stored at #80°C for future analysis. Before
MS analysis, the samples were dissolved in 10 !l of H2O:methanol:formic acid
(97.5:2:0.5).

Mass analysis was performed with a modified hybrid linear quadrupole
ion trap/FT-ICR mass spectrometer (LTQ-FT; Thermo Fisher Scientific,
Bremen, Germany) equipped with an actively shielded 14.5 T supercon-
ducting magnet (Magnex, Oxford, United Kingdom). The in-gel digested
samples were analyzed by liquid chromatography (LC)-MS/MS with the
14.5 T LTQ FTICR MS operated in top-5 data-dependent mode (high-
resolution FTICR MS, low-resolution LTQ MS/MS). For each precursor ion
measurement, 1 million ions were accumulated in the LTQ before transfer
to the ICR cell for measurement. The five most abundant ions were
collisionally dissociated in the LTQ (3 microscans; 10,000 target ions,
2.0-Da isolation width, 35.0 normalized collision energy, 0.250 activation
Q, 30-ms activation period, and dynamic exclusion list size of 60 for 1 min).
Automatic gain control provided $0.500 ppb FT-ICR rms mass error with
external calibration. Data were collected with Xcalibur software (Thermo
Fisher Scientific).

Raw data were extracted with a custom peak picking algorithm at a 10%
signal-to-noise ratio threshold. Peak-list files were searched with MASCOT
(Matrix Science, Cambridge, United Kingdom) against a database that con-
tained the MPF3 sequence (1 ppm mass tolerance for parent ions; 1-Da
tolerance for MS/MS; trypsin cleavage specificity, one missed cleavage;
and oxidation and carbamidomethyl as allowed modifications for methi-
onine and cysteine, respectively). Phosphorylation was limited to serine,
threonine, and tyrosine.

RESULTS

Role of a Putative PP2A, a Ser/Thr Phosphatase, in the
Biochemical Pathway That Generates Fiber Retraction

Previous studies established that although MSP fibers short-
ened dramatically when treated with YOP in the presence of
sperm extracts (S100), YOP had little effect when added in
buffer alone (Miao et al., 2003). These data suggest that YOP
may induce retraction by acting on a component in S100. To
search for this component, we screened a range of agents for

Figure 1. Retraction of MSP fibers is initiated by PP2A phosphatase. (A) Time-lapse sequences of fiber retraction triggered by YOP-treated
S100 (top) and the inhibitory effect of 10 nM OA (bottom). Bar, 5 !m. (B) Retraction rate of fibers perfused with YOP-S100 in the presence
of 1 mM OV, 100 nM calyculin A (CA), and 100 ng/!l I2 or 10 nM OA. (C) Time-lapse sequences of PP2A-triggered retraction (top) and its
inhibition by OA. Bar, 5 !m. (D) Retraction rate of fibers induced by PP2A (0.1 U/perfusion) with or without 10 nM OA. Entries are the means
of 10–15 fibers measured % SD.

Figure 2. PP2A is present in Ascaris sperm. (A) Anti-PP2Ac antibody
identified a 36-kDa of single band on Western blots (WB) of S100; CBB,
an identical lane stained with Coomassie Brilliant Blue. (B) Differential
interference contrast (left), anti-PP2Ac antibody immunofluorescence
staining (center), and merged images (right) of an Ascaris sperm. The
dotted line marks the boundary between the lamellipod and the cell
body. PP2A labeling was confined to the cell body and concentrated at
its junction with the base of lamellipod. Bar, 10 !m.
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effects on YOP-S100–induced fiber retraction. We found that
retraction was blocked by inhibitors of PP2A but not by
inhibitors of other Ser/Thr phosphatases. Thus, calyculin A,
a selective PP1/PP2A phosphatase inhibitor, and okadaic
acid (OA), a PP2A specific inhibitor, blocked the effect of
YOP-S100. In contrast, a PP1-specific inhibitor, inhibitor 2
(I2), had no effect on retraction (Figure 1, A and B). In
addition, treatment of fibers with KPM buffer containing

commercial PP2A induced retraction at rates comparable
with that observed after treatment with YOP-S100. More-
over, OA blocked the effect of added PP2A on fibers (Figure
1, C and D). Fibers treated with KPM buffer alone shortened
only very slightly (data not shown). Together, these data
suggest that YOP activates PP2A, which, in turn, triggers
retraction. To test this hypothesis, we performed Western
blot analysis of S100 with a specific antibody against PP2Ac.

Figure 3. Intrinsic PP2A triggers retraction and is regulated by tyrosine dephosphorylation. (A) Time-lapse sequences showing retraction
induced by perfusion of fibers with RC-S100 (top). OA blocked this retraction (bottom). Bar, 5 !m. (B) Comparison of rates of retraction
induced by RC-S100 alone or with added OA (10 nM), OV (1 mM), or I2 (100 ng/!l). Entries represent the mean retraction rate for 10–15
fibers ! SD. (C) Rate of retraction induced by sperm PP2A, isolated by immunoprecipitation, in the presence and absence of OA. Material
obtained by mock IP with mouse IgG served as a control. Entries are the means of seven to 10 fibers ! SD. (D) Effect of PP2A depletion on
the rate of retraction induced by RC-S100. PP2A-depletion reduced the rate of retraction to "23% of that obtained using mock-depleted
extracts. Add-back of a commercially obtained PP2A restored the retraction-triggering activity of depleted extracts. (E) SDS-PAGE and
Western blot analysis of immunodepleted S100. Top, portion of a Western blot probed with anti-PP2Ac. Bottom, portion of an equivalent
Coomassie Blue-stained gel containing MSP to show the relative amounts of sample loaded in each lane. The untreated control (left) and
PP2A-depleted (center) lanes were loaded with equal amounts of total protein; the right lane was loaded with twofold more sample.
Approximately 80% of PP2A was removed by immunodepletion. (F) SDS-PAGE gels of PP2A immunoprecipitated from RC-S100 (left), S100
(center), and YOP-treated S100 (right) and immunoblotted with either anti-PP2Ac (top) or anti-pY antibody (bottom). The PP2A from S100
was labeled by anti-pY but that from RC-S100 was not. YOP treatment abolished anti-pY labeling of the PP2A from S100.
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The antibody labeled a single band with a molecular weight
of !36 kDa (Figure 2A), which is the typical molecular
weight of well-conserved PP2Ac subunit shown on a SDS-
PAGE gel. Immunofluorescence microscopy showed that
the same antibody detected PP2A localized to the cell body
and concentrated at the junction of lamellipod-cell body
(Figure 2B), where the force for cell body retraction is pro-
duced (Italiano et al., 1999).

To determine whether the native PP2A present within
sperm triggers retraction, we screened several batches of
S100 and found that !10% of them induce retraction of
fibers without addition of the tyrosine phosphatase YOP.
The retraction-triggering activity of these S100, termed re-
traction-competent S100 (RC-S100) was inhibited by OA but
not I2 or orthovanadate (OV), consistent with intrinsic PP2A
in these S100 preparations inducing MSP fiber retraction
(Figure 3, A and B). To test this hypothesis, we isolated
PP2A from RC-S100 by immunoprecipitation using a PP2Ac
antibody bound to Sepharose beads. The immunoprecipi-
tated material was enriched in PP2A and induced retraction
when dialyzed into KPM buffer and perfused onto fibers.
Moreover, OA inhibited the retraction induced by this ma-
terial (Figure 3C). We also compared the retraction capabil-

ity of the extracts subjected to PP2A depletion with those of
mock depletion. The rate of fiber retraction triggered by
RC-S100 in which the PP2A concentration was reduced (Fig-
ure 3E) was !23% of that observed in batches of RC-S100
subjected to mock immunoprecipitation. Addition of com-
mercial PP2A to the immunodepleted RC-S100 restored the
rate of retraction to that observed in mock immunodepletion
(Figure 3D).

Many forms of PP2A are activated by tyrosine dephos-
phorylation (Chen et al., 1992, 1994). To determine whether
this occurs in sperm, we compared PP2A immunoprecipi-
tated from S100 with that from RC-S100 on Western blots
probed with anti-phosphotyrosine (anti-pY) (Figure 3F). We
were unable to detect anti-pY labeling of the PP2A immu-
noprecipitated from RC-S100. In contrast, this antibody la-
beled PP2Ac isolated from S100, indicating that at least part
of PP2Ac was tyrosine phosphorylated. Pretreatment of ma-
terials with YOP phosphatase eliminated the anti-pY signal.
These data indicate that the retraction competence of S100 is
directly correlated with tyrosine dephosphorylation of
PP2A. This explains, at least in part, the requirement for a
tyrosine phosphatase to render most batches of S100 retrac-

Figure 4. Identification of MFP3 as the primary substrate for PP2A in fibers. (A) Western blot assays of MSP fibers obtained after treatment
with KPM buffer (Ctrl) or with PP2A. Blots of duplicate gels were probed with anti-pS or anti-pT antibody. The arrow indicates the band that
was excised from duplicate Coomassie-stained gels for peptide sequencing. (B) The deduced protein sequence of MFP3 from full-length
cDNA, translated by proteomic tools at ExPasy (http://ca.expasy.org). Underlining shows the peptide sequences used for construction of
primers for RT-PCR. (C) Diagram showing the domain organization of MFP3. Segments A–E are the tandem repeats, numeral indicate the
numbers of each repeat. (D) Peptide compositions of tandem repeats in MFP3 sequence. Phosphorylation sites identified by FT-ICR MS/MS
are highlighted in red. (E) The alignment of N-domain and C-domain of MFP3, which exhibited 61% amino acid identity.
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tion-competent and, conversely, the insensitivity of RC-S100
to a tyrosine phosphatase inhibitor (OV, Figure 3B).

MFP3 Is a Primary Target for PP2A

To identify substrates of PP2A involved in MSP fiber retrac-
tion, we used Western blots to compare the serine and
threonine protein phosphorylation patterns in fibers isolated
after treatment with PP2A to those in fibers treated with
buffer alone (Figure 4A). Although PP2A treatment did not
alter the labeling obtained with anti-phosphoserine anti-
body (anti-pS), Western blots of buffer-treated fibers con-
tained a prominent labeled band at molecular weight !50
kDa when probed with anti-pT. No anti-pT labeling of this
band could be detected after PP2A treatment of fibers. To
identify this protein, the corresponding band in SDS-PAGE
gel was excised and digested into peptides with trypsin. We
used the sequences of two peptides (shown in Figure 4B,
underlined), obtained from peptide sequencing with a Pro-
cise cLC protein sequencing system, to design primers for
RT-PCR. The cDNA fragment generated in this way was
then extended by standard 3" and 5" rapid amplification of
cDNA ends to acquire the corresponding full-length cDNA
(AY326288), which encoded a polypeptide of 472 amino
acids (Figure 4B). The protein, which we designated MFP3,
is unique to nematode sperm and exhibits homology to the
uncharacterized Caenorhabditis elegans sperm-enriched pro-
teins ssq1-4. As shown in Figure 4C, MFP3 contains 19
tandem repeats of a 15-residue motif in the middle of its
sequence flanked by its !90-amino acid N domain and C
domain. These 19 tandem repeats differ only marginally in
sequence (Figure 4D) and show five different variants. The
two flanking domains shared high identity (61%) in their
amino acid sequences (Figure 4E).

To identify the phosphorylation sites in MFP3, Coomassie
Blue-stained MFP3 two-dimensional gel spots (!50 kDa)
were in-gel trypsin-digested and subjected to nano-LC-MS/
MS. The results showed phosphothreonine in three unique
peptides, detected by the neutral loss of 80 Da (HPO3) upon
collision-induced dissociation (Gibson and Cohen, 1990).
Comparison of the mass of b- and y-ions in MS/MS spectrum
to their calculated values confirmed the assignment of phos-
phorylation sites (Perkins et al., 1999). Parent ion mass was
determined by FTICR mass spectrometry (Marshallet al., 1998).
The mass errors for all assigned peptides are sub-ppm (Schaub
et al., 2008). Lower resolution LTQ MS/MS spectra were used
to sequence the peptides, whose assigned masses of 1496.695,
1528.667, and 1528.801 Da identified the tryptic peptides
pTAIGAPVGMSGLDTK, pTAIGAPMGMSGLDTK, and
376pTAIGAPVGAPAVGAAVK392. Because it is unique, the
peptide, 376pTAIGAPVGAPAVGAAVK392, can be specifically
located in MFP3. The other two peptides that contain phospho-
threonines are present in multiple copies, and we cannot dis-
criminate which copies are phosphorylated. All of the peptides
share the LDTK*TAIGA motif, in which *T is the phosphory-
lated residue.

We generated a specific polyclonal antibody against MFP3
protein, which recognized a single band in the extracts of
Ascaris sperm (Figure 5A). Indirect immunofluorescence la-
beling of sperm with this antibody showed that MFP3 was
located in the fiber complexes in the lamellipod (Figure 5B),
which coincided with the pattern of anti-pT labeling (Figure
5C). We also observed anti-MFP3 labeling throughout the
fibers assembled in vitro (Figure 5D). Anti-MFP3 immuno-
gold labeling of individual filaments obtained via polymer-
ization in Triton X-100 treated S100 indicated that MFP3
binds to filaments, predominantly to their sides (Figure 5E).

Dephosphorylation of MFP3 Is Associated with Fiber
Retraction

We examined the phosphorylation status of MFP3 during
fiber retraction by obtaining samples of fibers at successive
intervals after addition of PP2A to trigger retraction. West-
ern blot analysis showed that the amount of sedimentable,
fiber-associated MFP3 decreased as retraction progressed
(Figure 6A). The MFP3 retained in these fibers still labeled
with anti-pT, indicating that at least some of the MFP3 in the
shortening fibers was still phosphorylated. By contrast, the
amount of MFP3 released from retracting fibers to the solu-
ble supernatant increased with time (Figure 6C), and we
were unable to detect phosphorylation of this released frac-
tion of MFP3 with anti-pT on Western blots. When fibers
were treated with PP2A in the presence of OA, they did not
retract (Figure 1C). There was no significant decrease in
either sedimentable MFP3 or labeling with anti-pT in the
PP2A-OA-treated fibers (Figure 6B). These results suggest
that MFP3 dephosphorylation is associated with release of
the protein from fiber during retraction.

DISCUSSION

Assembly of the MSP motility apparatus in cell-free extracts
of Ascaris sperm has provided a reliable and versatile
method for identifying the accessory components of loco-
motion. For example, biochemical dissection of fiber elonga-
tion led to the discovery of MPOP, MPAK, and MFP2 as
proteins involved in leading edge protrusion in sperm

Figure 5. MFP3 is a component of MSP motility apparatus. (A)
Western blot and Coomassie-stained lanes of S100. The polyclonal
antibody raised against MFP3 specifically recognized a single band.
(B–D) Paired phase contrast and indirect immunofluorescence mi-
crographs of a sperm probed with anti-MFP3 (B), a sperm labeled
with anti-pT (C), and a fiber grown in vitro with anti-MFP3 (D). Bar,
10 !m. (E–G) Immunogold labeling of MSP filaments labeled with
anti-MFP3 antibody and 10-nm colloidal gold particles coated with
secondary antibodies. Gold particles are shown as black dots (E)
and are highlighted in red pseudocolor in F. (G) A control MSP
filament with the primary antibody omitted. Bar, 150 nm.
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(LeClaire et al., 2003; Buttery et al., 2003; Yi et al., 2007). Here,
we exploited methods devised to study fiber retraction to
identify two proteins that are involved in cell body retrac-
tion. PP2A, a ubiquitously expressed evolutionarily con-
served Ser/Thr phosphatase, triggered retraction of MSP
fibers by dephosphorylation of MFP3, a structural compo-
nent in the MSP motility apparatus (Figure 7).

Previous work showed that YOP tyrosine phosphatase
only triggered retraction when added to fibers in the pres-
ence of S100, suggesting that it operated via a pathway
involving at least one additional soluble downstream com-
ponent (Miao et al., 2003). Several lines of evidence indicate
that intrinsic PP2A is that key element of the retraction

pathway. First, both commercial and sperm-derived PP2A
in absence of any other soluble components in S100-trig-
gered retraction. Second, retraction induced by YOP plus
S100 and the intrinsic retraction activity of RC-S100 were
blocked by OA, a PP2A-specific inhibitor, but not by inhib-
itors of other Ser/Thr phosphatases. Third, depletion of
PP2A from RC-S100 decreased its retraction activity, and
this activity was restored by adding back a commercial
PP2A. Furthermore, our demonstration that the retraction
competence of S100 depends on tyrosine dephosphorylation
of its PP2A establishes a linkage between the activity of
YOP in our assays and the regulation of PP2A. However,
the native tyrosine phosphatase in sperm remains to be
identified.

Although we cannot rule out interactions between PP2A
and other sperm proteins, MFP3 is clearly the primary target
of the phosphatase in fibers. This was the only fiber protein
on which we were able to detect either Ser or Thr dephos-
phorylation by Western blot upon retraction. Consistent
with the Western blot patterns, which showed MFP3 labeled
by anti-pT and not anti-pS, MS/MS analysis detected only
phosphothreonine residues in MFP3. Like other structural
motility proteins in MSP system, MFP3 has substantial se-
quence similarity to a protein family of unknown function in
C. elegans and shows no homology to known proteins in
other types of cell. Consequently, the sequence by itself
provides little insight into the function of the protein. How-
ever, our experimental data indicate that MFP3 seems to be
multiply phosphorylated, binds primarily to the sides of
MSP filaments, and is released upon dephosphorylation.
The release of MFP3 is associated with filament disassembly
during fiber retraction, suggesting MFP3, in its phosphory-
lated form, may be involved in stabilizing MSP filaments.
This function would be consistent with the behavior of the
fiber complexes in sperm, which undergo little, if any re-
modeling as they flux rearward through the lamellipod, but
then disassembles rapidly at the lamellipod–cell body junc-
tion. PP2A is concentrated at this site and thus has access to
the MSP filaments only at the location where cytoskeletal
disassembly and generation of the force for retraction take
place.

The key role of protein dephosphorylation in retraction is
also consistent with previous studies that showed that, in
the MSP system, protrusion and retraction are reciprocal
events. The assembly of the MSP cytoskeleton that drives
protrusion of the leading edge requires phosphorylation of
two proteins, MPOP (LeClaire et al., 2003) and MFP2 (Yi et
al., 2007). The kinase MPAK that targets MFP2 is recruited to
the leading edge membrane by binding to phosphorylated

Figure 7. Schematic illustration of a side
view of a crawling sperm showing the com-
ponents involved in phosphorylation/de-
phosphorylation of MFP3 and the relationship
of this cycle to the MSP filaments dynamics
that power sperm motility. See text for details.

Figure 6. MFP3 dephosphorylation is associated with fiber retrac-
tion. Western blot analysis of the MFP3 content of MSP fibers
pelleted at successive intervals after addition of PP2A (A) or PP2A
with OA (B). Numerals indicate time (minutes) after addition of the
test solution. Top panels were probed with anti-pT and the bottom
panels with anti-MFP3. (A) The amount of sedimentable, fiber-
associated MFP3 decreased as retraction progressed. The MFP3
retained in these fibers still labeled with anti-pT, indicating that at
least some of the MFP3 in the shortening fibers was phosphorylated.
(B) When fibers were treated with PP2A in the presence of OA, there
was no significant decrease in the amount in either sedimentable
MFP3 or labeling with anti-pT. (C) Western blot analysis of the
supernatants obtained from the samples of pelleted fiber shown in
A. The amount of MFP3 released from retracting fibers to the
supernatant increased with time, but no MFP3 phosphorylation
could be detected in these fractions with anti-pT.
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MPOP. The interaction between PP2A and MFP3 links cy-
toskeletal disassembly and retraction to protein dephos-
phorylation at the opposite end of the lamellipod. In many
other cellular functions, PP2A holoenzymes are directed to
specific subcellular locations by binding to a regulatory sub-
unit (Virshup, 2000). It is likely that a similar mechanism
restricts the distribution of PP2A in sperm, thereby defining
the site of cytoskeletal disassembly in a manner analogous to
the way that recruitment of MPAK to the leading edge
specifies the site of cytoskeletal assembly.

A long-standing problem in the amoeboid motility of
nematode sperm has been the source of energy that powers
the process. Because MSP itself lacks any detectable ATPase
activity, the energy to power locomotion must be supplied
to other components of the system. For example, MSP po-
lymerization and leading edge protrusion depend on phos-
phorylation of two proteins that define the site (LeClaire et
al., 2003) and the rate of cytoskeletal assembly (Yi et al.,
2007). On the basis of our present results, we hypothesize
that phosphorylation of MFP3 may function to provide en-
ergy to power retraction. One plausible way in which this
could be achieved could relate to the substantial overall
positive charge of MSP (pI ! 8.3–8.9; King et al., 1992),
which would tend to result in MSP dimers repelling one
another. Multiple phosphorylation of MFP3 would generate
a molecule with a large negative charge that could lie in the
grooves of the MSP helix (analogous to the way in which
tropomyosin lies in the long-pitch grooves of the F-actin
helix). In this orientation, MFP3 could span several MSP
dimers so that its overall negative charge could effectively
neutralize their positive charge and thereby stabilize the
filaments. In this context, it is likely that the periodicity of
the 15-residue tandem repeats in the central region of MFP3
matches a structural repeat in MSP filament helices (Stewart
et al., 1993), although clearly it will be necessary to deter-
mine the structure of MFP3 to evaluate this hypothesis. We
further propose that the energy stored by phosphorylating
MFP3 would then be released by PP2A, and, by reducing the
negative charge on the molecule, would render the filaments
unstable because the repulsion between the positively
charged MSP dimers would no longer be masked. Thus,
through its modulation of filament stability the phosphory-
lation state of MFP3 could modulate the cytoskeletal dynam-
ics of nematode sperm and provide the energy for retraction.

Although the precise mechanism is not fully understood,
in many actin-based crawling cells cell body retraction has
been proposed to be powered by the contractile activity of
myosin (Svitkina et al., 1997; Iwadate and Yumura, 2008). In
the MSP motility system, no motor proteins have been dis-
covered and the apolar structure of MSP filament does not
provide a suitable framework for motor function (Bullock et
al., 1998; Roberts and Stewart, 2000). Instead, MSP-based
retraction involves shrinkage of cytoskeletal gel volume due
to disassembly and rearrangement of the constituent fila-
ments (Miao et al., 2003). In actin-rich cells, retraction is also
associated with cytoskeletal reorganization and disassembly
(Heidemann and Buxbaum, 1998), and so the results ob-
tained here in the Ascaris system make it pertinent to ask
whether these processes also contribute to pulling the cell
body forward in actin-rich cells. The discovery of two key
components of the retraction machinery in nematode sperm
provides a biochemical handle for exploring the biophysical
basis of this process and assessing whether a similar mech-
anism may operate in other crawling cells.
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A. V., David, L. A., Döbereiner, H. G., Wiggins, C. H., and Sheetz, M. P. (2008).
Quantification of cell edge velocities and traction forces reveals distinct motility
modules during cell spreading. PLoS ONE 3, e3735.

Gibson, B. W., and Cohen, P. (1990). Liquid secondary ion mass spectrometry
of phosphorylated and sulfated peptides and proteins. Methods Enzymol.
193, 480–501.

Heidemann, S., and Buxbaum, R. (1998). Cell crawling: first the motor, now
the transmission. J. Cell Biol. 141, 1–4.

Hug, C., Jay, P. Y., Reddy, I., McNally, J. G., Bridgman, P. C., Elson, E. L., and
Cooper, J. A. (1995). Capping protein levels influence actin assembly and cell
motility in Dictyostelium. Cell 81, 591–600.

Italiano, J. E., Jr., Roberts, T. M., Stewart, M., and Fontana, C. A. (1996).
Reconstitution in vitro of the motile apparatus from the amoeboid sperm of
Ascaris shows that filament assembly and bundling move membranes. Cell
84, 105–114.

Italiano, J. E., Jr., Stewart, M., and Roberts, T. M. (1999). Localized depoly-
merization of the major sperm protein cytoskeleton correlates with forward
movement of the cell body in the amoeboid movement of nematode sperm.
J. Cell Biol. 146, 1087–1095.

Iwadate, Y., and Yumura, S. (2008). Actin-based propulsive forces and myo-
sin-II–based contractile forces in migrating Dictyostelium cells. J. Cell Sci. 21,
1314–1324.

King, K. L., Stewart, M., Roberts, T. M., and Seavy, M. (1992). Structure and
macromolecular assembly of two isoforms of the major sperm protein (MSP)
from the amoeboid sperm of the nematode, Ascaris suum. J. Cell Sci. 101,
847–857.

Loisel, T. P., Boujemaa, R., Pantaloni, D., and Carlier, M. F. (1999). Reconsti-
tution of actin-based motility of Listeria and Shigella using pure proteins.
Nature 401, 613–616.

LeClaire, L. L. III, Stewart, M., and Roberts, T. M. (2003). A 48 kDa integral
membrane phosphoprotein orchestrates the cytoskeletal dynamics that gen-
erate amoeboid cell motility in Ascaris sperm. J. Cell Sci. 116, 2655–2663.

Marshall, A. G., Hendrickson, C. L., and Jackson, G. S. (1998). Fourier trans-
form ion cyclotron resonance mass spectrometry: a primer. Mass Spectrom.
Rev. 17, 1–35.

Miao, L., Vanderlinde, O., Stewart, M., and Roberts, T. M. (2003). Retraction
in amoeboid cell motility powered by cytoskeletal dynamics. Science 302,
1405–1407.

Protein Dephosphorylation in Cell Body Retraction

Vol. 20, July 15, 2009 3207

148



Miao, L., Vanderlinde, O., Liu, J., Grant, R. P., Wouterse, A., Shimabukuro, K.,
Philipse, A., Stewart, M., and Roberts, T. M. (2008). The role of filament-
packing dynamics in powering amoeboid cell motility. Proc. Natl. Acad. Sci.
USA 105, 5390–5395.

Pantaloni, D., Le Clainche, C., and Carlier, M. F. (2001). Mechanism of
actin-based motility. Science 292, 1502–1506.

Perkins, D. N., Pappin, D. J., Creasy, D. M., and Cottrell, J. S. (1999). Proba-
bility-based protein identification by searching sequence databases using
mass spectrometry data. Electrophoresis 20, 3551–3567.

Pollard, T. D., and Borisy, G. G. (2003). Cellular motility driven by assembly
and disassembly of actin filaments. Cell 112, 453–465.

Rafelski, S. M., and Theriot, J. A. (2004). Crawling toward a unified model of
cell motility: spatial and temporal regulation of actin dynamics. Annu. Rev.
Biochem. 73, 209–239.

Ris, H. (1985). The cytoplasmic filament system in critical point-dried whole
mounts and plastic-embedded sections. J. Cell Biol. 100, 1474–1487.

Roberts, T. M., and Stewart, M. (2000). Acting like actin. The dynamics of the
nematode major sperm protein (MSP) cytoskeleton indicate a push-pull
mechanism for amoeboid cell motility. J. Cell Biol. 149, 7–12.

Schaub, T. M., Hendrickson, C. L., Horning, S., Quinn, J. P., Senko, M. W., and
Marshall, A. G. (2008). High performance mass spectrometry: Fourier trans-
form ion cyclotron resonance at 14.5 Tesla. Anal. Chem. 80, 3985–3990.

Sepsenwol, S., Ris, H., and Roberts, T. M. (1989). A unique cytoskeleton
associated with crawling in the amoeboid sperm of the nematode, Ascaris

suum. J. Cell Biol. 108, 55–66.

Shevchenko, A., Tomas, H., Havlis, J., Olsen, J. V., and Mann, M. (2006). In-gel
digestion for mass spectrometric characterization of proteins and proteomes.
Nat. Protoc. 1, 2856–2860.

Stewart, M., King, K. L., and Roberts, T. M. (1993). Crystallization of the
motile major sperm protein (MSP) of the nematode, Ascaris suum. J. Mol. Biol.
232, 298–300.

Svitkina, T. M., Verkhovsky, A. B., and Borisy, G. G. (1995). Improved
procedures for electron microscopic visualization of the cytoskeleton of cul-
tured cells. J. Struct. Biol. 115, 290–303.

Svitkina, T. M., Verkhovsky, A. B., McQuade, K. M., and Borisy, G. G. (1997).
Analysis of the actin-myosin II system in fish epidermal keratocytes: mecha-
nism of cell body translocation. J. Cell Biol. 139, 397–415.

Theriot, J. A. (1996). Worm sperm and advances in cell locomotion. Cell 84,
1–4.

Virshup, D. M. (2000). Protein phosphatase 2A: a panoply of enzymes. Curr.
Opin. Cell Biol. 12, 180–185.

Wang, Y. L. (1985). Exchange of actin subunits at the leading edge of living
fibroblasts: possible role of treadmilling. J. Cell Biol. 101, 597–602.

Yi, K., Buttery, S., Stewart, M., and Roberts, T. M. (2007). A Ser/Thr kinase
required for membrane-associated assembly of the major sperm protein mo-
tility apparatus in the amoeboid sperm of Ascaris. Mol. Biol. Cell 18, 1816–
1825.

K. Yi et al.

Molecular Biology of the Cell3208

149



REFERENCES

1. Marshall, A.G. and C.L. Hendrickson, Fourier transform ion cyclotron resonance 

detection: principles and experimental configurations. Int. J. Mass. Spectrom., 
2002. 215: p. 59-75.

2. Marshall, A.G. and C.L. Hendrickson, Charge Reduction Lowers Mass Resolving 

Power for Isotopically Resolved Electrospray Ionization Fourier Transform Ion 

Cyclotron Resonance Mass Spectra. Rapid Comm. Mass Spec., 2001. 15: p. 
232-235.

3. Marshall, A.G., C.L. Hendrickson, and G.S. Jackson, Fourier transform ion 

cyclotron resonance mass spectrometry: a primer. Mass Spectrom Rev, 1998. 
17(1): p. 1-35.

4. Schaub, T.M., et al., High-performance mass spectrometry: Fourier transform ion 

cyclotron resonance at 14.5 Tesla. Anal. Chem., 2008. 80: p. 3985-3990.

5. Siuti, N. and N.L. Kelleher, Decoding protein modifications using top-down mass 

spectrometry. Nat Methods, 2007. 4(10): p. 817-21.

6. Syka, J.E., et al., Novel linear quadrupole ion trap/FT mass spectrometer: 

performance characterization and use in the comparative analysis of histone H3 

post-translational modifications. J Proteome Res, 2004. 3(3): p. 621-6.

7. Wilcox, B.E., C.L. Hendrickson, and A.G. Marshall, Improved ion extraction from 

a linear octopole ion trap: SIMION analysis and experimental demonstration. J 
Am Soc Mass Spectrom, 2002. 13(11): p. 1304-12.

8. Wang, X., et  al., Sites and extent of selenomethionine incorporation into 

recombinant Cas6 protein by top-down and bottom-up proteomics with 14.5 T 

Fourier transform ion cyclotron resonance mass spectrometry. Rapid Commun 
Mass Spectrom. 24(16): p. 2386-92.

9. Fenn, J.B., et al., Electrospray ionization for mass spectrometry of large 

biomolecules. Science, 1989. 246(4926): p. 64-71.

10. Karas, M. and F. Hillenkamp, Laser desorption ionization of proteins with 

molecular masses exceeding 10,000 daltons. Anal Chem, 1988. 60(20): p. 
2299-301.

11. Smith, D.F., Petroleomics Applications of Fourier Transform Ion Cyclotron 

Resonance Mass Spectrometry: Crude Oil and Bitumen Analysis. Florida State 
University, Tallahassee, FL, 2007.

12. Chait, B.T. and S.B. Kent, Weighing naked proteins: practical, high-accuracy 

mass measurement of peptides and proteins. Science, 1992. 257(5078): p. 
1885-94.

150



13. Lee, T.D., R.E. Moore, and M.K. Young, Introducing samples directly into 

electrospray ionization mass spectrometers using microscale capillary liquid 

chromatography. Curr Protoc Protein Sci, 2001. Chapter 16: p. Unit 16 9.

14. Emmett, M.R. and R.M. Caprioli, Micro-electrospray mass spectrometry: ultra-

high-sensitivity analysis of peptides and proteins. J. Am. Soc. Mass Spectrom., 
1994. 5: p. 605-613.

15. Knochenmuss, R., Ion formation mechanisms in UV-MALDI. Analyst, 2006. 
131(9): p. 966-86.

16. Tang, K., et al., Detection of 500-nucleotide DNA by laser desorption mass 

spectrometry. Rapid Comm. Mass Spec., 1994. 8: p. 727-730.

17. Karas, M. and U. Bahr, Laser Desorption Ionization Mass Spectrometry of Large 

Biomolecules. Trands Anal. Chem., 1990. 9: p. 321-325.

18. An, H.J. and C.B. Lebrilla, A glycomics approach to the discovery of potential 

cancer biomarkers. Methods Mol Biol. 600: p. 199-213.

19. Walsh, C.T., S. Garneau-Tsodikova, and G.J. Gatto, Jr., Protein posttranslational 

modifications: the chemistry of proteome diversifications. Angew Chem Int Ed 
Engl, 2005. 44(45): p. 7342-72.

20. Ana, G., Optimizing data collecting for structure determination. Acta Cryst., 
2003. D59: p. 1935-1942.

21. Steven, E.E., Advances in multiple wavelength anomalous diffraction 

crystallography. Current Opinion in Chemical Biology, 2000. 4.

22. Smith, J., Thompson, A., Reactivity of selenomethione-dents in the magic bullet? 
Structure, 1998. 6: p. 815-819.

23. Han, X., A. Aslanian, and J.R. Yates, 3rd, Mass spectrometry for proteomics. Curr 
Opin Chem Biol, 2008. 12(5): p. 483-90.

24. Hoffman, M.D., M.J. Sniatynski, and J. Kast, Current approaches for global post-

translational modification discovery and mass spectrometric analysis. Anal Chim 
Acta, 2008. 627(1): p. 50-61.

25. Chait, B.T., Chemistry. Mass spectrometry: bottom-up or top-down? Science, 
2006. 314(5796): p. 65-6.

26. Kelleher, N.L., Top-down proteomics. Anal Chem, 2004. 76(11): p. 197A-203A.

27. Hirayama, K., et al., Primary structure of Paim I, an alpha-amylase inhibitor from 

Streptomyces corchorushii, determined by the combination of Edman degradation 

and fast atom bombardment mass spectrometry. Biochemistry, 1987. 26(20): p. 
6483-8.

28. Garrels, J.I., Two dimensional gel electrophoresis and computer analysis of 

proteins synthesized by clonal cell lines. J Biol Chem, 1979. 254(16): p. 7961-77.

151



29. Klose, J., Protein mapping by combined isoelectric focusing and electrophoresis 

of mouse tissues. A novel approach to testing for induced point mutations in 

mammals. Humangenetik, 1975. 26(3): p. 231-43.

30. Håkansson, K., et  al., Structural Analysis of 2D-Gel-Separated Glycoproteins 

from Human Cerebrospinal Fluid by Tandem High Resolution Mass Spectrometry. 
J. Proteome Res., 2003. 2: p. 581-588.

31. Kondo, T., Cancer proteome-expression database: Genome Medicine Database of 

Japan Proteomics. Expert Rev Proteomics. 7(1): p. 21-7.

32. Ashman, K. and E.L. Villar, Phosphoproteomics and cancer research. Clin Transl 
Oncol, 2009. 11(6): p. 356-62.

33. Yates, J.R., C.I. Ruse, and A. Nakorchevsky, Proteomics by mass spectrometry: 

approaches, advances, and applications. Annu Rev Biomed Eng, 2009. 11: p. 
49-79.

34. Wang, X., M.R. Emmett, and A.G. Marshall, Liquid Chromatography 

Electrospray Ionization Fourier Transform Ion Cyclotron Resonance Mass 

Spectrometric Characterization of N-Linked Glycans and Glycopeptides. Anal 
Chem.

35. Klose, J. and U. Kobalz, Two-dimensional electrophoresis of proteins: an updated 

protocol and implications for a functional analysis of the genome. 
Electrophoresis, 1995. 16(6): p. 1034-59.

36. Chen, G. and B.N. Pramanik, Application of LC/MS to proteomics studies: current 

status and future prospects. Drug Discov Today, 2009. 14(9-10): p. 465-71.

37. Chen, G. and B.N. Pramanik, LC-MS for protein characterization: current 

capabilities and future trends. Expert Rev Proteomics, 2008. 5(3): p. 435-44.

38. America, A.H. and J.H. Cordewener, Comparative LC-MS: a landscape of peaks 

and valleys. Proteomics, 2008. 8(4): p. 731-49.

39. Dunn, W.B., Current trends and future requirements for the mass spectrometric 

investigation of microbial, mammalian and plant metabolomes. Phys Biol, 2008. 
5(1): p. 011001.

40. Chen, C., F.J. Gonzalez, and J.R. Idle, LC-MS-based metabolomics in drug 

metabolism. Drug Metab Rev, 2007. 39(2-3): p. 581-97.

41. Karlsson, H., et al., High-throughput and high-sensitivity nano-LC/MS and MS/

MS for O-glycan profiling. Methods Mol Biol, 2009. 534: p. 117-31.

42. An, H.J., et  al., Glycomics and disease markers. Curr Opin Chem Biol, 2009. 
13(5-6): p. 601-7.

43. Hubbard, M.J. and P. Cohen, On target with a new mechanism for the regulation 

of protein phosphorylation. Trends Biochem Sci, 1993. 18(5): p. 172-7.

152



44. Seet, B.T., et al., Reading protein modifications with interaction domains. Nat 
Rev Mol Cell Biol, 2006. 7(7): p. 473-83.

45. Macek, B., M. Mann, and J.V. Olsen, Global and site-specific quantitative 

phosphoproteomics: principles and applications. Annu Rev Pharmacol Toxicol, 
2009. 49: p. 199-221.

46. Brittain, S.M., et al., Enrichment and analysis of peptide subsets using fluorous 

affinity tags and mass spectrometry. Nat Biotechnol, 2005. 23(4): p. 463-8.

47. Olsen, J.V., et al., Global, in vivo, and site-specific phosphorylation dynamics in 

signaling networks. Cell, 2006. 127(3): p. 635-48.

48. Piggee, C., Phosphoproteomics: miles to go before it's routine. Anal Chem, 2009. 
81(7): p. 2418-20.

49. Grimsrud, P.A., et al., Phosphoproteomics for the masses. ACS Chem Biol. 5(1): 
p. 105-19.

50. An, H.J., J.W. Froehlich, and C.B. Lebrilla, Determination of glycosylation sites 

and site-specific heterogeneity in glycoproteins. Curr Opin Chem Biol, 2009. 
13(4): p. 421-6.

51. Dennis, J.W., M. Granovsky, and C.E. Warren, Protein glycosylation in 

development and disease. Bioessays, 1999. 21(5): p. 412-21.

52. Raman, R., et al., Glycomics: an integrated systems approach to structure-

function relationships of glycans. Nat Methods, 2005. 2(11): p. 817-24.

53. Plummer, T.H., Jr. and A.L. Tarentino, Purification of the oligosaccharide-

cleaving enzymes of Flavobacterium meningosepticum. Glycobiology, 1991. 1(3): 
p. 257-63.

54. Hakansson, K., et al., Electron capture dissociation and infrared multiphoton 

dissociation MS/MS of an N-glycosylated tryptic peptic to yield complementary 

sequence information. Anal Chem, 2001. 73(18): p. 4530-6.

55. Kornfeld, R. and S. Kornfeld, Assembly of asparagine-linked oligosaccharides. 
Annu Rev Biochem, 1985. 54: p. 631-64.

56. Dell, A. and H.R. Morris, Glycoprotein structure determination by mass 

spectrometry. Science, 2001. 291(5512): p. 2351-6.

57. Morris, H.R., et al., Antifreeze glycoproteins from the blood of an antarctic fish. 

The structure of the proline-containing glycopeptides. J Biol Chem, 1978. 
253(14): p. 5155-62.

58. Morris, H.R., M. Panico, and G.W. Taylor, FAB-mapping of recombinant-DNA 

protein products. Biochem Biophys Res Commun, 1983. 117(1): p. 299-305.

59. Tissot, B., et al., Glycoproteomics: past, present and future. FEBS Lett, 2009. 
583(11): p. 1728-35.

153



60. Chen, W.G. and F.M. White, Proteomic analysis of cellular signaling. Expert Rev 
Proteomics, 2004. 1(3): p. 343-54.

61. Heibeck, T.H., et al., An extensive survey of tyrosine phosphorylation revealing 

new sites in human mammary epithelial cells. J Proteome Res, 2009. 8(8): p. 
3852-61.

62. Peirce, M.J., et al., Two-stage affinity purification for inducibly phosphorylated 

membrane proteins. Proteomics, 2005. 5(9): p. 2417-21.

63. Zhang, X., et al., Highly Efficient Phosphopeptide Enrichment by Calcium 

Phosphate Precipitation Combined with Subsequent IMAC Enrichment. Mol Cell 
Proteomics, 2007. 6(11): p. 2032-42.

64. Beausoleil, S.A., et  al., Large-scale characterization of HeLa cell nuclear 

phosphoproteins. Proc. Natl. Acad. Sci. U.S.A., 2004. 101: p. 12130-12135.

65. Del Rosario, A.M. and F.M. White, Quantifying oncogenic phosphotyrosine 

signaling networks through systems biology. Curr Opin Genet Dev. 20(1): p. 
23-30.

66. Ikeguchi, Y. and H. Nakamura, Determination of organic phosphates by column-

switching high performance anion-exchange chromatography using on-line 

preconcentration on titania. . Anal. Sci., 1997. 13: p. 479-483.

67. Pinkse, M.W., et al., Selective isolation at the femtomole level of phosphopeptides 

from proteolytic digests using 2D-NanoLC-ESI-MS/MS and titanium oxide 

precolumns. Anal. Chem., 2004. 76: p. 3935-3943.

68. Kosmulski, M., The significance of the difference in the point of zero charge 

between rutile and anatase. Adv Colloid Interface Sci, 2002. 99(3): p. 255-64.

69. Kyono, Y., et al., Successive and selective release of phosphorylated peptides 

captured by hydroxy acid-modified metal oxide chromatography. J. Proteome 

Res., 2008. 10: p. 4585-4593.

70. Jensen, S.S. and M.R. Larsen, Evaluation of the impact of some experimental 

procedures on different phosphopeptide enrichment techniques. Rapid Commun 
Mass Spectrom, 2007. 21(22): p. 3635-45.

71. Sugiyama, N., et al., Phosphopeptide enrichment by aliphatic hydroxy acid-

modified metal oxide chromatography for nano-LC-MS/MS in proteomics 

applications. Mol Cell Proteomics, 2007. 6: p. 1103-1109.

72. Gates, M.B., K.B. Tomer, and L.J. Deterding, Comparison of metal and metal 

oxide media for phosphopeptide enrichment prior to mass spectrometric analyses. 
J Am Soc Mass Spectrom. 21(10): p. 1649-59.

73. Raijmakers, R., et  al., Exploring the human leukocyte phosphoproteome using a 

microfluidic reversed-phase-TiO2-reversed-phase high-performance liquid 

154



chromatography phosphochip coupled to a quadrupole time-of-flight mass 

spectrometer. Anal Chem. 82(3): p. 824-32.

74. Craft, G.E., et al., The in vivo phosphorylation sites in multiple isoforms of 

amphiphysin I from rat brain nerve terminals. Mol Cell Proteomics, 2008. 7(6): p. 
1146-61.

75. Pinkse, M.W., et al., Highly robust, automated, and sensitive online TiO2-based 

phosphoproteomics applied to study endogenous phosphorylation in Drosophila 

melanogaster. J Proteome Res, 2008. 7(2): p. 687-97.

76. Porath, J., et al., Metal chelate affinity chromatography, a new approach to 

protein fractionation. Nature, 1975. 258(5536): p. 598-9.

77. Andersson, L. and J. Porath Isolation of phosphoproteins by immobilized metal 

(Fe3+) affinity chromatography. Anal Biochem, 1986. 154: p. 250-254.

78. Muszynska, G., L. Andersson, and J. Porath, Selective adsorption of 

phosphoproteins on gel-immobilized ferric chelate. Biochemistry, 1986. 25(22): p. 
6850-3.

79. Posewitz, M.C. and P. Tempst, Immobilized gallium(III) affinity chromatography 

of phosphopeptides. Anal. Chem., 1999. 71: p. 2883–2892.

80. Zhou, H., et  al., Zirconium phosphonate-modified porous silicon for highly 

specific capture of phosphopeptides and MALDI-TOF MS analysis. J Proteome 
Res, 2006. 5(9): p. 2431-7.

81. Ficarro, S.B., et al., Phosphoproteome analysis by mass spectrometry and its 

application to Saccharomyces cerevisiae. Nat Biotechnol, 2002. 20(3): p. 301-5.

82. Stewart, II, T. Thomson, and D. Figeys, 18O labeling: a tool for proteomics. 
Rapid Commun Mass Spectrom, 2001. 15(24): p. 2456-65.

83. Nuhse, T.S., et al., Large-scale analysis of in vivo phosphorylated membrane 

proteins by immobilized metal ion affinity chromatography and mass 

spectrometry. Mol Cell Proteomics, 2003. 2(11): p. 1234-43.

84. Nousiainen, M., et  al., Phosphoproteome analysis of the human mitotic spindle. 
Proc Natl Acad Sci U S A, 2006. 103(14): p. 5391-6.

85. Andersson, L. and J. Porath, Isolation of phosphoproteins by immobilized metal 

(Fe3+) affinity chromatography. Anal Biochem, 1986. 154(1): p. 250-4.

86. Beausoleil, S.A., et  al., Large-scale characterization of HeLa cell nuclear 

phosphoproteins. Proc Natl Acad Sci U S A, 2004. 101(33): p. 12130-5.

87. Gauci, S., et al., Lys-N and trypsin cover complementary parts of the 

phosphoproteome in a refined SCX-based approach. Anal Chem, 2009. 81(11): p. 
4493-501.

155



88. McNulty, D.E. and R.S. Annan, Hydrophilic interaction chromatography for 

fractionation and enrichment of the phosphoproteome. Methods Mol Biol, 2009. 
527: p. 93-105, x.

89. Oda, Y., T. Nagasu, and B.T. Chait, Enrichment analysis of phosphorylated 

proteins as a tool for probing the phosphoproteome. Nat Biotechnol, 2001. 19(4): 
p. 379-82.

90. Knight, Z.A., et  al., Phosphospecific proteolysis for mapping sites of protein 

phosphorylation. Nat Biotechnol, 2003. 21(9): p. 1047-54.

91. Kaji, H., et al., Mass spectrometric identification of N-linked glycopeptides using 

lectin-mediated affinity capture and glycosylation site-specific stable isotope 

tagging. Nat Protoc, 2006. 1(6): p. 3019-27.

92. Hirabayashi, J., Lectin-based structural glycomics: glycoproteomics and glycan 

profiling. Glycoconj J, 2004. 21(1-2): p. 35-40.

93. Bunkenborg, J., et al., Screening for N-glycosylated proteins by liquid 

chromatography mass spectrometry. Proteomics, 2004. 4(2): p. 454-65.

94. Drake, R.R., et al., Lectin capture strategies combined with mass spectrometry for 

the discovery of serum glycoprotein biomarkers. Mol Cell Proteomics, 2006. 
5(10): p. 1957-67.

95. Kaji, H., et al., Lectin affinity capture, isotope-coded tagging and mass 

spectrometry to identify N-linked glycoproteins. Nat Biotechnol, 2003. 21(6): p. 
667-72.

96. Wuhrer, M., et al., Glycoproteomics based on tandem mass spectrometry of 

glycopeptides. J Chromatogr B Analyt Technol Biomed Life Sci, 2007. 849(1-2): 
p. 115-28.

97. Cummings, R.D. and S. Kornfeld, Fractionation of asparagine-linked 

oligosaccharides by serial lectin-Agarose affinity chromatography. A rapid, 

sensitive, and specific technique. J Biol Chem, 1982. 257(19): p. 11235-40.

98. Yang, Z. and W.S. Hancock, Approach to the comprehensive analysis of 

glycoproteins isolated from human serum using a multi-lectin affinity column. J 
Chromatogr A, 2004. 1053(1-2): p. 79-88.

99. Lee, A., et al., Rat liver membrane glycoproteome: enrichment by phase 

partitioning and glycoprotein capture. J Proteome Res, 2009. 8(2): p. 770-81.

100. Calvano, C.D., C.G. Zambonin, and O.N. Jensen, Assessment of lectin and HILIC 

based enrichment protocols for characterization of serum glycoproteins by mass 

spectrometry. J Proteomics, 2008. 71(3): p. 304-17.

101. Sleat, D.E., et al., Identification and validation of mannose 6-phosphate 

glycoproteins in human plasma reveal a wide range of lysosomal and non-

lysosomal proteins. Mol Cell Proteomics, 2006. 5(10): p. 1942-56.

156



102. Hirabayashi, J., T. Hashidate, and K. Kasai, Glyco-catch method: A lectin affinity 

technique for glycoproteomics. J Biomol Tech, 2002. 13(4): p. 205-18.

103. Tian, Y., et al., Solid-phase extraction of N-linked glycopeptides. Nat Protoc, 
2007. 2(2): p. 334-9.

104. Nilsson, J., et  al., Enrichment of glycopeptides for glycan structure and 

attachment site identification. Nat Methods, 2009. 6(11): p. 809-11.

105. Whelan, S.A., et  al., Mass spectrometry (LC-MS/MS) site-mapping of N-

glycosylated membrane proteins for breast cancer biomarkers. J Proteome Res, 
2009. 8(8): p. 4151-60.

106. Zauner, G., et  al., Protein glycosylation analysis by HILIC-LC-MS of Proteinase 

K-generated N- and O-glycopeptides. J Sep Sci. 33(6-7): p. 903-10.

107. Linden, J.C. and C.L. Lawhead, Liquid Chromatography of Saccharides. J. 
Chromatogr. A, 1975. 105: p. 125-133.

108. Wuhrer, M., et al., Protein glycosylation analyzed by normal-phase nano-liquid 

chromatography--mass spectrometry of glycopeptides. Anal Chem, 2005. 77(3): p. 
886-94.

109. Temporini, C., et al., Pronase-immobilized enzyme reactor: an approach for 

automation in glycoprotein analysis by LC/LC-ESI/MSn. Anal Chem, 2007. 79(1): 
p. 355-63.

110. Hagglund, P., et al., A new strategy for identification of N-glycosylated proteins 

and unambiguous assignment of their glycosylation sites using HILIC enrichment 

and partial deglycosylation. J Proteome Res, 2004. 3(3): p. 556-66.

111. Mauko, L., et al., Glycan profiling of monoclonal antibodies using zwitterionic-

type hydrophilic interaction chromatography coupled with ESI MS detection. Anal 
Biochem.

112. Amon, S., A.D. Zamfir, and A. Rizzi, Glycosylation analysis of glycoproteins and 

proteoglycans using capillary electrophoresis-mass spectrometry strategies. 
Electrophoresis, 2008. 29(12): p. 2485-507.

113. Bindila, L., J. Peter-Katalinic, and A. Zamfir, Sheathless reverse-polarity 

capillary electrophoresis-electrospray-mass spectrometry for analysis of 

underivatized glycoconjugates. Electrophoresis, 2005. 26(7-8): p. 1488-99.

114. Amon, S., A. Plematl, and A. Rizzi, Capillary zone electrophoresis of 

glycopeptides under controlled electroosmotic flow conditions coupled to 

electrospray and matrix-assisted laser desorption/ionization mass spectrometry. 
Electrophoresis, 2006. 27(5-6): p. 1209-19.

115. Jackson, G.S., C.L. Hendrickson, and A.G. Marshall, Fourier transform ion 

cyclotron resonance mass spectrometry: a primer. Mass Spec. Rev., 1998. 
17(1-35).

157



116. Wells, J.M. and S.A. McLuckey, Collision-induced dissociation (CID) of peptides 

and proteins. Methods Enzymol, 2005. 402: p. 148-85.

117. Sleno, L. and D.A. Volmer, Ion activation methods for tandem mass spectrometry. 
J Mass Spectrom, 2004. 39(10): p. 1091-112.

118. Olsen, J.V., et al., Higher-energy C-trap dissociation for peptide modification 

analysis. Nat Methods, 2007. 4(9): p. 709-12.

119. Zhang, Y., et al., Optimized Orbitrap HCD for quantitative analysis of 

phosphopeptides. J Am Soc Mass Spectrom, 2009. 20(8): p. 1425-34.

120. DeGnore, J.P. and J. Qin, Fragmentation of phosphopeptides in an ion trap mass 

spectrometer. J Am Soc Mass Spectrom, 1998. 9(11): p. 1175-88.

121. Tholey, A., J. Reed, and W.D. Lehmann, Electrospray tandem mass spectrometric 

studies of phosphopeptides and phosphopeptide analogues. J Mass Spectrom, 
1999. 34(2): p. 117-23.

122. Moyer, S.C., C.E. VonSeggern, and R.J. Cotter, Fragmentation of cationized 

phosphotyrosine containing peptides by atmospheric pressure MALDI/Ion trap 

mass spectrometry. J Am Soc Mass Spectrom, 2003. 14(6): p. 581-92.

123. Gehrig, P.M., et al., Phosphorylated serine and threonine residues promote site-

specific fragmentation of singly charged, arginine-containing peptide ions. Rapid 
Commun Mass Spectrom, 2009. 23(10): p. 1435-45.

124. Perkins, D.N., et al., Probability-based protein identification by searching 

sequence databases using mass spectrometry data. Electrophoresis, 1999. 20(18): 
p. 3551-67.

125. Eng, J.K., A.L. McCormack, and J.R. Yates, III, An Approach to Correlate 

Tandem Mass Spectral Data of Peptides with Amino Acid Sequences in a Protein 

Database. J. Am. Soc. Mass Spectrom., 1994. 5: p. 976-989.

126. Beausoleil, S.A., et al., A probability-based approach for high-throughput protein 

phosphorylation analysis and site localization. Nat Biotechnol, 2006. 24(10): p. 
1285-92.

127. Olsen, J.V. and M. Mann, Improved peptide identification in proteomics by two 

consecutive stages of mass spectrometric fragmentation. Proc Natl Acad Sci U S 
A, 2004. 101(37): p. 13417-22.

128. Domon, B. and C.E. Costello, A systematic nomenclature for carbohydrate 

fragmentations in FAB-MS/MS spectra of glycoconjugates. Glycoconjugate J., 
1988. 5: p. 397-409.

129. Wada, Y., M. Tajiri, and S. Yoshida, Hydrophilic affinity isolation and MALDI 

multiple-stage tandem mass spectrometry of glycopeptides for glycoproteomics. 
Anal Chem, 2004. 76(22): p. 6560-5.

158



130. Wang, X., M.R. Emmett, and A.G. Marshall, Liquid chromatography electrospray 

ionization Fourier transform ion cyclotron resonance mass spectrometric 

characterization of N-linked glycans and glycopeptides. Anal Chem. 82(15): p. 
6542-8.

131. Conboy, J.J. and J.D. Henion, The determination of glycopeptides by liquid 

chromatography/mass spcetrometry with collision-induced dissociation. J. Am. 
Soc. Mass Spectrom., 1992. 3: p. 804-814.

132. Hanisch, F.G., et al., Localization of O-glycosylation sites of MUC1 tandem 

repeats by QTOF ESI mass spectrometry. J Mass Spectrom, 1998. 33(4): p. 
358-62.

133. Alving, K., H. Paulsen, and J. Peter-Katalinic, Characterization of O-

glycosylation sites in MUC2 glycopeptides by nanoelectrospray QTOF mass 

spectrometry. J Mass Spectrom, 1999. 34(4): p. 395-407.

134. Kubota, K., et al., Analysis of glycopeptides using lectin affinity chromatography 

with MALDI-TOF mass spectrometry. Anal Chem, 2008. 80(10): p. 3693-8.

135. Kawasaki, N., S. Itoh, and T. Yamaguchi, LC/MSn for glycoprotein analysis: N-

linked glycosylation analysis and peptide sequencing of glycopeptides. Methods 
Mol Biol, 2009. 534: p. 239-48.

136. Deguchi, K., et al., Complementary structural information of positive- and 

negative-ion MSn spectra of glycopeptides with neutral and sialylated N-glycans. 
Rapid Commun Mass Spectrom, 2006. 20(5): p. 741-6.

137. Zubarev, R.A., N.L. Kelleher, and F.W. Mclafferty, Electron capture dissociation 

of multiply charged protein cations. A nonergodic process. J. Am. Chem. Soc., 
1998. 120: p. 3265-3266.

138. McLafferty, F.W., et al., Electron capture dissociation of gaseous multiply 

charged ions by Fourier-transform ion cyclotron resonance. J Am Soc Mass 
Spectrom, 2001. 12(3): p. 245-9.

139. Satake, H., et al., Fast multiple electron capture dissociation in a linear radio 

frequency quadrupole ion trap. Anal Chem, 2007. 79(22): p. 8755-61.

140. Ben Hamidane, H., et al., Periodic sequence distribution of product ion 

abundances in electron capture dissociation of amphipathic peptides and proteins. 
J Am Soc Mass Spectrom, 2009. 20(6): p. 1182-92.

141. Tsybin, Y.O., et al., Electron capture dissociation implementation progress in 

Fourier transform ion cyclotron resonance mass spectrometry. J Am Soc Mass 
Spectrom, 2008. 19(6): p. 762-71.

142. Renfrow, M.B., et al., Analysis of O-glycan heterogeneity in IgA1 myeloma 

proteins by Fourier transform ion cyclotron resonance mass spectrometry: 

implications for IgA nephropathy. Anal Bioanal Chem, 2007. 389(5): p. 1397-407.

159



143. Bailey, C.M., et al., SLoMo: automated site localization of modifications from 

ETD/ECD mass spectra. J Proteome Res, 2009. 8(4): p. 1965-71.

144. Sweet, S.M., et al., Targeted online liquid chromatography electron capture 

dissociation mass spectrometry for the localization of sites of in vivo 

phosphorylation in human Sprouty2. Anal Chem, 2008. 80(17): p. 6650-7.

145. Zabrouskov, V. and J.P. Whitelegge, Increased coverage in the transmembrane 

domain with activated-ion electron capture dissociation for top-down Fourier-

transform mass spectrometry of integral membrane proteins. J Proteome Res, 
2007. 6(6): p. 2205-10.

146. Hakansson, K., et al., Combined electron capture and infrared multiphoton 

dissociation for multistage MS/MS in a Fourier transform ion cyclotron 

resonance mass spectrometer. Anal Chem, 2003. 75(13): p. 3256-62.

147. Little, D.P., et al., Infrared multiphoton dissociation of large multiply charged 

ions for biomolecule sequencing. Anal Chem, 1994. 66(18): p. 2809-15.

148. Syka, J.E., et al., Peptide and protein sequence analysis by electron transfer 

dissociation mass spectrometry. Proc Natl Acad Sci U S A, 2004. 101(26): p. 
9528-33.

149. Coon, J.J., et al., Anion dependence in the partitioning between proton and 

electron transfer in ion/ion reactions. Int. J. Mass Spectrom, 2004. 236: p. 33-42.

150. McAlister, G.C., et al., A proteomics grade electron transfer dissociation-enabled 

hybrid linear ion trap-orbitrap mass spectrometer. J Proteome Res, 2008. 7(8): p. 
3127-36.

151. Xia, Y., et al., Implementation of ion/ion reactions in a quadrupole/time-of-flight 

tandem mass spectrometer. Anal Chem, 2006. 78(12): p. 4146-54.

152. Renfrow, M.B., et  al., Determination of Aberrant O-Glycosylation in the IgA1 

Hinge Region by Electron Capture Dissociation Fourier Transform Ion Cyclotron 

Resonance Mass Spectrometry. J. Biol. Chem., 2005. 280: p. 19136-19145.

153. Marshall, A.G., C.L. Hendrickson, and G.S. Jackson, Fourier transform ion 

cyclotron resonance mass spectrometry: a primer. Mass Spectrom. Rev., 1998. 17: 
p. 1-35.

154. Chernushevich, I.V., A.V. Loboda, and B.A. Thomson, An introduction to 

quadrupole-time-of-flight mass spectrometry. J Mass Spectrom, 2001. 36(8): p. 
849-65.

155. Haas, W., et al., Optimization and use of peptide mass measurement accuracy in 

shotgun proteomics. Mol Cell Proteomics, 2006. 5(7): p. 1326-37.

156. Yates, J.R., et al., Performance of a linear ion trap-Orbitrap hybrid for peptide 

analysis. Anal Chem, 2006. 78(2): p. 493-500.

160



157. Desaire, H. and D. Hua, When can glycopeptides be assigned based solely on 

high-resolution mass spectrometry data? . Int. J. Mass Spectrom., 2009. 287: p. 
21-26.

158. Imre, T., et al., Glycosylation site analysis of human alpha-1-acid glycoprotein 

(AGP) by capillary liquid chromatography-electrospray mass spectrometry. J. 
Mass Spectrom., 2005. 40: p. 1472-1483.

159. Go, E.P., et al., GlycoPep DB: a tool for glycopeptide analysis using a "Smart 

Search". Anal. Chem., 2007. 79: p. 1708-1713.

160. Bykova, N.V., et al., Determination and characterization of site-specific N-

glycosylation using MALDI-Qq-TOF tandem mass spectrometry: case study with 

a plant protease. Anal Chem, 2006. 78(4): p. 1093-103.

161. Larsen, M.R., P. Hojrup, and P. Roepstorff, Characterization of gel-separated 

glycoproteins using two-step proteolytic digestion combined with sequential 

microcolumns and mass spectrometry. Mol Cell Proteomics, 2005. 4(2): p. 
107-19.

162. Elias, J.E. and S.P. Gygi, Target-decoy search strategy for increased confidence in 

large-scale protein identifications by mass spectrometry. Nat Methods, 2007. 4(3): 
p. 207-14.

163. Liu, Z., et al., Tandem 18O stable isotope labeling for quantification of N-

glycoproteome. J Proteome Res. 9(1): p. 227-36.

164. Ueda, K., et al., Development of serum glycoproteomic profiling technique; 

simultaneous identification of glycosylation sites and site-specific quantification 

of glycan structure changes. Mol Cell Proteomics.

165. Morelle, W. and J.C. Michalski, Analysis of protein glycosylation by mass 

spectrometry. Nat Protoc, 2007. 2(7): p. 1585-602.

166. Ruttenberg, B.E., et al., PhosphoScore: an open-source phosphorylation site 

assignment tool for MSn data. J Proteome Res, 2008. 7(7): p. 3054-9.

167. Swaney, D.L., et al., Human embryonic stem cell phosphoproteome revealed by 

electron transfer dissociation tandem mass spectrometry. Proc Natl Acad Sci U S 
A, 2009. 106(4): p. 995-1000.

168. Ishino, Y., Shinagawa, H., Makino, K., Amemura, M., Nakata, A., Nucleotide 

sequence of the iap gene, responsible for alkaline phosphatase isozyme 

conversion in Escherichia coli, and identification of the gene product. Jbacteriol., 
1987. 169: p. 5429-5433.

169. Kunin, V., Sorek, R., Hugenholtz, P., Evolutionary conservation of sequence and 

secondary structures in CRISPR repeats. Genome. Biol., 2007. 8: p. R61.

161



170. Mojica, F.J., Diez-Villasenor, C., Soria, E., Jeuz, G., Biological significance of a 

family of regularly spaced repeats in the genomes of archaea, bacteria and 

mitochondria. Mol. Microbiol., 2000. 36: p. 244-246.

171. Haft, D.H., Selengut, J., Mongodin, E.F., Nelson, K.E. , A guild of 45 CRISPR-

associated (Cas) protein families and multiple CRISPR/Cas subtypes exist in 

prokaryotic genomes. PLo. S. Comput. Biol., 2005. 1: p. e60.

172. Brüggemann, H., Chen, C., Comparative genomics of Thermus thermophilus: 

Plasticity of the megaplasmid and its contribution to a thermophilic lifestyle. J. 

Bioechnol., 2006. 124: p. 654-661.

173. Makarova, K.S., Aravind, L., Grishin, N.V., Shabalina, S.A., Wolf, Y.I., Koonin, 
E.V., A DNA repair system specific for thermophilic archaea and bacteria 

predicted by genomic context analysis. . Nucleic Acids Res., 2002. 30: p. 482-496.

174. Makarova, K.S., Girshin, N.V., Shabalina, S.A., Wolf, Y.I., Koonin, E.V. , A 

putative RNA-interference-based immune system in prokaryotes: computational 

analysis of the predicted enzymatic machinery, functional analogies with 

eukaryotic RNAi, and hypothetical mechanisms of action. Biol. Direct, 2006. 1: p. 
7.

175. Mojica, F.J., Diez-Villasenor, C., Garcia-Martinez, J., Soria, E., Intervening 

sequences of regularly spaced prokaryotic repeats derive from foreign genetic 

elements. J. Mol. Evol., 2005. 60: p. 174-182.

176. Carte, J., et  al., Cas6 is an endoribonuclease that generates guide RNAs for 

invader defense in prokaryotes. Genes Dev., 2008. 22: p. 3489-3496.

177. Hendrickson, W.A., Synchrotron crystallography. Trends Biochem. Sci., 2000. 25: 
p. 637-643.

178. Dernovics, M., Lobinski, R., Speciation analysis of selenium metabolites in Yeast-

based food supplements by ICPMS-Assisted Hydrophilic Interaction HPLC-

Hybrid Linear Ion Trap/Orbitrap MSn. Anal. Chem., 2008. 80(11): p. 3975-3984.

179. Encinar, J.R., Ouerdane, L., Buchmann, W., Tortajada, J., Lobinski, R., Szpunar, 
J., Identification of Water-Soluble selenium-Containing proteins in Selenized Yeast 

by size-Exclusion-Reversed-Phase HPLC/ICPMS Followed by MALDI-TOF and 

Electrospray Q-TOF Mass Spectrometry. . Anal. Chem. , 2003. 75: p. 3765-3774.

180. Senko, M.W., Canterbury, J. D., Guan, S. H., Marshall, A. G., A high-performance 

modular data system for Fourier transform ion cyclotron resonance mass 

spectrometry. Rapid Comm. Mass Spectrom., 1996. 10: p. 1839-1844.

181. Patrie, S.M., Charlebois, J.P., Whipple, D., Kelleher, N.L., Hendrickson, C.L., 
Quinn, J.P., Marshall, A.G., Mukhopadhyay, B., Construction of a hybrid 

quadrupole/Fourier transform ion cyclotron resonance mass spectrometer for 

versatile MS/MS above 10 kDa. J. Am. Soc. Mass. Spectrom., 2004 15: p. 
1099-1108.

162



182. Kelleher, N.L., Top-Down proteomics. Anal. chem., 2004. 76: p. 197A-103A.

183. Kelleher, N.L., Lin, H.Y., Valaskvoic, G.A., Aaserud, D.J., Fridriksson, E.K., 
McLafferty, F.W., Top down versus buttom up protein characterization by tandem 

high-resolution mass spectrometry. J. Am. Chem. Soc. , 1999. 121: p. 806-812.

184. He, F., Emmett, M.R., Hakansson, K., Hendrickson, C.L., Marshall, A.G., 
Theoretical and experimental prospects for protein identification based solely on 

accurate mass measurement. J. Proteome Res., 2004. 3(1): p. 61-67.

185. Speicher, K., Kolbas, O., Harper, S., Speicher, D., Systematic analysis of peptide 

recoveries from in-gel digestions for protein identification in proteome studies. J. 
Biomol. Tech., 2000. 11(2): p. 74-86.

186. Schaub, T.M., Hendrickson, C.L., Horning, S., Quinn, J.P., Senko, M.W., 
Marshall, A.G., High-Performance Mass spectrometry: Fourier Transform Ion 

Cyclotron Resonance at 14.5 Tesla. Anal. Chem., 2008. 80: p. 3985-3990.

187. Shi, S.D.-H., et al., Comparison and interconversion of the two most common 

frequency-to-mass calibration functions for Fourier transform ion cyclotron 

resonance mass spectrometry. Int. J. Mass Spectrom., 2000. 195/196: p. 591-598.

188. Ge, Y., El-Naggar, M., Sze, S.K., Oh, H.B., Begley, T.P., McLafferty, F.W., 
Boshoff, H., Barry, C.E. 3rd Top down characterization of secreted proteins from 

Mycobacteriumtuberculosis by electron capture dissociation mass spectrometry. J. 

Am. Soc. Mass.Spectrom., 2003. 14: p. 253-261.

189. Mortz, E., O'Connor, P. B., Roepstorff, P., Kelleher, N. L., Wood, T. D., 
McLafferty, F. W., Mann, M., Sequence tag identification of intact proteins by 

matching tandem mass spectral data against sequence data bases. Proc. Natl. 
Acad. Sci. USA, 1996. 93: p. 8264-8267.

190. McLafferty, F.W., Breuker, K., Jin, M., Han, X., Infusini, G., Jiang, H., Kong, X., 
Begley, T.P., Top-down MS, a powerful complement to the high capabilities of 

proteolysis proteomics. FEBS J., 2007. 274(24): p. 6256-6258.

191. Leduc, R.D., Kelleher, N.L. , Using ProSight PTM and related tools for targeted 

protein identification and characterization with high mass accuracy tandem MS 

data. Curr. Protoc. Bioinformatics., 2007. charpter 13: p. unit 13.6.

192. Zamdborg, L., LeDuc, R.D., Glowacz, K.J., Kim, Y.B., Viswanathan, V., 
Spaulding, I.T., Early, B.P., Bluhm, E.J., Babai, S., Kelleher, N.L., ProSight PTM 

2.0: improved protein identification and characterization for top down mass 

spectrometry. Nucleic. Acids Res., 2007. 35: p. W701-706.

193. Raman, R., et al., Glycomics: an integrated systems approach to structure-

function relationships of glycans. Nat. Methods., 2005. 2: p. 817-824.

194. Zhao, J., et al., N-linked Glycosylation Profiling of Pancreatic Cancer Serum 

Using Capillary Liquid Phase Separation Coupled with Mass Spectrometric 

Analysis. J. Proteome Res., 2007. 6: p. 1126-1138.

163



195. Go, E.P., et al., Glycosylation Site-Specific Analysis of HIV Envelope Proteins 

(JR-FL and CON-S) Reveals Major Differences in Glycosylation Site Occupancy, 

Glycoform Profiles, and Antigenic Epitopes Accessibility. J. Proteome Res., 2008. 
7: p. 1660-1674.

196. Dalpathado, D.S., et al., Comparative Glycomics of the Glycoprotein Follicle 

Stimulating Hormone:Glycopeptide Analysis of Isolates from Two Mammalian 

Species. Biochemistry., 2006. 45: p. 8665-8673.

197. Flack, M.R., et al., Site-directed mutagenesis defines the individual roles of the 

glycosylation sites on follicle-stimulating hormone. J. Biol. Chem., 1994. 269: p. 
14015-14020.

198. Valove, F.M., et al., Receptor binding and signal transduction are dissociable 

functions requiring different sites on follicle-stimulating hormone. 
Endocrinology., 1994. 135: p. 2657-2661.

199. Saneyoshi, T., et al., Equine follicle-stimulating hormone: molecular cloning of 

beta subunit and biological role of the asparagine-linked oligosaccharide at 

asparagine(56) of alpha subunit. Biol. Reprod., 2001. 65: p. 1686-1690.

200. North, S.J., et  al., Mass spectrometry in the analysis of N-lined and O-linked 

glycans. Curr. Opin. Chem. Biol., 2009. 19: p. 489-506.

201. Plummer, T.H.J. and A.L. Tarentino, Purification of the oligosaccharide-cleaving 

enzymes of Flavobacterium meningosepticum. Glycobiology, 1991. 1: p. 257-263.

202. Hakansson, K., et al., Electron capture dissociation and infrared multiphoton 

dissociation MS/MS of an N-glycosylated tryptic peptide to yield complementary 

sequence information. Anal. Chem., 2001. 73: p. 4530-4536.

203. Kornfeld, R. and S. Kornfeld, Assembly of asparagine-linked oligosaccharides. 
Annu. Rev. Biochem., 1985. 54: p. 631-664.

204. An, H.J., J.W. Froehlich, and L.C. B., Determination of glycosylation sites and 

site-specific heterogeneity in glycoproteins. . Curr. Opin. Chem. Biol., 2009. 13: 
p. 421-426.

205. Renfrow, M.B., et al., Analysis of O-glycan heterogeneity in IgA1 myeloma 

proteins by Fourier transform ion cyclotron resonance mass spectrometry: 

Implications for IgA nephropathy. Anal. Bioanal. Chem. , 2007(389): p. 
1397-1407.

206. Dalpathado, D.S. and H. Desaire, Glycopeptide analysis by mass spectrometry. 
Analyst., 2008. 133: p. 731-738.

207. Huddleston, M.J., M.F. Bean, and S.A. Carr, Collisional fragmentation of 

glycopeptides by electrospray ionization LC/MS and LC/MS/MS: methods for 

selective detection of glycopeptides in protein digests. Anal. Chem., 1993. 65: p. 
877-884.

164



208. Ito, H., et  al., Direct structural assignment of neutral and sialylated N-glycans of 

glycopeptides using collision-induced dissociation MSn spectral matching. Rapid 
Commun. Mass Spectrom., 2006. 20: p. 3557-3565.

209. Zhao, J., et al., Comparative serum glycoproteomics using lectin selected sialic 

acid glycoproteins with mass spectrometric analysis: application to pancreatic 

cancer serum. J. Proteome Res., 2006. 5: p. 1792-1802.

210. Geyer, H. and R. Geyer, Strategies for analysis of glycoprotein glycosylation. 
Biochim. Biophys. Acta., 2006. 1764: p. 1853-1869.

211. Lewandrowski, U. and A. Sickmann, N-glycosylation site analysis of human 

platelet proteins by hydrazide affinity capturing and LC-MS/MS. Methods Mol. 
Biol., 2009. 534: p. 225-238.

212. Goldberg, D., et al., Automated N-glycopeptide identification using a combination 

of single- and tandem-MS. J. Proteome Res., 2007. 6: p. 3995-4005.

213. Krokhin, O., et al., Site-specific N-glycosylation analysis: matrix-assisted laser 

desorption/ionization quadrupole-quadrupole time-of-flight tandem mass spectral 

signatures for recognition and identification of glycopeptides. Rapid Commun. 
Mass Spectrom., 2004. 18: p. 2020-2030.

214. Irungu, J., et  al., Method for characterizing sulfated glycoproteins in a 

glycosylation site-specific fashion, using ion pairing and tandem mass 

spectrometry. Anal. Chem., 2006. 78: p. 1181-1190.

215. Kronewitter, S.R., et al., The development of retrosynthetic glycan libraries to 

profile and classify the human serum N-linked glycome. Proteomics., 2009. 9: p. 
2986-2994.

216. Alpert, A.J., Hydrophilic-Interaction chromatography for the separation of 

peptides, nucleic-acids and other polar compounds. J. Chromatogr., 1990. 499: p. 
177-196.

217. Bereman, M.S., et al., Development of a robust and high throughput method for 

profiling N-linked glycans derived from plasma glycoproteins by nanoLC-FTICR 

mass spectrometry. J. Proteome Res., 2009. 8: p. 3764-3770.

218. Shevchenko, A., et al., In-gel digestion for mass spectrometric characterization of 

proteins and proteomes. Nat. Protoc., 2006. 1: p. 2856-2860.

219. Cooper, C.A., E. Gasteiger, and N.H. Packer, GlycoMod--a software tool for 

determining glycosylation compositions from mass spectrometric data. 
Proteomics., 2001. 1: p. 340-349.

220. Bereman, M.S., T.I. Williams, and D.C. Muddiman, Development of a nanoLC 

LTQ orbitrap mass spectrometric method for profiling glycans derived from 

plasma from healthy, benign tumor control, and epithelial ovarian cancer 

patients. Anal. Chem., 2009. 81: p. 1130-1136.

165



221. Conboy, J.J. and J.D. Henion, The determination of glycopeptides by liquid 

chromatography/mass spectrometry with collision-induced dissociation. J. Am. 
Soc. Mass Spectrom., 1992. 3: p. 804-814.

222. Wuhrer, M., et al., Protein glycosylation analyzed by normal-phase nano-liquid 

chromatography-mass spectrometry of glycopeptides. Anal. Chem., 2005. 77: p. 
886-894.

223. Apweiler, R., H. Hermjakob, and N. Sharon, On the frequency of protein 

glycosylation, as deduced from analysis of the SWISS-PROT database. Biochim 
Biophys Acta, 1999. 1473(1): p. 4-8.

224. Choudhury, A., et  al., MUC4 mucin expression in human pancreatic tumours is 

affected by organ environment: the possible role of TGFbeta2. Br J Cancer, 2004. 
90(3): p. 657-64.

225. Varki, A., et al., Essentials of Glycobiology, 2nd ed. Cold Spring Harbor 
Laboratory Press: Cold Spring Harbor, NY,, 2009.

226. Taylor, M.E. and K. Drickamer, Introduction to glycogiology. Oxford University 
Press, Oxford and New York, 2003.

227. Lowe, J.B. and J.D. Marth, A genetic approach to Mammalian glycan function. 
Annu Rev Biochem, 2003. 72: p. 643-91.

228. Zaia, J., Mass spectrometry and the emerging field of glycomics. Chem Biol, 
2008. 15(9): p. 881-92.

229. Varki, A., Nothing in glycobiology makes sense, except in the light of evolution. 
Cell, 2006. 126(5): p. 841-5.

230. Shriver, Z., S. Raguram, and R. Sasisekharan, Glycomics: a pathway to a class of 

new and improved therapeutics. Nat Rev Drug Discov, 2004. 3(10): p. 863-73.

231. Helenius, A. and M. Aebi, Roles of N-linked glycans in the endoplasmic 

reticulum. Annu Rev Biochem, 2004. 73: p. 1019-49.

232. Helenius, A. and M. Aebi, Intracellular functions of N-linked glycans. Science, 
2001. 291(5512): p. 2364-9.

233. Kornfeld, S., Trafficking of lysosomal enzymes in normal and disease states. J 
Clin Invest, 1986. 77(1): p. 1-6.

234. Sols, A. and R.K. Crane, Substrate specificity of brain hexokinase. J Biol Chem, 
1954. 210(2): p. 581-95.

235. Warburg, O., On the origin of cancer cells. Science, 1956. 123(3191): p. 309-314.

236. Warburg, O., K. Posener, and E. Negelein, Ueber den stoffwechsel der tumoren. 
Biochem. Z., 1924. 152: p. 319-344.

237. Pelicano, H., et al., Glycolysis inhibition for anticancer treatment. Oncogene, 
2006. 25(34): p. 4633-46.

166



238. Liu, H., et al., Hypoxia increases tumor cell sensitivity to glycolytic inhibitors: a 

strategy for solid tumor therapy (Model C). Biochem Pharmacol, 2002. 64(12): p. 
1745-51.

239. Ralser, M., et al., A catabolic block does not sufficiently explain how 2-deoxy-D-

glucose inhibits cell growth. Proc Natl Acad Sci U S A, 2008. 105(46): p. 
17807-11.

240. Kang, H.T. and E.S. Hwang, 2-Deoxyglucose: an anticancer and antiviral 

therapeutic, but not any more a low glucose mimetic. Life Sci, 2006. 78(12): p. 
1392-9.

241. Clarke, M.F., et al., Cancer stem cells--perspectives on current status and future 

directions: AACR Workshop on cancer stem cells. Cancer Res, 2006. 66(19): p. 
9339-44.

242. Jiang, H., et al., Examination of the therapeutic potential of Delta-24-RGD in 

brain tumor stem cells: role of autophagic cell death. J Natl Cancer Inst, 2007. 
99(18): p. 1410-4.

243. Alpert, A.J., Hydrophilic-interaction chromatography for the separation of 

peptides, nucleic acids and other polar compounds. J Chromatogr, 1990. 499: p. 
177-96.

244. Weindruch, R., et al., Caloric restriction mimetics: metabolic interventions. J 
Gerontol A Biol Sci Med Sci, 2001. 56 Spec No 1: p. 20-33.

245. Maher, J.C., A. Krishan, and T.J. Lampidis, Greater cell cycle inhibition and 

cytotoxicity induced by 2-deoxy-D-glucose in tumor cells treated under hypoxic vs 

aerobic conditions. Cancer Chemother Pharmacol, 2004. 53(2): p. 116-22.

246. Datema, R. and R.T. Schwarz, Interference with glycosylation of glycoproteins. 

Inhibition of formation of lipid-linked oligosaccharides in vivo. Biochem J, 1979. 
184(1): p. 113-23.

247. Little, E., et  al., The glucose-regulated proteins (GRP78 and GRP94): functions, 

gene regulation, and applications. Crit Rev Eukaryot Gene Expr, 1994. 4(1): p. 
1-18.

248. Nothaft, H., et al., Study of free oligosaccharides derived from the bacterial N-

glycosylation pathway. Proc Natl Acad Sci U S A, 2009. 106(35): p. 15019-24.

249. Suzuki, T. and Y. Funakoshi, Free N-linked oligosaccharide chains: formation 

and degradation. Glycoconj J, 2006. 23(5-6): p. 291-302.

250. Wada, Y., M. Tajiri, and S. Ohshima, Quantitation of saccharide compositions of 

O-glycans by mass spectrometry of glycopeptides and its application to 

rheumatoid arthritis. J Proteome Res. 9(3): p. 1367-73.

167



251. Wada, Y., et al., Comparison of methods for profiling O-glycosylation: Human 

Proteome Organisation Human Disease Glycomics/Proteome Initiative multi-

institutional study of IgA1. Mol Cell Proteomics. 9(4): p. 719-27.

252. Ellgaard, L. and A. Helenius, Quality control in the endoplasmic reticulum. Nat 
Rev Mol Cell Biol, 2003. 4(3): p. 181-91.

253. Parodi, A.J., Protein glucosylation and its role in protein folding. Annu Rev 
Biochem, 2000. 69: p. 69-93.

254. Rasheva, V.I. and P.M. Domingos, Cellular responses to endoplasmic reticulum 

stress and apoptosis. Apoptosis, 2009. 14(8): p. 996-1007.

255. Spiro, R.G., Role of N-linked polymannose oligosaccharides in targeting 

glycoproteins for endoplasmic reticulum-associated degradation. Cell Mol Life 
Sci, 2004. 61(9): p. 1025-41.

256. Macheda, M.L., S. Rogers, and J.D. Best, Molecular and cellular regulation of 

glucose transporter (GLUT) proteins in cancer. J Cell Physiol, 2005. 202(3): p. 
654-62.

257. Smith, T.A., The rate-limiting step for tumor [18F]fluoro-2-deoxy-D-glucose 

(FDG) incorporation. Nucl Med Biol, 2001. 28(1): p. 1-4.

258. Schmelzle, K. and F.M. White, Phosphoproteomic approaches to elucidate 

cellular signaling networks. Current Opinion in Biotechnology, 2006. 17: p. 
406-414.

259. Olsen, J.V., et al., Global, in vivo, and site-specific phosphorylation dynamics in 

signaling networks. Cell, 2006. 127: p. 635-648.

260. Loyet, K.M., J.T. Stults, and D. Arnott, Mass spectrometric contributions to the 

practice of phosphorylation site mapping through 2003: a literature review. Mol. 

Cell Proteomics, 2005. 4: p. 235-245.

261. Ficarro, S.B., et al., White, F. M. Phosphoproteome analysis by mass spectrometry 

and its application to Saccharomyces cerevisiae. Nat. Biotechnol., 2002. 20: p. 
301-315.

262. Chen, W.G. and F.M. White, Proteomic analysis of cellular signaling. Expert Rev. 

Proteomics, 2004. 1: p. 343-354.

263. Mumby, M. and D. Brekken, Phosphoproteomics: new insights into cellular 

signaling. Genome Biol., 2005. 6: p. 230.

264. Larsen, M.R., et al., Highly selective enrichment of phosphorylated peptides from 

peptide mixtures using titanium dioxide microcolumns. Mol. Cell. Proteomics, 
2005. 4: p. 873-886.

265. Tao, W.A., et  al., Quantitative phosphoproteome analysis using a dendrimer 

conjugation chemistry and tandem mass spectrometry. Nature Methods, 2005. 2: 
p. 591-598.

168



266. McLachlin, D.T. and B.T. Chait, Improved b-elimination-based affinity 

purification strategy for enrichment of phosphopeptides. Anal. Chem., 2003. 75: 
p. 6826-6836.

267. Thaler, F., et al., A new approach to phosphoserine and phosphothreonine 

analysis in peptides and proteins: Chemical modification, enrichment via solid-

phase reversible binding, and analysis by mass spectrometry. Anal. Bioanal. 

Chem., 2003. 316: p. 366-373.

268. Thompson, A.J., et al., haracterization of protein phosphorylation by mass 

spectrometry using immobilized metal ion affinity chromatography with on-resin 

b-elimination and Michael addition. Anal. Cem., 2003. 75: p. 3232-3243.

269. Qian, W.J., et al., Phosphoprotein isotope-coded solid-phase tag approach for 

enrichment and quantitative analysis of phosphopeptides from complex mixtures. 
Anal. Chem., 2003. 75: p. 5441-5450.

270. Kokubu, M., et al., Specificity of immobilized metal affinity-based IMAC/C18 tip 

enrichment of phosphopeptides for protein phosphorylation analysis. Anal. 

Chem., 2005. 77: p. 5144 -5154.

271. Nuhse, T.S., et al., Large-scale analysis of in vivo phosphorylated membrane 

proteins by immobilized metal ion affinity chromatography and mass 

spectrometry. Mol. Cell. Proteom., 2003. 2: p. 1234-1243.

272. Shu, H., et al., Identification of phosphoproteins and their phosphorylation sites 

in the WEHI-231 B lymphoma cell line. Mol. Cell. Proteom., 2004. 3: p. 279-286.

273. Kweon, H.K. and K. Hakansson, Selective zirconium dioxide-based enrichment of 

phosphorylated peptides for mass spectrometric analysis. Anal. Chem., 2006. 78: 
p. 1743-1749.

274. Lim, K.B. and D.B. Kassel, Phosphopeptide enrichment using on-line two-

dimensional strong cation exchange followed by reversed-phase liquid 

chromatography/mass spectrometry. Anal. Biochem., 2006. 354: p. 213-219.

275. Zhang, X., et al., Highly efficient phosphopeptide enrichment by calcium 

phosphoate precipitation combined with subsequent IMAC enrichment. Mol. Cell 

Proteomics, 2007. 6: p. 2032-2042.

276. Gruhler, A., et al., Quantitative phosphoproteomics applied to the yeast 

pheromone signaling pathway. Mol. Cell. Proteomics, 2005. 4: p. 310-327.

277. Gantin, G.T., et  al., Quantitative phosphoproteomic analysis of the tumor necrosis 

factor pathway. J. Proteome Res., 2006. 5(127-134).

278. Bakalarski, C.E., et al., The effects of mass accuracy, data acquisition speed, and 

search algorithm choice on peptide identification rates in phosphoproteomics. 
Anal. Bioanal. Chem., 2007. 389(1409-1419).

169



279. Haas, W., et al., Optimization and use of peptide mass measurement accuracy in 

shotgun proteomics. Mol. Cell. Proteomics, 2006. 5 (7): p. 1326-1337.

280. Li, W., et al., Identification of intact proteins in mixtures by alternated capillary 

liquid chromatography electrospray ionization and LC ESI infrared multiphoton 

dissociation Fourier transform ion cyclotron resonance mass spectrometry. Anal. 

Chem., 1999. 71(4397-4402).

281. Zhao, Y.G., et  al., Activation of pro-gelatinase B by endometase/matrilysin-2 

promotes invasion of human prostate cancer cells. J Biol Chem, 2003. 278(17): p. 
15056-64.

282. Zhau, H.Y., et al., Androgen-repressed phenotype in human prostate cancer. Proc 
Natl Acad Sci U S A, 1996. 93(26): p. 15152-7.

283. Ledford, E.B., Jr. , D.L. Rempel, and M.L. Gross, Space Charge Effects in 

Fourier Transform Mass Spectrometry. Mass Calibration. Anal. Chem., 1984. 56: 
p. 2744-2748.

284. Shi, S.D.-H., et al., Comparison and interconversion of the two most common 

frequency-to-mass calibration functions for Fourier transform ion cyclotron 

resonance mass spectrometry. Int. J. Mass Spectrom., 2000. 195/196: p. 591-598.

285. Old, W.M., et al., Comparison of Label-free Methods for quantifying human 

proteins by shotgun proteomics. Mol. Cell. Proteomics, 2005. 4: p. 1487-1502.

286. Keller, A., et al., Empirical statistical model to estimate the accuracy of peptide 

identifications made by MS/MS and database search. Anal. Chem., 2002. 74(20): 
p. 5383-5392.

287. Nesvizhskii, A.I., et  al., A statistical model for identifying proteins by tandem 

mass spectrometry. Anal Chem, 2003. 75(4646-4658).

288. Mann, M., et al., Analysis of protein phosphorylation using mass spectrometry: 

deciphering the phosphoproteome. Trends in biotechnology, 2002. 20: p. 261-268.

289. Elias, J.E., et al., Comparative evaluation of mass spectrometry platforms used in 

large-scale proteomics investigations. Nat. Methods, 2005. 2 (9): p. 667-675.

290. Peng, J., et al., Evaluation of multidimensional chromatography coupled with 

tandem mass spectrometry (LC/LC-MS/MS) for large-scale protein analysis: the 

yeast proteome. J. Proteome Res., 2003. 2: p. 43-50.

291. Zeeberg, B.R., et al., GoMiner: a resource for biological interpretation of 

genomic and proteomic data. Genome Biol., 2003. 4: p. R28.

292. de Godoy, L.M., et al., Status of complete proteome analysis by mass 

spectrometry: SILAC labeled yeast as a model system. Genome Biol., 2006. 7: p. 
R50.

293. Ghosh, P.M., et al., Akt in prostate cancer: possible role in androgen-

independence. Curr Drug Metab, 2003. 4(6): p. 487-96.

170



294. Rafelski, S.M. and J.A. Theriot, Crawling toward a unified model of cell mobility: 

spatial and temporal regulation of actin dynamics. Annu Rev Biochem, 2004. 73: 
p. 209-39.

295. Svitkina, T.M., et  al., Analysis of the actin-myosin II system in fish epidermal 

keratocytes: mechanism of cell body translocation. J Cell Biol, 1997. 139(2): p. 
397-415.

296. Pollard, T.D. and G.G. Borisy, Cellular motility driven by assembly and 

disassembly of actin filaments. Cell, 2003. 112(4): p. 453-65.

297. Wang, Y.L., Exchange of actin subunits at the leading edge of living fibroblasts: 

possible role of treadmilling. J Cell Biol, 1985. 101(2): p. 597-602.

298. Hug, C., et al., Capping protein levels influence actin assembly and cell motility 

in dictyostelium. Cell, 1995. 81(4): p. 591-600.

299. Cameron, L.A., et al., Secrets of actin-based motility revealed by a bacterial 

pathogen. Nat Rev Mol Cell Biol, 2000. 1(2): p. 110-9.

300. Pantaloni, D., C. Le Clainche, and M.F. Carlier, Mechanism of actin-based 

motility. Science, 2001. 292(5521): p. 1502-6.

301. Loisel, T.P., et al., Reconstitution of actin-based motility of Listeria and Shigella 

using pure proteins. Nature, 1999. 401(6753): p. 613-6.

302. Co, C., et al., Mechanism of actin network attachment to moving membranes: 

barbed end capture by N-WASP WH2 domains. Cell, 2007. 128(5): p. 901-13.

303. Akin, O. and R.D. Mullins, Capping protein increases the rate of actin-based 

motility by promoting filament nucleation by the Arp2/3 complex. Cell, 2008. 
133(5): p. 841-51.

304. Theriot, J.A., Worm sperm and advances in cell locomotion. Cell, 1996. 84(1): p. 
1-4.

305. Roberts, T.M. and M. Stewart, Acting like actin. The dynamics of the nematode 

major sperm protein (msp) cytoskeleton indicate a push-pull mechanism for 

amoeboid cell motility. J Cell Biol, 2000. 149(1): p. 7-12.

306. Italiano, J.E., Jr., et al., Reconstitution in vitro of the motile apparatus from the 

amoeboid sperm of Ascaris shows that filament assembly and bundling move 

membranes. Cell, 1996. 84(1): p. 105-14.

307. Miao, L., et al., Retraction in amoeboid cell motility powered by cytoskeletal 

dynamics. Science, 2003. 302(5649): p. 1405-7.

308. LeClaire, L.L., 3rd, M. Stewart, and T.M. Roberts, A 48 kDa integral membrane 

phosphoprotein orchestrates the cytoskeletal dynamics that generate amoeboid 

cell motility in Ascaris sperm. J Cell Sci, 2003. 116(Pt 13): p. 2655-63.

171



309. Buttery, S.M., et  al., Dissection of the Ascaris sperm motility machinery identifies 

key proteins involved in major sperm protein-based amoeboid locomotion. Mol 
Biol Cell, 2003. 14(12): p. 5082-8.

310. Yi, K., et al., A Ser/Thr kinase required for membrane-associated assembly of the 

major sperm protein motility apparatus in the amoeboid sperm of Ascaris. Mol 
Biol Cell, 2007. 18(5): p. 1816-25.

311. Sepsenwol, S., H. Ris, and T.M. Roberts, A unique cytoskeleton associated with 

crawling in the amoeboid sperm of the nematode, Ascaris suum. J Cell Biol, 1989. 
108(1): p. 55-66.

312. Emmett, M.R., et al., Application of micro-electrospray liquid chromatography 

techniques to FT-ICR MS to enable high-sensitivity biological analysis. J Am Soc 
Mass Spectrom, 1998. 9(4): p. 333-40.

313. Schaub, T.M., et al., High-Performance Mass Spectrometry: Fourier Transform 

Ion Cyclotron Resonance at 14.5 Tesla. Anal. Chem., 2008. 80 (11): p. 3985-3990.

314. Gibson, B.W. and P. Cohen, Liquid secondary ion mass spectrometry of 

phosphorylated and sulfated peptides and proteins. Methods Enzymol, 1990. 193: 
p. 480-501.

315. King, K.L., et  al., Structure and macromolecular assembly of two isoforms of the 

major sperm protein (MSP) from the amoeboid sperm of the nematode, Ascaris 

suum. J Cell Sci, 1992. 101 ( Pt 4): p. 847-57.

316. Stewart, M., K.L. King, and T.M. Roberts, Crystallization of the motile major 

sperm protein (MSP) of the nematode Ascaris suum. J Mol Biol, 1993. 232(1): p. 
298-300.

317. Anderson, N.G. and N.L. Anderson, Analytical techniques for cell fractions. XXI. 

Two-dimensional analysis of serum and tissue proteins: multiple isoelectric 

focusing. Anal Biochem, 1978. 85(2): p. 331-40.

318. Gander, J.E., Gel protein stains: Glycoproteins, in Enzyme Purification and 

Related Techniques. . Methods in Enzymology, 1984. 104(Academic Press, New 
York): p. 447-451.

319. Shmelkov, S.V., et al., AC133/CD133/Prominin-1. Int J Biochem Cell Biol, 2005. 
37(4): p. 715-9.

320. He, H., et  al., Glycomic and transcriptomic response of GSC11 glioblastoma stem 

cells to STAT3 phosphorylation inhibition and serum-induced differentiation. J 
Proteome Res. 9(5): p. 2098-108.

321. Lupberger, J., et al., Quantitative analysis of beta-actin, beta-2-microglobulin and 

porphobilinogen deaminase mRNA and their comparison as control transcripts 

for RT-PCR. Mol. Cell Probes, 2002. 16: p. 25-30.

172



322. Ruan, W. and M. Lai, Actin, a reliable marker of internal control? Clinica 
Chimica Acta, 2007. 385(1): p. 1-5.

323. Le, P.U., et al., Increased beta-actin expression in an invasive moloney sarcoma 

virus-transformed MDCK cell variant concentrates to the tips of multiple 

pseudopodia. Cancer Res., 1998. 58: p. 1631-1635.

324. Liu, F.T. and G.A. Rabinovich, Galectins as modulators of tumor progression. 
Nat. Rev. Cancer, 2005. 5: p. 29-41.

325. Lang, F.F., T. Shono, and M.R. Gilbert, Neuro-oncol., 2002. 4: p. 323-324.

326. Puchades, M., et al., Proteomic Investigation of Glioblastoma Cell Lines Treated 

with Wild-Type p53 and Cytotoxic Chemotherapy Demonstrates an Association 

between Galectin-1 and p53 Expression. J. Proteom. Res., 2007. 6(2): p. 869-875.

327. Lu, J., et al., Gene expression changes associated with chemically induced rat 

mammary carcinogenesis. Mol. Carcinog., 1997. 20(2): p. 204-215.

328. Rorive, S., et al., Changes in galectin-7 and cytokeratin-19 expression during the 

progression of malignancy in thyroid tumors: diagnostic and biological 

implications. Mod. Pathol., 2002. 15(12): p. 1294-1301.

329. Moisan, S., et al., Upregulation of galectin-7 in murine lymphoma cells is 

associated with progression toward an aggressive phenotyp. Leukemia, 2003. 17: 
p. 751-759.

330. Demers, M., et al., Galectin-7 in lymphoma: elevated expression in human 

lymphoid malignancies and decreased lymphoma dissemination by antisense 

strategies in experimental model. Cancer Res., 2007. 67(6): p. 2824-2829.

331. Warburg, O., On the origin of cancer cells. Science, 1956. 123(3191): p. 309-314.

332. Zhang, L., R.E. Cilley, and M.R. Chinoy, Suppression subtractive hybridization to 

identify gene expressions in variant and classic small cell lung cancer cell lines. J. 
Surg. Res., 2000. 93(1): p. 108-119.

333. Wu, W., et al., Identification and validation of metastasis-associated proteins in 

head and neck cancer cell lines by two-dimensional electrophoresis and mass 

spectrometry. Clin. Exp. Metastasis, 2002. 19(4): p. 319-326.

334. López-Pedrera, C., et al., Proteomic analysis of acute myeloid leukemia: 

Identification of potential early biomarkers and therapeutic targets. Proteomics, 
2006. 6(Suppl. 1): p. S293-S299.

335. Chang, G.C., et al., Identification of alpha-enolase as an autoantigen in lung 

cancer: its overexpression is associated with clinical outcomes. Clin. Cancer Res., 
2006. 12(19): p. 5746-5754.

336. Durany, N., et al., Phosphoglycerate mutase, 2,3-bisphosphoglycerate 

phosphatase, creatine kinase and enolase activity and isoenzymes in breast 

carcinoma. Br. J. Cancer, 2000. 82(1): p. 20-27.

173



337. Mikuriya, K., et al., Expression of glycolytic enzymes is increased in pancreatic 

cancerous tissues as evidenced by proteomic profiling by two-dimensional 

electrophoresis and liquid chromatography-mass spectrometry/mass spectrometry. 
Int. J. Oncol., 2007. 30(4): p. 849-855.

338. Subramanian, A. and D.M. Miller, Structural analysis of alpha-enolase. Mapping 

the functional domains involved in down-regulation of the c-myc protooncogene. 
J. Biol. Chem., 2000. 275(8): p. 5958-5965.

339. Stierum, R., et al., Proteome analysis reveals novel proteins associated with 

proliferation and differentiation of the colorectal cancer cell line Caco-2. 
Biochim. Biophys. Acta, 2003. 1650(1-2): p. 73-91.

340. Wilson, A., et al., c-Myc controls the balance between hematopoietic stem cell 

self-renewal and differentiation. Genes Dev., 2004. 18(22): p. 2747-2763.

341. Barondes, S.H., et al., Galectins. Structure and function of a large family of 

animal lectins. J Biol Chem, 1994. 269(33): p. 20807-10.

342. Camby, I., et al., Galectin-1: a small protein with major functions. Glycobiology, 
2006. 16(11): p. 137R-157R.

343. Danguy, A., I. Camby, and R. Kiss, Galectins and cancer. Biochim Biophys Acta, 
2002. 1572(2-3): p. 285-93.

344. Rabinovich, G.A., Galectin-1 as a potential cancer target. Br J Cancer, 2005. 
92(7): p. 1188-92.

345. Leffler, H., et al., Introduction to galectins. Glycoconj J, 2004. 19(7-9): p. 433-40.

174



BIOGRAPHICAL SKETCH

EDUCATION

Florida State University, Tallahassee, FL, USA

Ph.D. Biochemistry, Fall 2009

Wuhan University, Wuhan, Hubei, China 

M.Sc. Molecular Biophysics and Biochemistry, July 2006

Wuhan University, Wuhan, Hubei, China 

B.S. Biological Sciences, July 2004

Wuhan University of Technology, Wuhan, Hubei, China 

B.E. Civil Engineering, July 2004

PROFESSIONAL EXPERIENCES

Graduate Research Assistant

National High Magnetic Field Laboratory, Florida State University, Tallahasse, FL 
Ion Cyclotron Resonance Mass Spectrometry and Biochemistry Program
Advisor: Dr. Alan G. Marshall, Director of ICR Program

• Studied protein modifications by top-down mass spectrometry complemented with 
CID, beam-type CID, ECD, IRMPD, AI-ECD and ETD

• Optimized enrichment methods for phosphoproteomics
• Implemented label-free LC-MS quantitation method for phosphoproteomics
• Developed method using HPLC and mass spectrometry method for 

glycoproteomics, glycomics and lipidomics.
• Investigated quantitative glycomics in cancer cells and cancer stem cells.
• Modulated phospho- and glycoproteome of cancer stem cells during differentiation 

by 2DE. 

Graduate Research Assistant

Department of Life Sciences, Wuhan University, Hubei, China 
Molecular Biophysics and Biochemistry Program
Advisor: Dr. Yi Zhang

• X-ray crystallography of ribozyme and ribozyme-protein complex
• Studied kinetics of metal-ribozyme binding
• Investigated secondary structure and folding of ribozyme 
• Applied siRNA technique in studying RNA alternative splicing

175



PUBLICATIONS

Xu Wang, Mark R. Emmett, and Alan G. Marshall. Liquid Chromatography Electrospray 
Ionization Fourier Transform Ion Cyclotron Resonance Mass Spectrometric 
Characterization of N-linked Glycans and Glycopeptides. 2010. Anal. Chem. 82, 
6542-6548

Xu Wang, Jeremiah D. Tipton, Mark R. Emmett, Alan G. Marshall. Sites and Extent of 
Selenomethionine Incorporation into Recombinant Cas6 Protein by  Top-Down and 
Bottom-Up Proteomics with 14.5 T FT-ICR Mass Spectrometry. 2010, Rapid Commun. 

Mass Spectrom. 24, 2386-2392

Kexi Yi, Xu Wang, Mark R. Emmett, Alan G. Marshall, Murray Stewart, and Thomas M. 
Robers. Dephosphorylation of MSP fiber protein 3 (MFP3) by PP2A during cell body 
retraction in the MSP-based amoeboid motility  of Ascaris sperm. 2009, Mol. Biol. Cell. 
20, 3200-3208

Xu Wang, Qiang Cao, Qing-Xiang Amy Sang, Mark R. Emmett, Alan G. Marshall. 
Optimized Enrichment Method and Liquid Chromatography Electrospray Fourier 
Transform Ion Cyclotron Resonance Mass Spectrometric Characterization 
Phosphoproteins and Phosphorylation Sites in ARCaP. (To be submitted soon) (2011)

Xu Wang, Mark R. Emmett, Alan G. Marshall, Yongjie Ji, Izabela Fokt, Stanislaw Skora, 
Charles A. Conrad, Waldemar Priebe. 2-Deoxy-D-glucose Inhibits N-Glycosylation in 
Glioblastoma-Derived Cancer Stem Cells. (To be submitted soon) (2011)

Suzan M. Semaan, Xu Wang, Mark R. Emmett, Alan G. Marshall, Qing-Xiang Amy 
Sang. Identifying glycoproteins in ER+ & ER- Human Breast Cancer Tissue Sample. (To 
be submitted soon) (2011)

Paul A. Stewart, Xu Wang, Alan G. Marshall, Qing-Xiang A. Sang. The cellular 
signaling networks of androgen repressed prostate cancer (ARCaP). (Manuscript in 
preparation)

PRESENTATIONS AND ABSTRACTS

Xu Wang, Mark R. Emmett, Alan G. Marshall. Method Development for Characterizing 
N-linked Glycans and Glycopeptides by  LC ESI FT-ICR Mass Spectrometry. 58th ASMS 
Conference, 2010, Salt Lake City, UT. 

Xu Wang, Jeremiah D. Tipton, Mark R. Emmett, Alan G. Marshall. Sites and Extent of 
Selenomethionine Incorporation into Recombinant Cas6 Protein by  Top-Down and 

176



Bottom-Up Proteomics with 14.5T FT-ICR Mass Spectrometry. 57th ASMS Conference, 
2009, Philadelphia, PA.

Xu Wang, Jeremiah D. Tipton, Mark R. Emmett, Alan G. Marshall. Verification of 
Selenomethionine Incorporation by Top-Down and Bottom-Up Mass Spectrometry. 7th 
Biennial North American FT MS Conference, 2009, Key West, FL.

Xu Wang, Mark R. Emmett, Alan G. Marshall, Howard Colman and Charles A. Conrad. 
Modulation of the Phospho- and Glycoproteome of Glioma Stem Cells during 
Differentiation. 56th ASMS Conference, 2008, Denver, CO.  

Paul A. Stewart, Xu Wang, Alan G. Marshall, Qing-Xiang A. Sang. Characterization of 
the Cellular Signaling Networks of Prostate Cancer Through Phosphoproteome Analysis. 
ACC Interdisciplinary Forum for Discovery in Life Sciences. 2010, Blacksburg, VA

Mark R. Emmett, Xu Wang, Alan G. Marshall, Yongjie Ji, Izabela Fokt, Stanislaw Skora, 
Charles A. Conrad, Waldemar Priebe. 2-Deoxy-D-glucose Inhibits N-Glycosylation in 
Glioblastoma-Derived Cancer Stem Cells. The 15th Annual Scientific Meeting of the 
Society for Neuro-Oncology, 2010, Montreal, Canada.

Suzan M. Semaan, Xu Wang, Mark R. Emmett, Alan G. Marshall, Qing-Xiang Amy 
Sang. Identifying glycoproteins in ER+ & ER- Human Breast  Cancer Tissue Sample. 
AACR 101st Annual Meeting, 2010, Washington, DC

Huan He, Carol L. Nilsson, Mark, R. Emmett, Xu Wang, Alan G. Marshall, R. A. Kores, 
Joseph R. Moskal, Howard Colman, Franklin F. Lang, Charles A. Conrad. Application of 
FT-ICR MS in Glycomics Approach Toward Understanding Cancer Stem Cell 
Differentiation. HUPO 8th Annual World Congress, 2009, Toronto, Canada.

177


	The Florida State University
	DigiNole Commons
	11-23-2010

	Application of FT-ICR Mass Spectrometry in Study of Protein Modifications and Carbohydrates
	Xu Wang
	Recommended Citation



