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Abstract

Proteins and glycoproteins play important biological roles in central nervous systems (CNS). 

Qualitative and quantitative evaluation of proteins and glycoproteins expression in CNS is critical 

to reveal the inherent biomolecular mechanism of CNS diseases. This chapter describes proteomic 

and glycoproteomic approaches based on liquid chromatography/tandem mass spectrometry (LC-

MS or LC-MS/MS) for the qualitative and quantitative assessment of proteins and glycoproteins 

expressed in CNS. Proteins and glycoproteins, extracted by a mass spectrometry friendly 

surfactant from CNS samples, were subjected to enzymatic (tryptic) digestion and three down-

stream analyses: (1) a nano LC system coupled with a high resolution MS instrument to achieve 

qualitative proteomic profile, (2) a nano LC system combined with a triple quadrupole MS to 

quantify identified proteins, and (3) glycoprotein enrichment prior to LC-MS/MS analysis. 

Enrichment techniques can be applied to improve coverage of low abundant glycopeptides/

glycoproteins. An example described in this chapter is hydrophilic interaction liquid 

chromatographic (HILIC) enrichment to capture glycopeptides, allowing efficient removal of 

peptides. The combination of three LC-MS/MS-based approaches is capable of the investigation of 

large-scale proteins and glycoproteins from CNS with an in-depth coverage, thus offering a full 

view of proteins and glycoproteins changes in CNS.
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1. INTRODUCTION

Proteins play important roles in central nervous system because they are the direct 

biofunctional molecules in living nervous cells. For large-scale screening of the protein 

component of simple organisms, the term “proteomics” was proposed by merging “protein” 
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and “genomics” in late 1990s.1 Proteomics study focuses on the identification and 

quantitation of all the proteins of a proteome (Figure 1), including protein expression, 

molecular function, protein-protein interactions and protein posttranslational modifications 

(PTMs).2

Glycosylation is a prevalent PTMs of proteins. The glycans could be covalently linked to 

either Asp residue of a protein to form N-linked glycosylation or a Ser/Thr residue of a 

protein to from an O-linked glycosylation. Many studies have suggested that N-linked 

glycosylation greatly influences many biological functions related to central nervous 

system.3–5 One of the major challenges in studying glycoproteomics is the low abundance of 

glycoproteins, limiting the characterization of glycopeptides/glycoproteins. Therefore, the 

enrichment of glycoprotein/glycopeptide is needed.

A common strategy for protein characterization is to analyze the peptides released from the 

protein through proteolytic digestion, which is referred to as “bottom-up” proteomics 

(Figure 1). Bottom-up analysis applied to large-scale protein analysis is referred to as 

shotgun proteomics.6, 7 In the past two decades, new technologies for peptide/protein 

separation, mass spectrometry analysis, and bioinformatics data analysis have been 

developed and incorporated in shotgun proteomic analysis.8–12 In a shotgun proteomic 

analysis, peptides mixtures are subjected to liquid chromatography interfaced to tandem 

mass spectrometry (LC-MS/MS) analysis. Peptides are identified by comparing the tandem 

mass spectra with the theoretical tandem mass spectra generated from a protein database. 

Benefiting from the hybrid mass analyzers introduced in the past several years (e.g. The 

Orbitrap Fusion™ Tribrid™ mass spectrometer by Thermo Scientific13), mass spectrometer 

has been used as a core tool for proteomic analysis.14–16 In a recent study, over 90% of the 

expressed yeast proteome (>4000 proteins) were identified in only 1.3 hour by combining 

ultra-high performance liquid chromatography (UHPLC) and a new orbitrap hybrid 

instrument.17

With the in-depth proteome coverage achieved by modern LC-MS/MS analysis, recent 

proteomic studies focus more on the quantitative aspect of protein analysis. For addressing 

biological questions related to central nervous system, abundance changes of proteins are 

essential for biological processes. MS-based quantitative proteomics could be achieved by 

label-free approaches, which are attained by measuring either the ion intensity of peptide 

peaks corresponding to a certain protein18 or spectral counting which measures the 

frequency of peptide identification to a certain protein (Figure 2).19

However, shotgun proteomics has been proven to be limited in sensitivity and quantitative 

precision.20 The alternative approach for protein quantitation is liquid chromatography 

coupled with multiple reactions monitoring (LC-MRM)-based targeted quantitative 

proteomics. The LC-MRM experiment is implemented on an LC system coupled to a triple 

quadrupole (QQQ) mass spectrometer. In a typical LC-MRM experiment, the peptide 

mixture is separated by LC system and ionized by electrospray ionization. In the QQQ mass 

spectrometer, target peptides were selected in the first quadrupole (Q1) mass filter and 

fragmented in the second quadrupole (Q2). The resulting fragment ions, which are usually 

referred as transition ions, are selectively monitoring in the third quadrupole (Q3) mass 
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analyzer. The target peptide quantitation is achieved by summing up the transition ion 

intensities. The LC-MRM experiment greatly enhances the precision and sensitivity of 

protein quantitation (Figure 2).21

The abovementioned proteomics techniques are employed for glycoproteomics analysis. The 

high sensitivity and selectivity offered by MRM mode is advantageous for the quantification 

of glycopeptides. MRM quantitation of glycopeptides is based on the use of oxonium ions as 

transitions, including m/z values at 138 (HexNAc-2H2O-CH2O), 274 (NeuAc-H2O), 366 

(HexNAc+Hex), and 657 (HexNAc+Hex+NeuAc).22–24 This is because they are invariably 

present as a result of glycan fragmentation of glycopeptides.22, 25 Mechref and coworkers22 

have demonstrated that a concentration linear dynamic range over more than 3 orders of 

magnitude with a limit of detection less than 1.4 fmol is attained using oxonium ions as 

transitions for MRM quantitation of glycopeptides.

Several analytical challenges are associated with LC-MS/MS-based glycoproteomics. First, 

glycoproteins are present in low abundances in biological systems. Also, LC-MS/MS 

analysis of glycopeptides is hampered by their microheterogeneity and low ionization 

efficiencies in the presence of other peptides. Accordingly, glycoproteins/glycopeptides 

enrichment is currently considered the method of choice to overcome these challenges. 

Enrichment of glycoproteins also enhances their LC-MS/MS analysis by overcoming the 

concentration dynamic range that is commonly associated with proteomics. The different 

enrichment strategies are outlined in Figure 3. Lectin affinity chromatography26, 27 and 

hydrazide chemistry-based28 approaches are currently considered the two commonly 

employed glycoprotein/glycopeptide enrichment techniques. Recently, hydrophilic 

interaction liquid chromatographic enrichment (HILIC)29, 30 is considered as a promising 

enrichment technique to capture glycopeptides with efficient removal of peptides. As shown 

in Figure 4, the signal of a peptide at m/z value of 835.8827 wdisappeared after HILIC 

enrichment. On the other hand, the S/N ratio of a glycopeptide observed at m/z value of 

946.3819 was increased by more than 200%. Therefore, more glycopeptides are likely 

subjected to MS/MS enabling more identification of glycopeptides.

An LC-MS/MS-based method combing label-free quantitation and MRM quantitation of 

proteins and glycoproteins derived from central nervous systems is described here (Figure 

2). For global proteomic analysis, proteins extracted from biological samples are first 

identified and quantified by shotgun proteomics and are then confirmed by LC-MRM 

experiment. For glycoproteomic analysis, tryptically digested peptides are subjected to 

glycopeptide enrichment following LC-MS/MS analysis.

2. MATERIALS

2.1. Protein extraction

1. 10mM PBS buffer (Sigma-Aldrich, St. Louis, MO).

2. Sodium deoxycholate (SDC, Sigma-Aldrich, St. Louis, MO) solution (5% w/v).

3. Ammonium bicarbonate (ABC, Sigma-Aldrich, St. Louis, MO) buffer (50 mM 

solution, pH 7.5 – 8.0).
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4. Pre-packed unskirted micro tubes (Benchmark Scientific, Edison, NJ).

5. Beadbug micro tube homogenizer (Benchmark Scientific, Edison, NJ).

2.2. Protein assay

1. Micro BCA protein assay kit (Thermo Fisher Scientific Inc., Rockford, IL).

2. 96 well plate (Polystyrene, flat-bottom) (VWR international, Radnor, PA).

3. ABC buffer (50 mM solution, pH 7.5 – 8.0) (Sigma-Aldrich, St. Louis, MO).

4. Multiskan GO microplate spectrophotometer (Thermo Fisher Scientific Inc., 

Rockford, IL).

2.3. Tryptic digestion

1. Trypsin Gold, Mass Spectrometry Grade (Promega, Madison, WI).

2. Dithiothreitol (DTT) and iodoacetamide (IAA) (Sigma-Aldrich, St. Louis, MO).

3. ABC buffer (50 mM solution, pH 7.5 – 8.0) (Sigma-Aldrich, St. Louis, MO).

4. Neat formic acid (Sigma-Aldrich, St. Louis, MO).

5. CentriVap solvent concentrator system (Labconco, Kansas City, MO).

2.4. Glycopeptide enrichment

1. Neat formic acid (Sigma-Aldrich, St. Louis, MO).

2. HPLC grade acentonitril and water.

3. 100% pure cotton balls (local Walmart)

2.5. LC-MS/MS

1. Solvent A, consisting of 2 % acetonitrile in HPLC water containing 0.1 % formic 

acid;

2. Solvent B, consisting of acetonitrile containing 0.1 % formic acid.

3. Nano LC-MS/MS system. Ultimate 3000 Nano LC system (Dionex, Sunnyvale, 

CA), LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific Inc., 

Waltham, MA) and TSQ Vantage mass spectrometer (Thermo Fisher Scientific 

Inc., Waltham, MA) equipped with a nanoESI source has been utilized in the 

methods described below (Note 1).

4. Acclaim Pepmap RSLC C18 column (2μm particle size, 100 Å pore size, 75 μm 

i.d., 15 cm length) (Dionex, Sunnyvale, CA), C18 pre-column (3μm particle size, 

100 Å pore size, 75 μm i.d., 2 cm length) (Dionex, Sunnyvale, CA).

1The LC-MS/MS and LC-MRM system used in this protocol is a Dionex nano LC system coupled with a Thermo Scientific LTQ 
Obitrap Velos mass spectrometer and a TSQ Vantage mass spectrometer. However, any high-resolution tandem mass spectrometer 
which can carry high throughput proteomic analysis is compatible with the global proteomic profiling while any triple, quadruple mass 
spectrometer designed for peptide analysis fits the targeting LC-MRM experiment.
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3. METHODS

3.1. Protein extraction

Depending on the aim of the study, CNS sample can be either tissue samples or cell samples. 

SDC has been shown to be an MS compatible and unbiased detergent for whole proteome 

extraction. SDC is compatible to both cell lysis or tissue homogenization.

1. Wash tissue samples 1~3 times with ice-cold 10 mM PBS buffer to remove 

blood/salt to avoid any of their interference with further protein extraction (in the 

case of cell samples skip this step).

2. Load samples into pre-packed unskirted micro tubes, add 5% SDC solution 

based on the sample weight (1:10, w/v).

3. Homogenize samples using a Beadbug micro tube homogenizer in a 4°C 

refrigerator. Homogenization should be performed as 30 sec/pulse, 5 pulses in 

total, leave the samples for 30 sec between pulses. Additional homogenization 

can be performed if the sample was incompletely homogenized.

4. Sonicate the homogenate in a 0 °C water bath for 30 min.

5. Centrifuge the homogenate at 14.8 rpm at 4°C for 20 min. The supernatant 

should contain the extracted protein.

6. Dilute the supernatant 10 times using 50mM ABC buffer to a final SDC 

concentration of 0.5%, w/v. (Note 2).

3.2. Protein assay

The amount of protein of each sample is required to be equal in order to get an accurate 

quantitative LC-MS/MS results. Therefore, a micro BCA protein assay is employed to 

evaluate the protein amount extracted from each sample.

1. For the calibration curve, dilute bovine serum albumin (BSA) stock (2μg/μl) 

solution in ABC buffer to a series of final BSA concentration: 200 ng/μL, 40 ng/

μL, 20 ng/μL, 10 ng/μL, 5 ng/μL, 2.5 ng/μL, 1ng/μL. Using ABC buffer as a 0ng/

μL blank solution.

2. Depends on the sample population, prepare enough working reagent (WR) for 

the protein assay. Working reagents should be prepared right before mixing with 

samples because they might be degraded once reaction occurs. The ratio between 

working reagent A (WA), working reagent B (WB) and working reagent C (WC) 

is 50:48:3.

3. Mix 450 μL of each BSA stock solution prepared in step 1. with 450 μL of WR. 

Mix 150 μL of each sample solution with 150 μL of WR.

4. Incubate the standard-WR and the sample-WR solution in a 60 °C water bath for 

30 min.

2The 5% SDC extraction solution inhibits trypsin activity. On the other hand, SDC has been shown to be a trypsin enhancer at 
concentration lower than 1% (w/v). Therefore, a 0.5% SDC in ABC buffer is used for tryptic digestion.
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5. Load 300 μL of standard-WR (triplicates) and sample-WR solution into a 96 

well plate. Allow the samples to cool down to room temperature.

6. Using a Multiskan GO microplate spectrophotometer to measure the absorbance 

at 620nm of each sample and calculate the protein concentration of each sample.

3.3. Tryptic digestion

1. Based on the protein assay result, incubate same amount of protein of each 

sample at 80 °C for 15 min.

2. Cool down to room temperature prior to the addition of DTT solution to a final 

concentration of 5mM, and incubate at 60 °C for 45 min to reduce disulfide 

bonds to thiols.

3. Allow the sample to cool down to room temperature, add IAA solution to a final 

concentration of 20mM. Incubate the sample in the dark for 30 min to proceed 

the alkylation of thiols functional groups.

4. Add DTT solution to a final concentration of 10mM, and incubate at room 

temperature for 30 min to consume the excessive IAA.

5. Prepare fresh trypsin solution by resuspending trypsin in resuspending buffer 

(offer by the Trypsin Gold pack) to give a 1 μg/μL trypsin solution.

6. Add the 1 μg/μL trypsin solution to the reduced and alkylated protein samples 

using a 1:25 (w/w) trypsin to protein ratio, and allow digestion to proceed for 18 

hrs at 37 °C.

7. Stop the enzyme activity and acidic precipitate the SDC by adding neat formic 

acid to a final concentration of 0.5% (v/v) (Note 3).

8. Centrifuge the sample at 14.8 rpm at 4°C for 10 min. The supernatant should 

contain the tryptic digest, and the white precipitant is deoxycholic acid.

9. Take the supernatant to another sample tube. For proteomic study, do step 3.3.10, 

and skip Section 3.4. For glycoproteomic study, skip step 3.3.10, perform the 

experiment described in section 3.4.

10. Dry the samples using a vacuum concentrator system. Store the dried tryptic 

digest at −20 °C, resuspend to 1 μg/μL before LC-MS/MS analysis.

3.4. Glycopeptide Enrichment - Hydrophilic Interaction Liquid Chromatography (HILIC)

1. Weigh the 5mg of cotton and pack into 1mL pipet tip.

2. Wash the cotton with 10mL of 0.5% formic acid.

3. Condition the cotton with 10mL of 90% acetonitrile.

3SDC is commonly removed by acidic precipitation or phase transfer. The method described in this protocol using the acidic 
precipitation protocol. By adding an acidified organic solvent (e.g.,. ethyl acetate with 1% formic acid), SDC could also be effectively 
removed.
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4. After sealing the bottom of the 1mL tip with Parafilm, apply a 300μl-aliquot of 

sample (in 90% acetonitrile) to cotton packed tip.

5. Incubate 1–2 hours at 4° C with agitation.

6. Wash peptides with 10mL of 90% acetonitrile/0.1% formic acid.

7. Elute and collect glycopeptides with 2mL of 0.5% formic acid.

8. Dry and resuspend in 0.1% formic acid.

3.5. LC-MS/MS analysis

The quantitative proteomic analysis could be achieved by a bottom-up strategy. In this 

protocol, the protein tryptic digest is first analyzed by an LC-Ion trap-Orbitrap (LC-IT-OT) 

platform to attain global proteomic profiling of the biological samples. The data is compared 

through label-free spectral counting. The significantly altered proteins are further subjected 

to an LC-MRM experiment using an LC-triple quadruple (LC-QQQ) platform. The targeting 

quantitative study using LC-MRM could increase the confidence of quantitative analysis.

1. 1. Resuspend the dried tryptic digest to 1 μg/μL.

2. 2. Analyze 1 μg of the protein digest using LC-LTQ Orbitrap Velos system.

3. 3. The LC system elution gradient setting is as following:

0 min: valve position: 1–2,

0–10 min: 5% solvent B,

10 min: valve position: 1–10,

10–65min: ramping of solvent B from 5 to 20%,

65–90 min: ramping of solvent B from 20 to 35%,

90–110 min: ramping of solvent B from 35 to 50%,

110–111 min: ramping of solvent B from 50 to 80%,

111–115 min: maintaining solvent B at 80%,

115min: valve position 1–2

115–116 min: decreasing solvent B to 5%, and

116–120 min: sustaining solvent B at 5%.

4. The LTQ OrbitrapVelos mass spectrometer equipped with a nano ESI source. 

The spray voltage is set to 1.5kV. The MS/MS setting contains two scan events. 

The first scan event: full MS scan of 400–2000 m/z range with a mass resolution 

of 15,000 (Figure 5). The mass resolution can be increased if needed. The second 

scan event: collision-induced dissociation (CID) for the 10 most intense ions, 

isolation width: 3.0 m/z, normalized collision energy (CE): 35%, activation time: 

10ms, and activation Q value: 0.25. For glycoproteomics, two additional scan 

events are set. The third scan event: higher-energy collision dissociation (HCD), 

isolation width: 3.0 m/z, normalized CE: 45%, and activation time: 0.1ms. The 
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fourth scan event: electron transfer dissociation (ETD), isolation width: 3.0 m/z, 

default charge state: 4, and reaction time: 150 ms with a supplemental activation.

5. Process the acquired data using MASCOT, GlypID,31, 32 GlycoFragWork33, 34, 

and Scaffold Q+. Create transition list for the proteins needed targeting analysis 

using Pinpoint software (Thermo Fisher Scientific Inc., Waltham, MA) (See 

Section 3.5).

6. Pool 1 μg protein digest from each biological sample to get a pooled sample that 

contains all the targeting proteins.

7. Analyze the pooled sample to test the transition list using LC-TSQ Vantage 

system.

8. The LC system set as step 3.4.3.

9. The TSQ Vantage mass spectrometer equipped with a nano ESI source. The 

spray voltage is set to 1.8kV. Data independent acquisition mode was used for 

MRM experiment. Using the transition list generated in step 5, predefined 

precursor and transition ions were monitored specifically to select targeted 

peptides corresponding to each candidate protein with 10.0sec chromatogram 

filter peak width. The MRM experiments were performed at a dwell time of 

20ms for each transition and a Q1 peak width (FWHM) of 0.70Da. The collision 

energy (CE) value for each targeted peptide is predicted by Pinpoint 

(CE(+2)=0.034*m/z+3.314(eV),CE(+3)=0.044*m/z+3.314(eV)) with a collision 

gas pressure of 1.5mTorr in Q2. For glycoproteomic MRM experiments, CE 

value is set up as 45 for targeting oxonium ions as transitions. This value was 

optimized and used in our previous glycopeptide quantification using MRM 

experiments22, 24.

10. After the validation of the transition list, analyze each biological sample using 

LC-TSQ Vantage system.

3.6. Data Processing

1. Data collected from step 3.4.5 was employed for database searching using 

MASCOT (version 2.4.0, Matrix Science, London, UK). MASCOT was set up to 

search the UniProt protein database. Peptides were searched with a parent ion 

tolerance of 6ppm and a fragment ion mass tolerance of 0.8Da. Trypsin was 

selected as enzyme. The maximum missed cleavages were set up to 2. 

Carbamidomethylation of cysteine was set as a fixed modification while 

oxidation of methionine was set as a variable modification (Note 4).

2. Scaffold Q+ (version Scaffold_3.6.3, Proteome Software Inc., Portland, OR), 

was used to assign peptide and protein identifications probabilistically based on 

PeptideProphet and ProteinProphet algorithms, respectively. Peptide 

identifications were accepted with a probability greater than 95%, while protein 

4If different mass spectrometer is used, the search parameter could be changed to fit the instrument capability. Meanwhile, another 
proteomics software which offers database search function is also compatible with the method described here.
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identifications were accepted with a probability greater than 99% and contained 

at least two identified peptides. Identified proteins were then quantitated based 

on quantitative value (normalized spectral counts) calculated by Scaffold Q+. 

Student t-test was employed for statistical analysis on the quantitative value 

(Note 5).

3. For glycoproteomics, glycan structures are assigned from CID MS/MS while 

oxonium ions of glycopeptides are searched from HCD MS/MS. The examples 

of oxonium ions are m/z 138 (Hex-CH2O-2H2O), 204 (HexNAc), 274 (NeuAc-

H2O), 366(Hex + HexNAc) and so on22, 35. The software tools for glycopeptide 

identification are GlypID31, 32 or GlycoFragWork.33, 34 Peptide backbone 

sequences are identified by ETD MS/MS using GlycoFragWork or MASCOT.

4. The statistically altered proteins are further investigated by targeting proteomics 

using LC-MRM experiment. A transition ion list for MRM experiment is created 

using the targeted protein list. For each targeted protein, two uinque peptides are 

selected using the following rules: (1) 7–25 amino acid residues length, (2) 

excluding the first 25 amino acids at the N-terminus of proteins, (3) completely 

digested by trypsin, (4) excluding peptides with M, RP, KP and glycosylation site 

(NXS/T), (5) excluding peptides with ragged ends (tryptic peptides cleaved 

between R/K, K/R, R/R and K/K), and (6) fixed carbamidomethylation of 

Cysteine. Next, 5 transitions of selected peptides were determined using the 

following rules: (1) precursor ions with charge states of two or three, (2) y series 

of fragment ions greater than y3 with a charge state of one, (3) the five most 

intense fragment ions in the MS/MS spectra from untargeted analysis, and (4) 

m/z values of precursor and transition ions between 300 and 1500 (Note 6).

5. The generated transition list is further tested by test analysis of a pooled sample 

described in step 3.4.7. Transition list could be adjusted based on the test 

analysis result. The retention time of each peptide is required to be highly related 

to the retention time of the same peptide in the LC-IT-OT experiment. The most 

intensive 3 transition ions of each peptide is usually picked as the final transition 

ions for the certain peptide. The final transition list is used for LC-MRM 

experiment of biological samples (step 3.5.10).

6. Data collected from step 3, 5, and 10 were used for targeting proteomic 

quantitation. Relative peptide abundance is calculated by summing up the peak 

area of the 3 transitions. Relative protein abundance is calculated by summing up 

the peak area of the 2 peptides corresponding to the protein. Statistical analysis is 

performed on the relative proteins abundance across the biological samples. 

Depending on the data, different statistical treatment could be performed.

5Similar to note 4, other proteomic software that can perform label-free quantitation will fit for this method.
6Since an LC-IT-OT system has been used for global proteomic profiling and an LC-QQQ system has been used for the target 
quantitative proteomics, the fragment ions resulting from the collision induced ionization (CID) taken place in ion trap is different 
from the one in quadruple. Therefore, the relative intensity of transition ions observed in LC-QQQ instrument could be different from 
those observed from LC-IT-OT instrument. In triple quadruple mass spectrometer, singly charged y ion is more likely to be observed. 
Therefore, the singly charged y ions are more preferred in this method.
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7. The protein quantitative information collected from targeting proteomic 

quantitation is used for the final protein quantitative evaluation.
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Figure 1. 
Common used strategy of bottom-up and top-down proteomics.
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Figure 2. 
LC-MS/MS approaches of Proteomic sand Glycoproteomic s
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Figure 3. 
Workflow outlining glycoprotein enrichment and LC-MS/MS qualitative and quantitative 

characterization.
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Figure 4. 
Comparisons of intensities of peptides and glycopeptides before and after cotton HILIC 

enrichment.
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Figure 5. 
A data example of LC-MS/MS analysis of rat brain tissue generated by LTQ Orbitrap mass 

spectrometer. a, the total ion chromatogram. b, the full scan spectra at retention time 41.11 

min. c, zoomed full scan spectra of m/z range 443.0 to 446.0. d, CID spectra of precursor ion 

m/z = 444.22. f, peptide identification using MASCOT and Scaffold shows the identity of 

the spectra in d.
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