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Abstract 

The significance of proteins in biological processes has driven increasing 

numbers of studies focusing on proteomics in various biological systems during the 

past decade. These studies include: profiling proteins in simple or complex samples, 

investigating protein-protein interactions, characterizing post-translational 

modifications of proteins, and analyzing expression level of proteins in different 

biological or disease states. Such studies can provide valuable information to decipher 

the roles of proteins in numerous of biological processes and advance our 

understanding of mechanisms of various diseases. Mass spectrometry (MS), with its 

ability of parallel analysis of thousands of proteins, has become the standard 

technology to investigate proteome in recent years. In my dissertation research, I have 

employed MS-based tools to investigate differential proteomic events in various 

biological systems. The applications include: revealing the interacting proteins of 

MBD1 (chapter 3), characterizing phosphorylation of GATA-2 (chapter 4) and 

hydroxylation of α1 (V) collagen chain (chapter 6), and profiling secretome of 

vascular smooth muscle cells (VSMCs) in response to TGF-β/Smad3 stimulation 
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(chapter 5). Results presented here have provided insights into: 1) the function of 

MBD1 in neural development; 2) the mechanism of GATA-2 in regulating 

hematopoiesis; 3) the role of Smad3-dependent TGF-β signaling in the atherosclerotic 

process; and 4) the unique biological properties of α1 (V) collagen chain to induce the 

autoimmunity in lung transplantation. Collectively, this thesis research has developed 

improved proteomics methodology, showcased the power of MS-based tools, and 

enabled biological discovery in several important processes of biomedical and clinical 

relevance. 
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Chapter 1  

Introduction: Brief Background and Research Summary 

 

 

 

 

 

 

 

 

 

 

 

 

 

Partially adapted from: “Recent advances in enrichment and separation strategies for 

mass spectrometry-based phosphoproteomics.” Yang, C., Zhong, X., Li, L. 

Electrophoresis 2014, 35, (24), 3418-29 
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Mass Spectrometry   

Over the last 15-20 years, MS-based proteomics has become a mainstream 

approach for protein identification due to its ability to globally profile the proteins 

within a complex biological system in a relatively high-throughput fashion.
1
 In a 

mass spectrometer, the mass-to-charge ratio (m/z) of an ion/charged molecule in the 

gas phase is measured under vacuum. In high resolution mass spectrometers, the 

charge state of the measured molecules can be determined according to the 

distribution of their isotopes. The mass of the molecules therefore can be calculated 

based on the measured m/z value and charge state. To analyze the molecules of 

interest in a mass spectrometer, the molecules are firstly converted into ions in the 

ionization source. Once transferred into the vacuum region, the ions are separated 

according to their m/z by the mass analyzer. Finally, the ions are detected by an ion 

detector which enlarges electrical signals and these signals are transformed to mass 

spectra by a computer. Due to the general analysis process of molecules in MS, three 

basic instrumental components are standard: an ionization source, a mass analyzer 

and an ion detector.  

An ionization source is utilized to produce ions from neutral molecules. 

Although various ionization approaches have been applied in MS analysis, 

electrospray ionization (ESI) was employed in all projects presented here. In addition 

to its high ionization efficiency, ESI can be directly coupled with liquid 

chromatography (LC) separation. The mobile phase eluted from an LC column is 

sprayed under a high electric field, and charged droplets are formed in the ion source. 
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As the solvent droplet evaporates, the radii of the charged droplet decrease. The 

shrinkage of the droplet volume results in the increasing charge density on the droplet 

surface. When the mutual Coulombic repulsion between charges on the surface of 

each droplet exceeds the surface tension, the droplet breaks down into a set of 

daughter droplets. This solvent evaporation-Columbic fission process happens 

repeatedly and individual gas-phase ions are generated.
2
  

Ions generated in the ion source are then directed into the mass analyzer. The 

commonly used mass analyzers include time-of-flight (TOF), ion trap, Orbitrap, 

magnetic sector, quadrupole, and ion cyclotron resonance (ICR). The projects 

presented here were mainly performed on Orbitrap-type MS instrument platform 

because of their high resolution and high mass accuracy. In the Orbitrap-type of mass 

spectrometer, a spectrum of ions with wide m/z range are collected in a “C” trap and 

injected simultaneously to the Orbitrap analyzer.
3
 Ions with different m/z oscillate in 

the Orbitrap at different frequencies, generating image currents. Then Fourier 

transform (FT) is utilized to deconvolute the synthesized waveform resulted by the 

motion of ions at different frequencies. The signals are then transformed into a mass 

spectrum through a computer.  

To map the sequence of a peptide, a full MS scan is performed to measure the 

intact mass of the peptide followed by isolation of the peptide of interest’s ions for 

MS/MS analysis. In MS/MS analysis, the isolated peptide ions are fragmented into 

smaller pieces through collisions with neutral molecules (collision-induced 

dissociation) (CID)) or ion-ion reactions (electron-transfer dissociation (ETD)
4
, 
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electron-capture dissociation (ECD)
5
). Sequence information can be extracted from 

MS/MS spectra by matching the m/z of fragment ions to the theoretical m/z of the 

ions with certain chemical structure (Figure 1.1).               

Characterization of Post-translational Modifications (PTMs) by Mass Spectrometry  

 About 5% of genomes in eukaryotes are coded for enzymes that are dedicated 

to PTMs of proteome. Understanding of dynamic PTMs of proteins in various 

biological systems can facilitate deciphering the signaling transduction in biological 

processes and discovering the therapeutics for various diseases. Characterization of 

PTMs by MS is focused on two aspects: 1) localization of the modified sites (e.g., 

phosphorylation, acetylation, glycosylation, and hydroxylation) in a single protein or 

large-scale manner and 2) characterization of the structure of PTMs themselves, 

including uncovering the structure of a glycan carried by the proteins of interests.
6
 

Projects presented here are mainly focusing on the localization of PTMs in proteins. 

Therefore, I will take phosphorylation as an example to illustrate how MS is utilized 

for localization of PTMs in proteins.  

In a general “bottom-up” phosphoproteomic workflow (Figure 1.2), protein 

mixtures are extracted from cells or tissues and digested by proteases. Trypsin is the 

most widely used enzyme. However, Glu-C, Lys-C, Asp-N, or other enzymes are also 

used alone or with trypsin to achieve in-depth phosphoproteomic analysis according 

to the need of individual projects.
7,8

 In some of studies, an additional off-line 

separation is employed to reduce the complexity of samples. For example, the 

generated peptide mixture is separated by off-line strong cation exchange 
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chromatography (SCX). The eluted samples are collected and combined into tens of 

fractions according to their elution profiling. An enrichment technique, like 

immobilized metal affinity chromatography (IMAC), is then utilized to isolate 

phosphopeptides from the mixtures and facilitates the detection of phosphopeptides in 

subsequent LC-MS/MS analysis. Details on enrichment and separation strategies 

applied in MS-based phosphoproteomics are described in Chapter 2. Finally, 

phosphopeptides are identified by a database search, and phosphorylation sites are 

confidently assigned by a site localization algorithm. 

During MS analysis, ions will be fragmented into small pieces in order to 

obtain sequence information. In MS, a cycle will be conducted in which a full MS 

survey scan is performed to measure the intact mass of peptides and the most intense 

ions are selected for MS/MS analysis to map the sequence of peptides and 

localization of phosphorylation sites. CID is the most widely used fragmentation 

methods for peptide sequencing, but phosphopeptides are often preferentially 

fragmented at the phosphate group in CID. This gives rise to nonsequence neutral and 

charged losses from the precursor and sequence-specific product ions,
9
 limiting the 

identification of phosphopeptides and phosphorylation site localization. In 

comparison to CID, high-energy collision dissociation was shown to identify more 

phosphopeptides and phosphorylation sites, as it produces less abundant neutral loss 

and more interpretable sequence informative product ions.
10,11

 ETD and ECD, unlike 

CID or high-energy collision dissociation, fragment peptide ions independently of the 

sequence of peptides. As a result, labile PTMs, such as phosphate groups, will stay 
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intact using these two approaches,
4
 however, these electron based fragmentation 

techniques require the presence of multiply charged peptide ions.
12

 Furthermore, ECD 

requires the use of FT-ICR instrumentation. These limitations prevent their broader 

usage in large-scale phosphoproteomics.  

With thousands of tandem MS spectra identified by database searches, 

phosphorylation sites on each identified peptide need to be verified. Unfortunately, it 

is impossible to validate the assignments of phosphorylation sites by manual 

inspection of thousands of MS/MS spectra. To address this challenge, site localization 

algorithms, such as A score,
13

 PhosphoRS,
14

 and MASCOT delta score,
15

 have been 

introduced in the field of phosphoproteomics to facilitate the validation process.  

Analysis of Protein-Protein Interactions by Mass Spectrometry  

 Biological processes in an organism are usually organized and coordinated 

through the dynamic signaling networks of interacting proteins.
16

 Thus, the simply 

identification of proteins in the organism are not sufficient to describe biological 

processes and understand protein functions, which have made characterization of 

protein-protein interactions become critical in biological research. Recently, affinity 

purification (AP) coupled with MS has been widely used to advance our 

understanding of protein-protein interactions due to their ability to isolate protein 

complexes under near physiological conditions and perform the analysis in a simple 

and fast manner with high selectivity and sensitivity.
17

 In a basic workflow of AP-MS, 

the target protein (bait) and its interacting proteins (prey) are isolated from the lysates 

of cells or tissues. During the isolation, the target protein is recognized and captured 
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by a capture molecule immobilized on a solid support (resin). Because of the 

interactions with target protein, the interacting proteins are simultaneously captured. 

The isolated protein complexes are then eluted and analyzed by MS after few 

washing steps to reduce nonspecific interactions (Figure 1.3). Although isolation of 

endogenous proteins can be performed, such isolation is limited by the number of 

commercial available antibodies to recognize the proteins of interest. An alternative is 

to isolate proteins through an affinity epitope tag. Proteins of interest are expressed 

with an epitope tag. It thus enables the purification of target protein along with its 

interacting proteins through an antibody specific to the tag. The common tags used in 

AP-MS include FLAG, six histidines, c-Myc, hemaglutinin (HA), green fluorescent 

protein (GFP), glutathione-S-transferase (GST), and protein A.
18,19

 Because the usage 

of tags is universally applicable for proteins of interest and achieves parallel sample 

preparation without additional optimization of the protocol for individual protein 

complex of interest, it is suitable for large-scale and high-throughput experiments.
20,21

  

In theory, proteins that have specific interactions with the target protein can 

only be co-precipitated during the affinity purification. However, contaminants 

always present. They are co-precipitated through the nonspecific interactions with the 

resin (e.g., magnentic beads, agarose), immunoglobulin molecules (e.g., heavy or 

light chains of antibodies), and tags (e.g., FLAG, GFP). Even worse, some of them 

can bind to the isolated proteins of interest through nonspecific interactions. To 

distinguish the interacting proteins from contaminants, control experiments are 

required for all AP-MS experiments. Further quantitative MS analysis can provide 
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valuable information to decide the specificity of interactions by revealing the 

relatively high abundant proteins in the samples compared to a control. Once the 

interacting proteins for the target protein are identified, validation experiments must 

be performed. 

Mass Spectrometry based Quantification Approaches   

 To date, the growing demand for information on differential expression of 

proteins in various biological systems under different physiological or pathological 

conditions has driven the field of proteomics from qualitative analysis to quantitative 

analysis.
1
 Quantitative proteomics can be classified into two major approaches: label-

based and label-free approaches. Labeling approaches, which incorporate isotopes 

into proteins or peptides and perform quantification analyses in MS (stable isotope 

labeling by amino acids in cell culture (SILAC)) or MS/MS (isobaric tags) scans, are 

often considered to be more accurate in relative protein quantification. However, the 

required expensive isotope labels and the limited number of samples analyzed in a 

single experiment make the label-free approach as a more cost-effective method for 

quantitative proteomics. Label-free quantitation is generally based on two categories 

of measurements: 1) ion intensity such as peptide peak areas or peak heights in 

chromatography, which are proportional to the concentration of measured peptide, 

and 2) spectral count based on the observation that an increase in protein abundance 

is associated with an increased number of proteolytic peptides and their frequencies 

of being selected to produce MS/MS spectra. Because of the different features of 



9 
 

these quantification approaches, they have been utilized in various studies dependent 

on the need of individual study.
22,23

 

Overview of Projects 

 My thesis projects presented here are focused on utilization of MS to 

investigate the different proteomic events in various biological systems. In chapter 2, 

a review on recent advances for enrichment and separation techniques in MS-based 

phosphoprotemics is given. In chapter 3, I applied MS to reveal the interacting 

proteins of MBD1 in mouse brain because of the importance of MBD1 in regulation 

of neutral development. A MBD1 mouse model was generated. A series of AP 

experiments were then conducted to isolate the MBD1 complexes from lysate of mice 

brain. Control groups and quantification analysis were performed to uncover the 

potential interacting proteins of MBD1 from contaminants. Quantification analysis 

via spectral counting found five proteins as significant potential interacting of MBD1.  

The projects described in chapter 4 and 6 relied on MS to map PTMs of 

proteins. In chapter 4, the phosphorylation of GATA-2 was analyzed by MS. Results 

from western blots indicated that the wild-type GATA-2 is phosphorylated, while 

GATA-2 (T354M) is hyperphosphorylated. Therefore, the wild-type and mutant of 

GATA-2 were isolated separately through immunoprecipitation, and further 

purifications were performed by SDS-PAGE separation. The phosphorylated GATA-

2 proteins (wild-type and mutant) were digested in-gel. Peptides generated were 

extracted and subjected to LC-MS/MS analysis. Here, we revealed the S192-

dependent phosphorylation of GATA-2. In chapter 6, a comprehensively mapping 
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hydroxylation of α1(V) collagen chain was demonstrated. α1(V) collagen chain in 

human and bovine were digested by multiple proteases to achieve high sequence 

coverage in MS analysis. Beam-type CID (HCD) was selected as the main 

fragmentation approach because of its ability to generate immonium ions and 

“proline-effect” in ETD fragmentation. In the MS analysis, about 89% and 95% 

sequence coverage were achieved separately in human pro-α1 (V) chain and bovine α 

1 (V) chain. In total, 120 hydroxyproline residues, 8 hydroxylysines, and 23 

glycosylated hydroxyprolines were identified in human pro-α1 (V) chain. Meanwhile, 

124 hydroxyprolines, 3 hydroxylysines, and 31 glycosylated hydroxyprolines were 

found in bovine α 1 (V) chain. The comprehensively map of hydroxylation of α1(V) 

collagen chain in human and bovine has provided valuable information to perform 

downstream functional analysis for hydroxylation of α1(V) collagen chain. 

Eventually, such studies may explain the role of hydroxylation carried by α1(V) 

collagen chain in autoimmune response against collagen type V in lung transplant. 

 Chapter 5 presents the comparative secretome analysis of vascular muscle 

cells in response to Smad3-dependent TGF-β signaling. The conditioned media from 

control and treatment were collected. Secreted proteins in the media were isolated and 

concentrated by molecular weight cut-off filter.  After tryptic digestion and desalting, 

peptide mixtures were analyzed by LC-MS/MS. A substantially larger list of putative 

secreted proteins is identified. Further quantification analysis by spectral counting 

revealed 38 secreted proteins that were significantly up or down-regulated in response 

to TGF-β. A conclusion chapter is then included in the end of my thesis. 
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Figure 1.1  A general schematic of an Orbitrap and MS, MS/MS analysis. a). The 

general schematic of an Orbitrap mass spectrometer. Ions are generated in the ions 

source through ESI and transferred into the Orbitrap. Once in Orbitrap, ions with 

various m/z oscillate, resulting in the generation of image currents. A spectrum is 

produced in a computer through Fourier transform.  b). Visualization MS and MS/MS 

analysis. The intact mass of peptide ions is measured in a full MS scan. The intact 

peptide ions with specific m/z are selected and fragmented to generate MS/MS 

spectrum. In MS/MS spectrum, the sequence of the selected peptides can be 

deciphered by matching the m/z value in the spectrum to the theoretical m/z value of 

a single or multiple amino acids.                 

 

 

 

 



15 
 

 

Figure 1.2  A general “bottom-up” phosphoproteomic workflow depicting the 

major steps, which comprise protein extraction from cells, enzymatic digestion, and 

fractionation of the resulting peptide mixtures. Phosphopeptides in each fraction are 

then enriched and subjected to LC-MS/MS analysis. Finally, phosphopeptides are 

identified by a database search and phosphorylation sites are confidently assigned by 

a site localization algorithm.
24

 (ERLIC: electrostatic repulsion-hydrophilic interaction 

chromatography; HILIC: hydrophilic interaction chromatography; MOAC: metal 

oxide affinity chromatography)  
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Figure 1.3 A basic workflow of AP-MS.  Initially, proteins are isolated from cells. 

The proteins of interest and their interacting proteins are then precipitated by AP. 

After a series of sample preparation steps, samples are analyzed by LC-MS/MS. The 

further quantification and statistical analysis reveal the potential interacting proteins 

from contaminants. 1. Lsate from cells or tissues; 2. Incubation of capture molecules 

(antibodies here) with lysate; 3. Washing steps to remove nonspecific binding 

proteins; 4. Elution of protein complexes of interest. 
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Chapter 2  

Recent Advances in Enrichment and Separation Strategies 

for Mass Spectrometry-based Phosphoproteomics 

 

 

 

 

 

 

 

 

Adapted from: “Recent advances in enrichment and separation strategies for mass 

spectrometry-based phosphoproteomics.” Yang, C., Zhong, X., Li, L. 
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ABSTRACT 

 Due to the significance of protein phosphorylation in various biological 

processes and signaling events, new analytical techniques for enhanced 

phosphoproteomics have been rapidly introduced in recent years. The combinatorial 

use of the phospho-specific enrichment techniques and prefractionation methods prior 

to MS analysis enables comprehensive profiling of phosphoproteome and facilitates 

deciphering the critical roles that phosphorylation plays in signaling pathways in 

various biological systems. This review places special emphasis on the recent five-

year (2009-2013) advances for enrichment and separation techniques that have been 

utilized for phosphopeptides prior to MS analysis. 
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 INTRODUCTION 

Protein phosphorylation is one of the most common post-translational 

modifications (PTMs) in various organisms. One-third of proteins in eukaryotic cells 

are estimated to be phosphorylated at any time.
1
 The reversible phosphorylation of 

proteins plays critical roles in the regulation of intracellular biological processes, such 

as signal transduction, transcription and translation regulation, and metabolism.
2
 

Aberrant phosphorylation can result in diseases including cancer and cardiovascular 

disease.
3,4

 Due to the significance of protein phosphorylation in biological processes, 

tremendous efforts have been made to investigate protein phosphorylation for 

decades.
5
 Mass spectrometry (MS) as a promising tool to analyze protein 

phosphorylation has gained great deal of attention due to its ability to profile 

thousands of proteins in a single analysis.
1, 6

 However, analysis of protein 

phosphorylation is not straightforward. The low stoichiometry, wide dynamic range 

and various isoforms of phosphorylated proteins present in the biological systems 

pose significant challenges to current analytical techniques. Fortunately, these 

challenges can be alleviated to some extent by enriching phosphoproteins or 

phosphopeptides prior to MS analysis.
7
 Enrichments also increase the sensitivity of 

MS to detect phosphorylated proteins or peptides by reducing the ionization 

competition with non-phosphorylated proteins or peptides. 
8
  

To increase the number of identified proteins from a biological sample, 

multidimensional separation strategies are commonly utilized in current MS analysis 

in order to reduce the complexity of samples.
9
 In a typical MS-based 
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phosphoproteomic analysis, a prefractionation step and enrichment step are often 

employed before MS analysis.
10

 Although some prefractionation methods can 

partially enrich phosphopeptides or phosphoproteins from biological samples, such as 

ion-exchange based chromatography, we categorize those techniques as separation 

strategies for phosphoproteins or phosphopeptides. Herein, we will focus on the 

advances in enrichment and separation techniques for MS-based phosphoproteomics 

that have been published in recent years during 2009-2013. The citations are not 

comprehensive due to vast amount of literature and explosive rate of growth in the 

field. Rather, we attempt to highlight some representative examples from recent work 

and advances. 

Advances in Enrichment Techniques 

A variety of enrichment techniques, including immunoprecipitation (IP), 

chemical modification, immobilized metal affinity chromatography (IMAC), and 

metal oxide affinity chromatography (MOAC), have been developed and applied to 

study the phosphoproteome in different biological samples.
3, 11

 Among these 

techniques, chemical modifications, such as β-elimination coupled with a Michael 

addition, often suffer from incomplete reactions resulting in significant sample loss 

and increased sample complexity. Despite an effective enrichment strategy, IP is 

mainly used for enrichment of phosphotyrosine-containing proteins.
12,13

 Thus, we will 

focus our discussion primarily on IMAC and MOAC in the following sections. 
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Immobilized Metal Affinity Chromatography  

Currently, immobilized metal affinity chromatography (IMAC) is one of the 

most widely used enrichment techniques for phosphopeptides prior to MS analysis. It 

enriches phosphopeptides by the affinity of positive charges of metal ions for 

negative charges of phosphate. Fe
3+

, Al
3+

, Ga
3+

, Zr
4+

 and Ti
4+

 are the commonly used 

metal ions in IMAC.
14

 In IMAC, metal ions are chelated to a support, such as 

magnetic beads, stationary phase in a chromatographic column or MALDI plate, via a 

chelating group. However, IMAC often suffers from high level of non-specific 

binding for non-phosphorylated peptides that contain acidic residues (glutamic and 

aspartic acid). Low pH loading and washing buffers are usually used in IMAC 

enrichment to improve the specificity of enrichment. The pH of loading and washing 

buffer is often between the pKa values of acidic amino acids and pKa1 value of 

phosphoric acids and results in the protonation of acidic residues and deprotonation of 

phosphate groups. Thus, negative charge of phosphopeptides will be retained in 

IMAC resin while neutral acidic non-phosphorylated peptides will be washed away 

from IMAC resin during loading and washing steps.
13, 15

 But complete protonation of 

all acidic residues can only be achieved in highly acidic pH (pH=1 to 1.5) and such 

low pH condition could result in metal ions leaching from supports and contaminating 

phosphopeptides.
16

 Another way to overcome this weakness is esterification of 

phosphopeptides, which converts carboxyl groups of amino acid residues into methyl 

esters.
17

 But sample losses and increased sample complexity, resulted by incomplete 

reactions and side reactions, prevent the wide spread usage of esterification.
18
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Significant efforts have been made to address these problems by optimizing the 

IMAC materials or enrichment protocols. Herein, we will highlight recent advances 

of IMAC from these two aspects.  

Advances in Materials for Immobilized Metal Affinity Chromatography  

The improvements on IMAC materials include selection of different metal 

ions, chelating group and supports. Stationary phases of LC columns are the common 

supports for IMAC. Recently, various metal ions were immobilized onto monolithic 

columns.
19

 Because of the porous structure, monolith can provide larger surface area 

with high specificity to bind more metal ions and enable rapid mass transport for 

phosphopeptides. A Ti
4+

-monolithic based IMAC was used to perform 

phosphoproteomic study of rat liver mitochondrion.
19a

 The sol-gel method with 

tetraethoxysilane and 3-aminopropyltriethoxysilane as precursors was used to prepare 

the monolithic support in a 250 µm i.d. capillary. Ti
4+ 

ions were chelated onto the 

monolithic support by further functionalizing amine groups. A total of 224 

phosphopeptides were identified in comparison with 28 and 72 phosphopeptides 

which were identified by commercial Fe
3+

-IMAC and TiO2, respectively. 

However, enriching phosphopeptides in an LC column usually requires 

multiple sample-handling steps and an LC system to achieve sample loading, washing 

and eluting. These limitations motivated researchers to design new supports to 

simplify the procedure of phosphopeptide enrichment. Magnetic beads have attracted 

a great deal of interest due to its simplicity for isolating phosphopeptides from a 

sample solution by an external magnetic field and provide a high throughput platform 
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for automated enrichment processes.
20

 Although magnetic non-porous beads 

immobilizing with different metal ions have been successfully used for various 

biological samples and are commercially available, magnetic mesoporous beads with 

high density pores and large surface areas have gained increasing attention in the past 

five years. 
21,22

 Zirconium-containing magnetic mesoporous beads were synthesized 

and applied for enriching phosphopeptides.
22b

 The magnetic mesoporous beads were 

prepared by directly coating mesoporous silica on to Fe3O4 magnetic microspheres 

following addition of phosphate to chelate with Zr
4+

 ions. This Zr
4+

-functionalized 

materials facilitated identification of 218 phosphopeptides in 100 µg rat brain which 

showed excellent potential for selective enrichment of phosphopeptides.  

Directly enriching phosphopeptides on a modified MALDI plate has been 

developed and successfully applied to enable rapid enriching of a small amount of 

samples.
14c, 23

 Phosphopeptides in 20 fmol purified β-casein digests were successfully 

enriched by a functionalized MALDI plate with a phosphonate self-as-sembled 

monolayer immobilizing to Zr
4+

 ions.
23c

 The sensitivity is significantly higher than 

TiO2 or Fe-IMAC microcolumns or magnetic beads due to reduced sample loss 

caused by additional sample transfer steps. Recently, Si wafers with a micro-array of 

functionalized microspots was fabricated as a MALDI plate. 
23a

 In each microspots, 

Fe
3+

 ions were immobilized onto Si wafers via nitrilotriacetate (NTA) which provides 

a potential platform for high throughput parallel enrichment of phosphopeptides. 

Further, to immobilizing metal ions onto a solid support, polymer-based metal 

ion affinity capture (PolyMAC), which immobilizes metal ions to soluble 
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nanopolymers, was recently introduced.
24

 This technique allows for enriching limited 

phosphopeptides in a homogeneous, aqueous solution which overcomes the 

inconsistent enrichment resulting from the heterogeneity of solid phase extraction-

based isolation methods. Phosphopeptides are typically bound to PolyMAC-Ti agents 

and isolated from solution through coupling to hydrazide-agarose gels.  The entire 

enrichment process, including capture of phosphopeptides in solution, recovery of 

PolyMAC-phosphopeptide complexes on agarose beads, wash off non-

phosphorylated peptides, and elution of phosphopeptides, requires less than 30 min 

and provides higher selectivity, reproducibility and greater yields than commonly 

used TiO2 method.  

In addition to the improvements on IMAC supports, an increasing number of 

studies have focused on the improvements of chelating groups. 
19a, 22b, 23c, 25

  The 

phosphate group is recently employed in IMAC as a promising metal ion chelator. 

Unlike in NTA-IMAC or imidodiacetic acid-IMAC method that each metal ion only 

coordinates to one ligand, each metal ion binds to more than one phosphate group 

producing strong binding between metal ions and ligands.
26

 Ti or Zr ions immobilized 

on the phosphate materials were reported to be coated onto various supports, 

including MALDI plates, magnetic beads, celluloses and monolithic columns.
19a, 22b, 

23c, 25a
 Moreover, many new types of complexes have also been utilized in IMAC, 

such as dinuclear zinc (II) complex Phos-tag and polydopamine. 
25b-d
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Advances in Protocol for Immobilized Metal Affinity Chromatography 

A recent study discovered that IMAC not only can enrich phosphopeptides, 

but also can bind to non-phosphorylated peptides with deamidation or 

carbamylation.
27

 Therefore, it is recommended to avoid using urea, a commonly used 

denaturant, in phosphoprotemic studies due to its tendency to induce these 

modifications (deamidation and carbamylation) on peptides. Additionally, because 

nucleic acids contain abundant phosphate groups that have strong affinities for IMAC 

beads causing interference for phosphopeptides enrichment, acetonitrile (ACN) 

precipitation has been employed for protein extraction to efficiently remove nucleic 

acids before IMAC enrichment step.
28

  

To comprehensively map the heterogeneous types of phosphopeptides, 

different strategies have been developed for IMAC enrichment.
29

 A tandem IMAC-

IMAC strategy (Figure 2.1) was utilized to address the problem of  relatively low 

number of identified monophosphorylated peptides in IMAC enrichment due to its 

weak interaction with monophosphorylated peptides.
29a

 To recover the 

monophosphorylated peptides in the washing fractions from the first IMAC 

enrichment, a second IMAC enrichment step was performed to capture these unbound 

phosphopeptides. This tandem IMAC strategy yielded about 60% increase in the 

number of phosphopeptides identified in comparison to one-step IMAC enrichment. 

Furthermore, more than 90% of the identified phosphopeptides in the second IMAC 

fractions were monophosphorylated peptides. The combined use of different metal 

ions for enriching phosphopeptides in a single experiment has also been demonstrated 
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29b, 29c

. The Fe
3+

-IMAC and Ti
4+

-IMAC methods could complementarily enrich 

phosphopeptides in Raji cell lysate with only 10% overlapping.
29b

 Sequential 

enrichment of phosphopeptides from Raji cell lysate by Ga
3+

-Fe
3+

IMAC also resulted 

in more than 1.5-fold greater coverage of phosphoproteome compared to that of 

single IMAC (Fe
3+

, Ti
4+

, Ga
3+

 and Al
3+

).
29c

 

Metal Oxide Affinity Chromatography  

 In comparison with IMAC, MOAC has a better tolerance with low pH loading 

and washing buffers which efficiently protonate carboxyl group while keeping the 

negative charges on phosphorylated residues.
16

 This technique is based on the affinity 

of oxygen in the phosphate groups for metal atoms in the MOAC resin. Peptide 

mixtures are usually loaded onto the column under acidic conditions and the 

phosphopeptides are eluted by addition of basic solutions. Various metal oxides 

including TiO2, ZrO2, Fe3O4, SnO2, HfO2 and CeO2 have been used for 

phosphopeptide enrichment and exhibit different affinity and specificity for 

phosphopeptides.
23a, 30

 Turecek group and Ge group independently demonstrated that 

ZrO2 outperforms TiO2.
31

 However, the variations in phosphopeptide enrichment 

capabilities are highly dependent on the preparation techniques of metal oxide as the 

morphological properties of the solid coating, in addition to the differences of metal 

centers, can also significantly contribute to the enrichment capability of metal oxide. 

The performance of MOAC for enriching phosphopeptides is also influenced by the 

physical characteristics of the MOAC resin. Nanoparticles generate superior 

enrichment compared with microparticles due to larger surface area with high 
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specificity to provide more ligand binding sites.
32

 Herein, we will also cover recent 

advances of the MOAC in materials and enrichment protocols. 

Advances in Materials for Metal Oxide Affinity Chromatography 

In the recent five years, substrates with various structures and different 

compositions were synthesized to improve the enrichment performance of MOAC.
33

 

TiO2 and iron oxide were coated onto a monolithic capillary column to enrich 

phosphopeptides from casein or human serum.
34

 Mesoporous TiO2 and ZrO2 aerogel 

were recently designed for selective enrichment of phosphopeptides in rat liver 

mitochondrion.
35

 The binding capacity of mesoporous TiO2 aerogel was six times 

higher than that of conventional TiO2 microparticles for a single phosphopeptide 

standard. A total of 216 phosphoprotein groups was identified by mesoporous TiO2 

aerogel from rat liver mitochondrion with comparison to less than 150 

phosphoprotein groups identified by TiO2 nanoparticles or microparticles.
35b

 

Magnetic particles decorated with metal oxide have also been widely applied for 

enriching phosphopeptides.
36

 Magnetic carbon-encapsulated iron nanoparticles were 

functionalized with poly (acrylic acid) to produce carboxyl-rich polymer surface 

which greatly facilitated the immobilization of TiO2.
36c

 The magnetic TiO2-coated 

carbon-encapsulated iron nanoparticles enabled identification of 1415 unique 

phosphopeptides and 1093 phosphorylation sites from 200 μg of HeLa cell lysates. 

This performance was significantly superior to that of commercial magnetic TiO2 

beads.  
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Although metallic MALDI plates are the main supports used for on-plate 

enrichment of phosphopeptides, the high cost of these metallic plates makes 

alternative substrates attractive such as glass slides.  A mesoporous TiO2 stripe coated 

microscope glass slide not only provided a platform for on-target enrichment, but also 

enabled separation of phosphopeptides based on the number of phosphate groups on 

the peptides.
37

 Ammonium dihydrogen phosphate solution was used to elute 

phosphopeptides. In a similar way to thin layer chromatography, the stripe was placed 

in a chamber containing elution buffer and mono- and multiphosphorylated peptides 

of β-casein were clearly separated. TiO2 arrays were also fabricated on a gold-

covered glass slide via photocatalysis and provided the capability for high-throughput 

processing.
38

 Furthermore, single-use TiO2-coated aluminum foil was introduced for 

on-plate enrichment of phosphopeptides as an economical disposable layer attached 

to MALDI plates.
39

 This platform avoided the time-consuming polishing and washing 

steps to regenerate MALDI plates and was used for matrix-free laser 

desorption/ionization of peptides with sample amounts down to several hundred 

femtomoles. 

Advances in Protocol for Metal Oxide Affinity Chromatography  

To improve the enrichment performance of MOAC, considerable efforts have 

focused on the optimization of sample loading and elution buffers. In addition to 

conventional additives including 2,5-dihydroxybenzoic acid (DHB), glutamic acid 

and lactic acid, which contain carboxyl groups, glycerol was demonstrated to improve 

the phosphopeptide selectivity of TiO2
40,41,42,

 
43

. It is speculated that glycerol adding 
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into loading and washing buffers could reduce acidic peptides binding to TiO2 by 

disruption of carboxy group-based bidentate chelation. It is also demonstrated that 

NH4OH, a common elution solution, tended to elute shorter phosphopeptides (1000-

1500 Da), while bis-Tris propane was suitable for elution of longer phosphopeptides 

(1000-4000 Da), in some cases, which contained more hydrophilic and/or more acidic 

residues. Therefore, a best optimized method which combined the glycerol additive 

and two-step elution (NH4OH and bis-Tris propane) was applied to enrich 

phosphopeptides in PC2 cell lysate. In comparison to the conventional method, a 1.4-

fold increase in the number of identified phosphopeptides was obtained (Figure 2.2). 

Further to these results, glycerol additive enabled recovery of more 

monophosphorylated peptides than lactic acid.
43

 Recently, asparagine (N) or 

glutamine (Q)-rich peptides, which did not show a propensity to binding to IMAC 

beads, were proven to exhibit non-specific binding to TiO2 beads.
44

 Furthermore, 

phosphopeptide enrichment was particularly low for yeast cells compared to flies and 

human. The low specificity in yeast cells was caused by the relative higher abundance 

of N/Q-rich proteins in yeast (2.7%) than that in flies (1.5%) and human (1.3%). A 

mixture of asparagine and glutamine amino acids as decoy amino acids were added 

into washing buffers to reduce the extent of non-specific peptide binding and improve 

the recovery and detection of low abundance phosphopeptides. A 30% increase in the 

enrichment of phosphopeptides was observed compared to that of washing buffers 

without decoy amino acids. 
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Peptide-to-metal oxide beads ratio is also a significant factor for 

phosphopeptide enrichment (Figure 2.3).
45

 Insufficient or excessive TiO2 beads could 

decrease the selectivity. While excessive TiO2 beads could increase non-specific 

binding, insufficient TiO2 beads favored enrichment of multiphosphorylated peptides 

due to their higher affinity compared to monophosphorylated peptides. Therefore, 

pre-experiments are recommended to determine an optimum peptide-to-beads ratio 

when handling different biological samples. It is also suggested that incubation of 

samples in insufficient beads could be utilized as a strategy to separate 

multiphosphorylated peptides from monophosphorylated peptides. Separate analysis 

of mono- and multiphosphorylated peptides can enhance the detection of 

multiphosphorylated peptides as monophosphorylated peptides can suppress the 

signal of multiphosphorylated peptides. A pre-separation of mono- and 

multiphosphorylated peptides could also be achieved by eluting phosphopeptides at 

different high pH conditions.
46

 Moreover, citric acid also could be used for stepwise 

separation of phosphopeptide since concentration of citric acid can greatly affect the 

binding of mono- and multiphosphorylated peptides with TiO2. 
47

 1 mg of HeLa cell 

digests was loaded onto TiO2 beads in 1M citric acid containing loading buffer.  The 

flow-through fraction was diluted to a final concentration of 50 mM citric acid and 

enriched by another aliquot of TiO2 beads. 69% of phosphopeptides in the first 

enrichment were multiphosphorylated and 92% of them in the second enrichment 

were monophosphorylated. In comparison to the commonly used DHB/TiO2 

enrichment strategy, a 37% increase for the total number of identified 
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phosphopeptides and 2.6-fold increase for the number of identified 

multiphosphorylated peptides were observed. 

Advances in Separation Techniques 

 Although IMAC or MOAC can effectively enrich thousands of 

phosphopeptides from tissue extract or cell lysate samples, the single step affinity 

purification is often not effective enough for a successful in-depth analysis of the 

phosphoproteome. Thus, pre-fractionation with different LC methods before routine 

RPLC-MS/MS analysis to reduce sample complexity is essential. In these pre-

fractionation methods, strong cation exchange chromatography (SCX) is the most 

frequently used strategy prior to affinity purification. Hydrophilic interaction 

chromatography (HILIC), electrostatic repulsion-hydrophilic interaction 

chromatography (ERLIC), and high pH RPLC have also been used for fractionation 

of phosphopeptides before routine RPLC-MS/MS. Each method has its own merits to 

provide optimal fractionation for different physicochemical properties of 

phosphopeptides. For example, SCX yields the highest number of identified 

phosphopeptides, while ERLIC is optimal for the identification of 

multiphosphorylated peptides among SCX-TiO2, HILIC-TiO2, and ERLIC-TiO2. 
48

 

Furthermore, capillary electrophoresis (CE) is also applied for separation of 

phosphopeptides or phosphoproteins prior to MS analysis. Herein, we will highlight 

the five-year advances in separation methods for phosphoproteomics including ion 

exchange based chromatography, HILIC, ERLIC, RP and CE.  
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Ion Exchange Based Chromatography 

 SCX separates phosphopeptides from non-phosphorylated peptides based on 

the net positive charge in acidic condition. In acidic condition (pH=3), 

phosphopeptides usually possess a lower net charge compared to non-

phosphopeptides because of the protonation of acidic residues and deprotonation of 

phosphate groups. Thus, phosphopeptides have poor retention on the SCX column 

leading to multiphosphorylated peptides eluting first, followed by N-acetylated 

peptides, monophosphorylated peptides and finally regular peptides with a differing 

number of basic residues. However, phosphopeptides with multiple basic residues 

will coelute with non-phosphorylated peptides because of the same net positive 

charge. A subsequent SCX separation at more acidic condition (pH=1) was used to 

address this problem by protonation of phosphate groups.
49

 The neutralization of 

phosphate groups result in increasing net charge for phosphopeptides, whereas the net 

charge of regular peptides remains unchanged. Consequently, the unaffected non-

phosphopeptides will elute first followed by the “basic” phosphopeptides. This 

tandem SCX at different pH approach enabled identification of over 10,000 unique 

“basic” phosphopeptides in HeLa cells. However, this approach requires LC 

equipment and SCX columns to operate at pH=1 which is not compatible with the 

majority of chromatographic systems and columns. 

 Unlike poor retention in SCX, phosphopeptides are eluted later compared to 

non-phosphorylated peptides during strong anion exchange chromatography (SAX) 

separation. In a typical neutral-to-alkaline SAX buffer system, basic residues tend to 



33 
 

be uncharged, whereas the C-terminal carboxyl group, acidic residues and phosphate 

groups carry negative charge. It has been demonstrated that SAX-TiO2 enabled 

identification of more acidic and multiphosphorylated peptides in comparison with 

SCX-TiO2.
50

 This difference in performance can be attributed to the fact that 

phosphopeptides with or without multiple acidic residues elute simultaneously from 

the SCX column due to their same net charge at low pH condition. Thus, the acidic 

phosphopeptides are not effectively separated by SCX. However, acidic 

phosphopeptides can be separated according to the number of acidic amino acid 

residues they have by SAX due to the deprotonation of acidic residues under high pH 

condition. In contrast, phosphopeptides with multiple basic residues, which can be 

separated by SCX, cannot be distinguished from phosphopeptides without multiple 

basic residues in SAX. Due to the different properties of SCX and SAX , Dong et al. 

further separated the basic phosphopeptides from the early eluted fractions of SAX by 

SCX to improve the coverage for detection of basic phosphopeptides.
51

 Based on 

similar idea, weak anion exchange (WAX) chromatography, using a low 

concentration of salt to elute phosphopeptides compared to SAX, was applied to 

further separate a SCX fraction which is dominated by phosphopeptides with one 

basic amino acid and a free N-terminus.
52

 

Hydrophilic Interaction Chromatography  

 HILIC is chosen as a fractionation method for phosphopeptides due to its 

orthogonality to the subsequent routine low pH RPLC-MS/MS analysis.
53

 In HILIC, 

samples are loaded at high organic solvent concentration and eluted by increasing the 
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polarity of the mobile phase, which is opposite to the operation mode for RPLC.
54

 

Due to the hydrophilic separation of HILIC, multiphosphorylated peptides and 

peptides with multiple acidic residues are strongly retained in HILIC and are more 

likely to be fractionated into the same fractions. An increased selectivity for 

subsequent IMAC enrichment is obtained since multiphosphorylated peptides will 

compete more effectively for IMAC binding sites compared to monophosphorylated 

peptides in the presence of high abundance acidic peptides.
55

  In RPLC, 

phosphopeptides and their unmodified counterparts or isomers typically elute in a 

narrow window since the polar phosphate group only weakly interacts with the 

hydrophobic stationary phase resulting in little contribution to the retention of the 

peptide. In contrast, HILIC effectively separates phosphopeptides from their isomers 

or unmodified counterparts and elute phosphopeptides according to the number of 

phosphate groups they carry. Peptides (τ226-240) from human τ protein with different 

number of phosphate groups were successfully separated on a HILIC column with 

aminopropyl stationary phases. τ226-240, τ226-240 with one phosphate group on 

Ser238, τ226-240 with two phosphate groups on Thr231 and Ser235, and τ226-240 

with two phosphate groups on Thr231 and Ser238 were sequentially eluted at 27.9, 

31.8, 35.6 and 36.2 min over a 30 min linear gradient from 90 to 50% aqueous ACN 

in 5 mmol/L ammonium formate. 
56

  

Electrostatic Repulsion-hydrophilic Interaction Chromatography  

 Recently, ERLIC, which has the hydrophilic and weak anion-exchange 

characteristics, has been introduced as a novel separation method for 
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phosphopeptides.
57

 In the low pH and high organic content of the mobile phase, the 

majority of peptides with acidic residues and carboxyl groups at C terminus are 

largely protonated, thus poorly retained on an ERLIC column, whereas 

phosphopeptides and highly hydrophilic peptides will be retained due to 

deprotonation of phosphate groups and hydrophilic interaction. Because of the 

characteristics of ERLIC, multiphosphorylated peptides possessing more negative 

charges are eluted later and separated with a relatively high resolution. However, 

mono- and non-phosphorylated peptides have very little retention on the ERLIC 

column and are eluted in a narrow window resulting in complex fractions. As 

mentioned above, SCX usually generates more complex fractions for 

multiphosphorylated peptides but produces better resolution for monophosphorylated 

peptides. Therefore, additional complementary separation for those complex fractions 

generated by SCX or ERLIC is necessary for in-depth phosphoproteomics. 

Combinatorial use of SCX and ERLIC to further separate their respective complex 

fractions has been investigated.
58

 In this study, multiphosphorylated peptides were 

fractionated by ERLIC, while monophosphorylated peptides enriched ERLIC 

fractions were further separated by SCX. The number of identified phosphopeptides 

for HeLa cell was increased by about 48% with the use of combinatorial strategies 

(SCX-ERLIC and ERLIC-SCX) as compared to single step fractionation by SCX. A 

significant increase in the number of multiphosphorylated peptides was also noted 

when using combinatorial strategies that overcome the weakness of single SCX 

fractionation methods (Figure 2.4). The combinatorial strategies have been further 
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simplified by performing solid-phase extraction for both SCX and ERLIC.
59

 In this 

simplified workflow, a total of 9952 unique phosphopeptides was identified for HeLa 

cells from totally 13 fractions. 2137 phosphopeptides of 9952 unique 

phosphopeptides were multiphosphorylated peptides. 

Reversed Phase Liquid Chromatography 

 RPLC is also widely used for fractionation of phosphopeptides due to their 

high resolution and capability to provide orthogonal separation in different pH 

conditions. A high pH RPLC is typically utilized as the first dimension separation 

followed by routine on-line low pH RPLC in a phosphoproteomic analysis.
53, 60

 

Complex peptide mixtures are usually fractionated into tens of fractions. To reduce 

the instrument analysis time, the conventional way is to pool adjacent fractions 

together, thus reducing the total number of fractions required to be analyzed. Recently, 

a new pooling strategy was applied to 2D RPLC in phosphoproteomic analysis 

resulting in significantly increased number of identified phosphopeptides.
61

 The 

fractions for enriched phosphopeptides were collected every minute over a 90 min 

gradient of the high pH RPLC. The fractions eluted in the first 45 min were labeled as 

early group and the last 45 min eluted fractions were called later eluted group. Then 

every two fractions from each group with equal time interval were mixed for the 

subsequent on-line low pH RPLC separation. The new pooling strategy yielded a 33% 

increase in the number of unique identified phosphopeptides for mouse liver lysate 

compared with that obtained by the conventional approach. This increase was likely 

due to a more random distribution of phosphopeptides in one pooled fraction. It 
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reduced the probability of coelution of phosphopeptides in the second separation 

dimension as similar physiochemical properties of phosphopeptides were pooled 

together in conventional adjacent pooling approach. A combinatorial use of multistep 

IMAC and high pH reversed phase fractionation from solid-phase extraction was 

introduced to simplify the RP-RP workflow for phosphoproteomics.
62

 

Phosphopeptides from MCF-10A cell lysate were firstly enriched by IMAC, and then 

fractionated by a hydrophilic−lipophilic-balanced reversed-phase cartridge using a 

serial mixed ratio of ACN/NH4HCO3 buffers. 3 mg of starting materials was used 

compared to 15 mg in a typical SCX-IMAC workflow and enabled the identification 

of 8969 unique phosphopeptides. 
62-63

  

Capillary Electrophoresis  

As the phosphate group introduces negative charges and modifies the pIs of 

peptides or proteins, capillary electrophoresis, which resolves analytes based on their 

different charge-to-size ratio, offers distinct advantages for separation of 

phosphorylated peptides or proteins. Both ESI and MALDI MS have been frequently 

employed in CE-MS coupling for proteomic analysis 
64

. Heemskerk et al. have 

explored the potential of sheathless ultra-low flow CE-ESI-MS in 

phosphoproteomics.
65

 By using the high sensitivity porous sprayer (HSPS) for direct 

infusion of multiphosphorylated peptides, the authors demonstrated that a near 

equimolar ESI response could be approached when the flow rate was reduced below 

15 nL/min, which might overcome the ionization bias against the phosphorylated 

peptides at conventional flow rates (> 50 nL/min). Although achieving this ultra-low 
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flow by conventional nanoLC is difficult, it is possible to operate sheathless CE-ESI-

MS at this low flow rate with the HSPS and a neutrally coated capillary that EOF. 

Combined with an in-line preconcerntration technique, transient isotachophoresis (t-

ITP), improved sensitivity of phosphopeptides from milk digest by CE-ESI-MS 

compared to that by RP nanoLC-MS under conditions of equal sample loading and 

equal sample concentrations was demonstrated. This sheathless nanospray CE-ESI-

MS setup was also implemented for the characterization of post-translationally 

modified H1 histones isolated from rat testis by Sarg et al..
66

 With IMAC enrichment 

prior to MS analysis, a total of 55 phosphopeptides were identified by combining the 

results of RP nanoLC-MS and CE-MS, 22 of which were uniquely identified by CE-

MS and 19 were uniquely identified by RPLC-MS, showing the complementarity of 

the two techniques. A major drawback of CE analysis is the small sample volume that 

could be injected onto the column. In addition to the t-ITP mentioned above, pH-

mediated stacking strategies were also adopted to increase the loading amount of 

phosphopeptides.
67

 Dong et al. applied this method in CE-ESI-MS analysis of 

phosphopeptide isomers which have the same amino acid sequence but with 

phosphate group on different residues. 
67b

  

  For MALDI-MS detection, the selection of background electrolytes (BGE) for 

CE analysis is more versatile compared to CE-ESI-MS. Bachmann et al. employed a 

latex-coated capillary and a BGE containing 80 mM of phosphoric acid, 40 mM of 

triethylamine and 20% ACN for CE-MALDI-TOF analysis of tryptic digests of 

phosphoproteins. 
67a

 With pH-mediated stacking and pressure assisted sample 
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deposition, even tetra- and penta-phosphorylated peptides (pI<2) from tryptic digests 

of α-casein and β-casein could be detected by MALDI-TOF MS.   

Selected Applications 

 Recently, Mohammed group demonstrated that extensive fractionation in 

phosphoproteomics can boost the number of identified phosphopeptides from 3700 in 

a regular 1D LC-MS to 22,000 in a 3D LC-MS in human cancer cells.
68

 The 

increasing depth in the coverage of phosphoproteomes has led to advances in 

biology.
3, 11, 69

 Herein, we highlight a few recent examples of phosphoproteomic 

applications with improved enrichment and separation strategies that enabled better 

understanding of the biological processes. A recent study employed SCX and TiO2 to 

fractionate and enrich phosphopeptides from AT1R (angiotensin II type 1 receptor) 

stable transfected HEK293 (AT1R-HEK293) cells as AT1R is an important drug 

target in cardiovascular diseases.
40

 A comprehensive understanding of the AT1R 

signaling pathways is critical for the development of effective treatment for 

cardiovascular diseases. A total of 10,965 unique phosphopeptides were identified 

and led to the discovery of protein kinase D as a critical mediator in the AT1R 

signaling pathways by comparing differential phosphoproteomes in two different 

agonists treated AT1R-HEK293 cells. Another work used ERLIC to enrich and 

separate phosphopeptides in partner of PIX 2 (POPX2) over-expressing cells in order 

to elucidate the regulatory mechanism of cancer cell motility and invasiveness. 

POPX2 is a serine/threonine phosphatase and is found in many cancer types, 

regulating cancer cell motility and invasiveness. After ERLIC enrichment and LC-
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MS/MS analysis, 3700 phosphopeptides were identified. With this approach, POPX2 

was found to exert its cellular function through the regulation of the activity of 

glycogen synthase kinase-3. IMAC or MOAC combined with HILIC have also been 

implemented in a phosphoproteomic workflow to elucidate molecular pathways 

involved in biological processes.
70

 TiO2 and HILIC were utilized to facilitate 

monitoring cell signaling changes during mouse brain development.
70a

 A total of 

7682 unique phosphopeptides and 3246 unique formerly sialylated glycopeptides 

were identified. IMAC-HILIC was also used in conjunction to study 17β-Estradiol 

(E2)-modulated phosphorylation in order to investigate transcriptional activity 

regulated by E2.
70b

 A collection of 2857 unique phosphorylation sites were quantified 

and E2 was found to modulate gene transcription through a HSP90 phosphorylation-

mediated chaperoning process. 

Concluding Remarks and Future Prospects  

 As we presented in this review, new materials and improved sample 

processing protocols have been rapidly developed for IMAC and MOAC strategies 

that enable phosphopeptide enrichment with high sensitivity and specificity. 

Furthermore, different separation methods with high resolution and efficiency have 

been utilized for enhanced separation of different types of phosphopeptides. 

Integrated use of enrichment techniques and multiple separation methods provides a 

powerful platform, enabling in-depth coverage of the phosphoproteome. Although 

MS-based phosphoproteomics have gained significant successes in revealing the roles 

of phosphorylation in various biological systems, several limitations still hinder the 
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broader applications of MS-based phosphoproteomics.
3, 11

 Non-specific binding and 

preferential enrichment of certain types of phosphopeptides still challenge the current 

enrichment techniques. Furthermore, although incorporating multidimensional 

separation strategies into phosphoproteomic workflows increases the 

phosphoproteome coverage, the workflow with increased complexity results in more 

sample-handling steps and greater sample losses. Therefore, the continuing 

development of simplified and integrated phosphoproteomic workflow that offers 

high selectivity for phosphopeptides and provides improved-coverage and sensitivity 

would be in great demand. To better decipher biological processes under diseased and 

healthy conditions, quantitative approaches with multiplexing capability and reduced 

experimental cost are also highly attractive with great promise for systems 

phosphoproteomics.   
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Figure 2.1 IMAC-IMAC strategy for enrichment of phosphopeptides from 

complex biological samples. Reprinted with permission from Ref 
29a

. Copyright 

American Chemical Society 2010. 
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Figure 2.2 Comparison of the number of identified phosphopeptides obtained 

from PC3 cell lysate digest using different elution conditions for the TiO2 enrichment. 

LC-MS/MS measurement was performed in duplicate. Reprinted with permission 

from Ref 
43

. Copyright American Chemical Society 2013. 
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Figure 2.3 Profiles of identified phosphopeptides from 500 µg of HeLa cell lysate 

digest when different peptide-to-TiO2 beads ratio used during enrichment. 

Phosphopeptide ratio for each fraction is calculated by the number of identified 

phosphopeptides divided by the total identified peptides.  A1 to A8 represent 125, 

250, 500, 1000, 2000, 4000, 10 000, and 20 000 μg TiO2 beads respectively, and “−1” 

and “−2” correspond to duplicates of each experiment. Reprinted with permission 

from Ref 
45

. Copyright American Chemical Society 2009. 
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Figure 2.4 Distributions of identified phosphopeptides from HeLa cell lysate by 

combinatorial ERLIC–SCX fractionation. The number and percentage of 

nonredundant identified mono- and multiphosphorylated peptides by ERLIC-SCX 

(A). (B) The number and percentage of nonredundant identified mono- and 

multiphosphorylated peptides by ERLIC. (C) The number and percentage of 

nonredundant identified mono- and multiphosphorylated peptides from further 

separation of flow-through (FT) fractions of ERLIC by SCX. (D) Distribution of 

identified mono- and multiphosphorylated peptides in each SCX fraction. (E) Venn 

diagram for nonredundant identified phosphopeptides in both methods. Different 

colors represent the number of phosphate groups (1p-4,5p) carried by each 

phosphopeptide. Reprinted with permission from Ref 
58

. Copyright American 

Chemical Society 2012.  
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Chapter 3  

Revealing the Interacting Proteins of MBD1 in Mouse Brain 

by Mass Spectrometry 

 

 

 

 

 

 

 

 

 

Adapted from: “Revealing the interacting proteins of MBD1 in Mouse brain by mass 

spectrometry.” Yang, C., Guo, Y., Zhao, X., Li, L.  In preparation. 
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ABSTRACT  

Methyl-CpG binding protein 1 (MBD1) is the member of the MBD family, 

which can translate the regulatory information inherent in DNA methylation into 

functional states. Previous studies demonstrated that MBD1 deficiency resulted in 

reduced adult neural stem/progenitor cells (aNSCs) differentiation and brain-

associated phenotypes in mice, suggesting a role of MBD1 in regulation of neural 

development. Although considerable progress has been made to decipher the 

regulatory mechanism of MBD1 in neural development via interaction with DNA and 

RNA, proteins that mediate MBD1 in regulation of neural development remain to be 

mystery. Here, we utilized affinity purification (AP) and mass spectrometry (MS) to 

characterize the protein interacting networks of MBD1 in the mouse brain. A spectral 

counting based quantification approach revealed five proteins with significant 

changes as potential binders for MBD1 from hundreds of proteins present in the 

mouse brain extract. Our study here has provided a list of candidates for future 

validations and led to an insight into the function of MBD1 in neural development. 
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INTRODUCTION 

DNA methylation is a common epigenetic modification in the genomes of 

diverse organisms.
1
 Mutation in the DNA methyltransferase gene can result in 

developmental defects and embryonic lethality, proving the essential nature of DNA 

methylation in mammals.
2,3

 Methyl-CpG-binding domain proteins (MBDs), including 

MBD1, MBD2, MBD3, MBD4 and MeCp2, regulate gene expression by recognizing 

and binding to methylated DNA through their MBD domain. Unlike other proteins in 

MBD family, MBD1 can not only bind to methylated DNA but also interact with 

unmethylated DNA through the CXXC3 domain, which makes it a unique member of 

the MBD family.
4
 Recent studies have reported that MBD1 deficiency in mice 

resulted in reduced differentiation of adult neural stem/progenitor cell (aNSCs) and 

impacted adult neurogenesis and spatial learning.
5
 Furthermore, mice lacking 

functional MBD1 exhibited autism-like behavior, including reduced social 

interaction, depression and abnormal brain serotonin activity.
6
 The MBD1-

deficiency-induced cognitive deficits were also studied in human.
7,8 

 All of these facts 

suggest that MBD1 plays a critical role in the neural development.  

To decipher the mechanism of MBD1 in regulation of neural development, efforts 

have been made on investigation of the interacting network of MBD1.
9,10,11,6 

Through binding 

to the Fgf-2 promoter, as a transcriptional repressor of Fgf-2, MBD1 is able to maintain the 

normal neural differentiation in mice.
11

 MBD1 also interacts with the promotor of Htr2c to 

regulate the serotonin activity in brain.
6
 Additionally, by forming the regulatory networks 

with microRNA-184 and microRNA-195, MBD1 controls the balance between proliferation 

and differentiation of aNSCs.
9,11 

Although these findings help elucidate how MBD1 regulates 
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neural development through DNA and RNA, little is known about how MBD1 interacts with 

proteins to regulate the neural development.  

Biological processes are usually regulated by dynamic signaling networks of 

interacting proteins, therefore, it is essential to probe the protein-protein interaction networks 

to better understand the function of individual proteins.
12

 The versatile combination of 

affinity purification and mass spectrometry has become the method of choice to advance our 

understanding of these networks due to the improvements in affinity tags and powerful 

capabilities of a mass spectrometer.
13

 Here, we generated mice which expressed the flag tag 

containing MBD1 proteins, thus enabling affinity purification. After isolation of MBD1 

complexes from the extraction of mice brains, a high resolution and high mass accuracy mass 

spectrometer was utilized to analyze the isolated MBD1 complexes. Further label-free 

quantification analysis revealed that twenty-two proteins might be the potential interacting 

proteins of MBD1. Five of them were identified as significant potential interacting partners of 

MBD1. Our analysis here provided a list of potential interacting proteins of MBD1 in neural 

system, which facilitates the future biological validation and functional analysis for MBD1.       

EXPERIMENTAL PROCEDURES 

Immunoprecipitation (IP) of MBD1 Interacting Proteins 

The MBD1 mice were generated according to the previous studies.
5,9

 IP 

experiments were performed as described elsewhere.
14

 Brains from six mice were 

extracted and pooled together for one IP experiment.  In total, eighteen MBD1 mice 

and eighteen control mice were used.  

In-solution Digestion 
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After co-precipitated proteins were sequentially eluted by 8 M Urea and 0.1% 

TFA, samples were combined and the pH was adjusted to 8 by adding 1 M Tris-HCl 

(pH=8) buffer. The eluted proteins were reduced with dithiothreitol (DTT) at a final 

concentration of 5 mM for 45 min at 37 
0
C and alkylated with iodoacetamide at a 

final concentration of 15 mM for 30 min in darkness. Alkylation was quenched by 

incubation in 5 mM DTT for 15 min. After dilution with 50 mM Tris-HCl (pH=8) to 

a final concentration of 1 M for urea, 2 μg trypsin (Promega) was added into each 

sample, and incubation was performed overnight at 37 
0
C.The generated peptide 

mixtures were desalted with 100 μl OMIX C18 pipette tips (Agilent Technologies) and 

dried down under vacuum. Each sample was suspended in 20 μl of 0.1% formic acid 

(FA) for liquid chromatography electrospray ionization tandem mass spectrometry 

(LC-ESI MS/MS) analysis. 

MS Analysis 

Each sample (2 μl) was loaded onto a 5 μm, 180 μm × 20 mm C18 (Waters 

Symmetry, Waters Corp.) trap column and separated on a 1.7 μm, 75 μm × 100 mm 

C18  (Waters BEH 130, Waters Corp.) analytical column using a nanoACQUITY 

UPLC and autosampler system (Waters Corp.). Peptides were separated in a 60 min 

linear gradient of 5-35% mobile phase B at 300 nl/min (mobile phase A: 0.1% FA in 

water; mobile phase B: 0.1% FA in acetonitrile (ACN)) and analyzed by a Q Exactive 

Orbitrap mass spectrometer (Thermo Fisher Scientific) equipped with the 

manufacturer’s nanospray ion source. The mass spectrometer was operated in a data-

dependent mode with the twenty most intense peptide ions (z ≥ 2) selected for 
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MS/MS. Full scans were acquired in 350-1800 m/z range at a resolution of 70,000 (at 

m/z 400) in the Orbitrap with an automatic gain control (AGC) target value of 1 × 10
6
 

charges and maximum fill time of 250 ms. MS/MS spectra were collected at a 

resolution of 17,500 (at m/z 400) with an AGC target value of 2 × 10
5
 charges and 

maximum fill time of 120 ms. The underfill ratio is 0.1%. A precursor ion isolation 

width of 2 m/z and 30 s of dynamic exclusion were used. 

MS Data Analysis 

 Raw data files were processed by Proteome Discoverer (PD) (v.1.4.0.288, 

Thermo Fisher Scientific). Peak lists were generated and searched with Sequest HT 

against an in-house built mouse protein database containing the sequence of flag 

tagged MBD1 protein. Precursor mass and fragment mass were searched with mass 

tolerance of 10 ppm and 0.2 Da respectively. Carbamidomethylcysteine was set as 

fixed modification and oxidized methionine was searched as a variable modification. 

Up to two missed cleavage sites for trypsin were allowed. The false discovery rate 

(FDR) was set to 1% for peptide and protein identifications. To perform 

quantification analysis, a spectral counting approach was used. Spectral counts for 

each identified protein were determined by the number of peptide spectrum matches 

(PSMs) in Sequest HT searches. In total, three biological replicates were analyzed 

and each biological sample had two technical replicates. Number of PSMs in 

technical replicates was summed for each protein and subject to normalized spectral 

abundance factor (NSAF) analysis. Details for this method can be found elsewhere.
15

 

In brief, the NSAF for each protein was calculated after the spectral counts of the 
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protein normalized to its length and divided by the sum of SpC/L for all the proteins 

in the experiment. To carry out statistical analysis, the natural log of each NSAF 

values was calculated followed by t-test comparison between the ln(NSAF) from the 

three biological replicates of tagged MBD1 mice samples and the ln(NSAF) from the 

three biological replicates of control mice samples.  

RESULTS AND DISCUSSION 

Optimization of Workflow  

To reveal the interacting proteins of MBD1, a proteomic workflow based on 

affinity purification and label-free quantification has been applied (Figure 3.1). Here, 

a group of MBD1 mice and a group of control mice were generated to perform 

quantification analysis. In MBD1 mice, a sequence of flag tag 

(MDYKDHDGDYKDHDIDYKDDDDK) was imbedded into the sequence of MBD1 

in the mouse. The flag tags can enable the affinity purification as the antibody for 

MBD1 did not successfully capture MBD1 in our western blot results (data was not 

shown here). Further biological experiments suggested that such extra sequence in 

MBD1 did not affect the behavior of mouse. The wild-type mice served as the control 

group, in which none of proteins have the specific interactions with the antibodies 

used here.  Brain from each mouse was extracted. In our first experiments, proteins 

extracted from fifteen mice brains were pooled and incubated with antibodies in one 

IP experiment. After extensive washes, co-precipitated proteins were eluted with a 

large amount of excess flag tags. The samples were then subjected to MS analysis 

after digestion. About two hundred proteins were identified by MS either from MBD1 
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mice samples or control mice samples. In single MS analysis, more than 75% of 

peptide spectra matches (PSMs) were assigned to the sequence of flag tag, suggesting 

the presence of a large amount of excess flag tags in the samples. Such large amount 

of excess flag tags was introduced in the elution steps during IP experiments. To 

evaluate whether such large amount of excess flag tags affected the identification of 

other proteins and the sensitivity and accuracy of quantification method applied here, 

the relative abundance change of MBD1 between two groups was assessed. Because 

flag tagged MBD1 is known to bind to the antibodies, resulting in relatively high 

abundance in MBD1 mice samples comparing to control. Subsequent label-free 

quantification experiments revealed that the abundance of MBD1 in MBD1 mice 

samples was significantly higher than that in the control (log2
(MBD1/control) 

= 6.64). It 

confirmed the capability of our strategy to reveal the potential interacting proteins of 

MBD1.            

Six mice instead of fifteen were then tested in one IP experiment in order to 

obtain the best results with minimum number of mice in one experiment. MS 

investigation identified about fifty proteins either from control or MBD1 mice 

samples. Meanwhile, the percentage of PSMs of flag tag in one MS analysis 

increased to 90% in comparison with 75% in fifteen mice per IP experiment. 

Quantification analysis revealed that the abundance change of MBD1 between two 

groups was less than fivefold. These findings indicated that the large amount of 

excess flag tags significantly affected the detection of other peptides and the 

sensitivity of quantification when six mice were used in one IP experiment. To solve 
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this problem, an elution with reduced amount of flag tags and exclusion list enabled 

in data-dependent MS analysis were used. However, the number of proteins identified 

was still low when six mice were used in one IP experiment. A 10 kDa molecular 

weight cut-off filter was then applied before digestion to further remove the excess 

flag tags in the samples. But this additional step resulted in no identification for 

MBD1 during MS analysis due to the increased sample loss. Thus, alternative elution 

buffers were tested to replace the elution with the flag tags.  In each IP experiment, 

samples were sequentially eluted with 8 M Urea and 0.1% TFA to avoid the usage of 

the excess flag tags but achieving completely elution. In comparison with the results 

from fifteen mice per IP experiment, the number of proteins identified in a single MS 

analysis almost doubled compared to those obtained from either control or MBD1 

mice samples. This increase can be explained by the increased amount of 

contaminants due to non-specific elution of 8M urea and 0.1 % TFA. Another 

possible explanation might be that the excess flag tags obscure the signal of low 

abundance proteins in MS analysis. After the quantification analysis for three 

biological replicates (total of thirty-six mice), the abundance of MBD1 was found 

significantly higher in MBD1 mice samples than that in control (log2
(MBD1/control) 

= 

8.30, p=9.53
-5

), suggesting that the increased number of proteins did not affect the 

ability of our quantification strategy to discover the potential interacting proteins of 

MBD1. Finally, six mice and elution with 8M urea and 0.1 % TFA were selected for 

our study. 

Identification and Label-free Quantification Analysis  
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Three biological replicates were analyzed in order to achieve statistical 

significance. For each biological replicate, six wild-type mice and six MBD1 mice 

were used. In total, thirty-six mice were scarified for the entire analysis. Each 

biological replicate was analyzed twice by MS. The generated MS data were searched 

by PD with 1% FDR, resulting in 5444 peptides and 795 proteins identified.  To 

distinguish the potential interacting proteins from contaminants, a spectral counting 

based quantification approach was utilized.
15

  A total of 568 proteins identified at 

least in two biological replicates with minimum one unique peptide were selected for 

quantification analysis. The number of PSMs for each identified protein was 

normalized to the total number of PSMs across all the replicates. Zero spectral count 

values were replaced by a fraction which was determined by itinerantly replacing 0 to 

1 number until ln(NSAF) producing a normal distribution. Log2 ratios of individual 

proteins were calculated by comparing the value of NSAF between two group 

samples. p values were determined by doing the t-test for the ln(NSAF) of individual 

proteins across all the biological samples.  

 Twenty-two proteins with Log2
(MBD1/Control)

> 2 were considered as significant 

increase in MBD1 mice samples (Table 2.1). It is not surprising that most of proteins 

found in Table I are involved in transcriptional process since MBD1 was reported as a 

transcriptional regulator through interacting with methylated and unmethylated 

promoters.
16,17

 Furthermore, some of proteins, like Smarcb 1, have been previously 

reported to play a role in the neural development.
18

 Among them, six proteins, 

including MBD1, Gatad2b, Smarcb1, Ruvbl2, Smarca2 and Rab10, had  p ≤ 0.05. 
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The proteins with p ≤ 0.05 are identified as the significant potential interacting 

proteins of MBD1. Representative MS/MS spectra for those significant potential 

interacting proteins (Gatad2d, Smarcb1, Ruvbl2, Smarca2 and Rab10) are shown in 

Figure 3.2. Additional biological validations are required to confirm whether they are 

the interacting proteins of MBD1.  

CONCLUSIONS 

 Here, 795 proteins were identified in AP-MS, while five of them were 

identified as significant potential interacting proteins of MBD1 by quantification 

analysis via spectral counting, which suggests the specificity of our method. Our 

studies have advanced the understanding of the function of MBD1 in neural 

development by revealing a list of candidates of interacting proteins of MBD1. Future 

biological validations are required to confirm our findings. 
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Figure 3.1 Workflow applied to reveal the interacting proteins of MBD1. Two 

groups of mice, MBD1 and control, were generated. Proteins were extracted from six 

mice brain for one IP experiment. The co-precipitated proteins were digested by 

trypsin and subjected to LC/MS analysis. A spectral counting based quantification 

approach was employed to distinguish the potential interacting proteins of MBD1 

from contaminants.  
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Accession Gene 

Symbol 
ΣCoverage avg.NSAF_MBD1(×10-6) avg.NSAF_Control(×10-6) log2

(MBD1/Control) 

*Q9Z2E2 Mbd1 30.96 1897.32 6.00 8.3055 

*Q9Z0H3-2 Smarcb1 9.57 292.96 19.26 3.9268 

*E9QAB8 Smarca2 5.10 26.71 2.62 3.3513 

Q923G2 Polr2h 23.33 262.79 26.35 3.3182 

F8WHY8 Mta1 7.16 55.50 5.66 3.2931 

*Q9WTM5 Ruvbl2 18.79 142.37 15.64 3.1860 

*Q8VHR5 Gatad2b 11.95 135.44 15.33 3.1436 

*P61027 Rab10 11.00 313.25 36.22 3.1126 

P14094 Atp1b1 8.88 202.87 23.83 3.0899 

P61264 Stx1b 6.60 108.03 13.72 2.9769 

A2A6A1 Gpatch8 3.99 34.62 4.81 2.8467 

P63011 Rab3a 12.27 393.65 56.34 2.8047 

O54946-2 Dnajb6 9.50 93.54 16.33 2.5180 

Q9D198 Syf2 2.89 93.54 16.33 2.5180 

Q9QZE7 Tsnax 3.10 76.93 13.63 2.4970 

Q3UID0 Smarcc2 31.42 588.76 108.00 2.4466 

Q9CXE2 Bcl7a 17.62 170.82 34.49 2.3082 

Q9JME5 Ap3b2 12.38 184.23 39.06 2.2376 

P60122 Ruvbl1 27.19 310.20 68.37 2.1818 

P63024 Vamp3 23.30 394.54 88.39 2.1583 

F7C528 Chd3 2.49 16.81 3.84 2.1296 

P63271 Supt4h1a 27.35 263.48 61.91 2.0896 

 

Table 3.1 Proteins identified as significant increase in MBD1 samples. Proteins 

presented here were identified at least in two biological replicates with minimum one 

unique peptide and Log2
(MBD1/Control)

> 2.  

Note: accession is the Uniprot accession number for the identified protein. ΣCoverage 

is the sequence coverage of identified proteins. avg.NSAF_MBD1 (×10
-6

) is the 

normalized spectral abundance factor representing proteins expression in MBD1 mice 

samples, average across three biological replicates. avg.NSAF_Control (×10
-6

) is the 

normalized spectral abundance factor representing proteins expression in control 

samples, average across three biological replicates. * p ≤ 0.05 in the t-test.  
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Figure 3.2 Representative MS/MS spectra for five potential interacting proteins 

of MBD1 (Gatad2d, Smarcb1, Ruvbl2, Smarca2 and Rab10). 1) a representative 

MS/MS spectrum for a tryptic peptide (precursor m/z: 806.3893, +2) from Smarca2; 

2) a representative MS/MS spectrum for a tryptic peptide (precursor m/z: 696.3909, 

+2) from Gatad2b; 3) a representative MS/MS spectrum for a tryptic peptide 

(precursor m/z: 658.8333, +2) from Rab10; 4) a representative MS/MS spectrum for a 

tryptic peptide (precursor m/z: 688.2952, +3) from Ruvbl2; 5) a representative 

MS/MS spectrum for a tryptic peptide (precursor m/z: 717.3858, +2) from Smarcb1. 
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Chapter 4  

Molecular Basis of Crosstalk between Oncogenic Ras and 

the Master Regulator of Hematopoiesis GATA-2 

 

 

 

 

 

 

 

 

 

Adapted from: “Molecular basis of crosstalk between oncogenic Ras and the master 

regulator of hematopoiesis GATA-2.” Katsumura, K.R., Yang, C., Boyer, M.E., Li, 

L., Bresnick, E.H. EMBO reports 2014, 15, (9), 938-947 
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ABSTRACT 

Disease mutations provide unique opportunities to decipher protein and cell 

function. Mutations in the master regulator of hematopoiesis GATA-2 underlie an 

immunodeficiency associated with myelodysplastic syndrome and leukemia. We 

discovered that a GATA-2 disease mutant (T354M) defective in chromatin binding 

was hyperphosphorylated by p38 Mitogen Activated Protein Kinase. p38 also induced 

multisite phosphorylation of wild type GATA-2, which required a single 

phosphorylated residue (S192). Phosphorylation of GATA-2, but not T354M, 

stimulated target gene expression. While crosstalk between oncogenic Ras and 

GATA-2 has been implicated as an important axis in cancer biology, its mechanistic 

underpinnings are unclear. Oncogenic Ras enhanced S192-dependent GATA-2 

phosphorylation, nuclear foci localization, and transcriptional activation. These 

studies define a mechanism that controls a key regulator of hematopoiesis and a dual 

mode of impairing GATA-2-dependent genetic networks: mutational disruption of 

chromatin occupancy yielding insufficient GATA-2, and oncogenic Ras-mediated 

amplification of GATA-2 activity. 
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INTRODUCTION 

The establishment and maintenance of genetic networks must be exquisitely 

orchestrated to ensure the fidelity of biological processes. While intense efforts are 

documenting genetic networks, many questions remain unanswered regarding how 

master regulator establish/maintain networks, how signaling mechanisms control 

network, and how alterations influence vulnerable nodes within a network. As GATA 

transcription factors control genetic networks in diverse contexts,
1
 and pathological 

GATA factor mutants have been described,
2
 it is instructive to investigate the 

consequences of such mutations.  

Of the six mammalian GATA factors, GATA-1, GATA-2, and GATA-3 have 

important roles in regulating hematopoiesis. 
1a, 3

 GATA-1 regulates erythropoiesis, 

megakaryopoiesis, and the development of eosinophils and mast cells,
4
 while GATA-

2, controls primitive and definitive hematopoiesis.
5
 GATA-2 induces HSC generation 

in the AGM and the HSPCs in the fetal liver.
6
 As Gata2

+/-
 HSCs are impaired,

7
 and 

GATA-2 overexpression suppresses hematopoiesis,
8
 increases and decreases in 

GATA-2 disrupt hematopoiesis. 

Alterations in GATA-2 expression are implicated in myelodysplastic 

syndrome (MDS) and acute myeloid leukemia (AML).
9
 Elevated GATA-2 expression 

correlates with AML severity.
10

 Heterozygous GATA-2 mutations cause an 

immunodeficiency (MonoMAC or Emberger syndrome) associated with 

MDS/AML.
6a,11,12

 While these mutations, for example, T354M, often occur within the 
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GATA-2 DNA binding zinc finger, mutations of the +9.5 cis-element can also cause 

MonoMAC.
6a, 13

 

GATA-2 (T354M) expressed in 293 cells was not competent for DNA 

binding.
9a

 However, certain factors defective in DNA binding can function in vivo,
14

 

and chromatin occupancy can be regulated independent of DNA binding.
15

 While 

dissecting how leukemogenic mutations alter GATA-2, we discovered that the 

functionally impaired T354M mutant was hyperphosphorylated, and a Ras-p38-

dependent phosphorylation mechanism amplified wild-type GATA-2 activity.  

EXPERIMENTAL PROCEDURES 

Cell Culture 

G1E and MAE cells were maintained as described.
6a, 12

 

Plasmids 

GATA-2 cDNA was cloned into pcDNA4TOFHA vector (from Dr. Danny 

Reinberg, NYU). H-Ras and H-Ras (G12V) expression vectors were from Dr. Jing 

Zhang (UW-Madison). 

Quantitative Chromatin Immunoprecipitation (ChIP) 

ChIP analysis in G1E cells was conducted as described.
16

 

Protein Analysis 

For analysis of phosphorylation, protein was prepared with RIPA buffer 

containing 50 mM β-glycerophosphate, 50 mM sodium fluoride, and 200 μM sodium 

vanadate. For phosphatase treatment, protein was incubated with 800 units of λ-
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phosphatase (New England Biolabs) in 30 μl (293 cells) and 80 μl (G1E) at 30°C for 

90 min. 

Immunoprecipitation 

Protein prepared by lysing 293 cells in RIPA buffer was immunoprecipitated 

with preimmune serum or rabbit anti-GATA-2 antibody.
12

 

Statistical Analysis 

Statistical significance was determined by Paired Student’s t-test using 

GraphPad software (www.graphpad.com).  

ChIP-Seq 

ChIP-seq profiles for GATA-2 in HUVEC cells 
17

 and human CD34-positive 

cells 
18

 were generated using the UCSC Genome Browser (http://genome.ucsc.edu/). 

(GEO accession GSE29531).  

Mass Spectrometry 

GATA-2-containing bands were excised and cut into small pieces (1-5 mm
3
 

per piece). Each gel slice was destained with 200 μl of methanol:50 mM NH4HCO3 

(1:1 v/v) for 1 min with vortexing. The supernatant was removed, and destaining step 

was repeated until the gel become colorless. The dehydration of each gel slice was 

performed by incubation in 200 μl of acetonitrile (ACN):50 mM NH4HCO3 (1:1 v/v) 

for 5 min followed by incubation in 200 μl of ACN for 30 seconds with vortex. After 

drying the gel with a Speed-Vac, proteins were alkylated with 100 μl of 25 mM DTT 

in 50 mM NH4HCO3 at 56°C for 20 min and reduced with 100 μl of 55 mM IAA in 

50 mM NH4HCO3 in the dark for 20 min at room temperature. The supernatant was 

http://genome.ucsc.edu/
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removed, and each gel slice was washed with 200 μl of H2O for 30 seconds with 

vortex. Gel slices were dehydrated and dried as mentioned before. Dried gel slices 

were covered with trypsin (Sequencing grade, Promega) (12 ng/μl in 0.01% 

ProteaseMAX
TM

 Surfactant (Promega): 50mM NH4HCO3) and incubated on ice for 

30min to rehydrate gel slices. Each gel slice was overlayed with 50 μl of 0.01% 

ProteaseMAX
TM

 Surfactant:50 mM NH4HCO3 and incubated at 37°C for 2 hours. 

The supernatant containing extracted peptides was transferred into a new tube, and 10% 

TFA was added to inactivate trypsin with a final pH of ~2. To completely extract 

peptides from the gel, each gel slice was further extracted by the addition of 100 μl of 

5% formic acid (FA): ACN (1:2 v/v) and incubated at 37°C for 15 min. The 

extraction was repeated twice, and extracts from all steps were combined.  Extracts 

were vacuum-dried and resuspended in 20 μl of 0.1% FA for liquid chromatography 

electrospray tandem mass spectrometry (LC-ESI MS/MS) analysis. 

3 μl of each sample was loaded onto a  5μm, 180 μm × 20 μm C18 (Waters 

Corp.) precolumn and separated on a 1.7μm, 100μm × 100μm C18 (Waters BEH 130, 

Waters Corp.) analytical column using a Waters nanoACQITY UPLC and 

autosampler (Waters Corp.).  Peptides were separated and eluted from the column 

with a 60 min linear gradient of 5-35% mobile phase B at 300 nl/min (mobile phase A: 

0.1% FA in water; mobile phase B: 0.1% FA in CAN).The eluate was introduced into 

the mass spectrometer via electrospray ionization (+2.1 kV), and peptide ions were 

subjected to tandem mass spectrometry using a Q Exactive mass spectrometer 

(Thermo Fisher Scientific, Bermen, Germany). The mass spectrometer was operated 
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in the data-dependent mode.  Intact masses were measured in full scans with 

resolving power of 70,000 (at m/z 400) in the Orbitrap using an automated gain 

control (AGC) target value of 1 x 10
6
 charges. The twenty most intense peptide ions 

(z ≥ 2)) were fragmented in the HCD cell. MS/MS spectra were acquired at a 

resolution of 17,500 (at m/z 400) with an AGC target value of 1×10
5
 charges and 

underfill ratio of 0.1%.  A precursor ions isolation width of 2 m/z and 10s of dynamic 

exclusion were used. 

  Raw MS/MS spectra were processed with Proteome Discoverer (v.1.4.0.288, 

Thermo Fisher Scientific). Peak lists were generated and searched with Sequest HT 

against an in-house built human database containing the sequences of wild-type and 

mutated mouse GATA-2. A 10 ppm of precursor mass tolerance and 0.2 Da of 

fragment mass tolerance were used for Sequest HT. Carbamidomethylcysteine was 

set as fixed modification, and oxidized methionine, phosphorylation on serine, 

threonine, or tyrosine were searched as variable modifications. In addition, up to three 

missed cleavage sites for trypsin were allowed. The identified peptides were filtered 

by XCorr scores, and positions of phosphorylated residues were determined by site 

probabilities calculated by phosphoRS
19

. Peptides whose XCorr scores were lower 

than the default XCorr confidence thresholds in Sequest HT were discarded. Only 

phosphorylation sites assigned with a localization probability of at least 0.75 were 

considered and validated manually. Relative amounts of peptides were estimated by 

the peak area of the respective peptides in MS spectra.  Peak areas were calculated by 

“Precursor Ions Area Detector” node in Proteome Discoverer.  Peak area of each 
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peptide of interest was further normalized to the average protein amount in each MS 

analysis.
20

  

RESULTS AND DISCUSSION 

GATA-2 Disease Mutation Reduces Chromatin Occupancy and Target Gene 

Regulation 

To determine how the T354M mutation (Figure 4.1A) influences GATA-2 

function, we expressed GATA-2 (T354M) in G1E proerythroblasts, which express 

endogenous GATA-2.
21

 Western blot analysis with anti-GATA-2 (Figure 4.1B, left) 

and anti-HA (Figure 4.1B, right) antibodies revealed GATA-2 (T354M) migration as 

two bands – with a mobility indistinguishable from wild-type GATA-2 or with a 

slower mobility. Wild type GATA-2 also migrated as two bands, although the upper 

band was less abundant versus GATA-2 (T354M). 

Using the anti-HA antibody and a quantitative ChIP assay, we compared the 

capacities of expressed GATA-2 or GATA-2 (T354M) to occupy chromatin (Figure 

4.1C).
12, 22

 Whereas GATA-2 occupied the -3.9, -2.8, -1.8 and +9.5 GATA switch 

sites of the Gata2 locus and the Lyl1 locus, little to no GATA-2 (T354M) chromatin 

occupancy was detected (Figure 4.1C). GATA-2 (T354M) was expressed at least as 

high as GATA-2 (Figure 4.1B, right). 

The reduced GATA-2 (T354M) chromatin occupancy suggested a defect in 

target gene regulation. A system does not exist to test whether exogenously expressed 

GATA-2 can regulate endogenous target genes. G1E cells express high-level 

endogenous GATA-2 and are not ideal for addressing this issue. We developed a 
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Mouse Aortic Endothelial (MAE) cell system in which exogenous GATA-2 regulates 

endogenous target genes. Immortalized MAE cells bear a normal endothelial 

phenotype and express endogenous GATA-2 considerably lower than G1E cells.
23

  

 Expression profiling in PECAM1
+
 cells and Aorta Gonad Mesonephros 

(AGM) from control and +9.5
-/-

 embryos identified endogenous GATA-2 target 

genes.
6a, 24

 We tested whether GATA-2 regulates these genes in MAE cells. 

Transiently expressed GATA-2 and GATA-2 (T354M) in MAE cells migrated as two 

bands, analogous to G1E cells, with the upper band more abundant with GATA-2 

(T354M) versus GATA-2 (Figure 4.1D). GATA-2 activated Hdc, IL13, Gfi1b, and 

Gfi1 expression 200, 10, 11, and 10-fold, respectively, whereas GATA-2 (T354M) 

had little activity (Figure 4.1E). The GATA-2 target genes Gfi1b and Gfi1 function in 

hemogenic endothelium to control HSC generation.
22a, 24-25

 Although Hdc and IL13 

are not established GATA-2 targets, ChIP-seq analysis in HUVECs and human 

CD34
+ 

hematopoietic precursors revealed GATA-2 occupancy at Hdc and IL13 loci 

(Figure 4.1F and Supplementary Figure S1A).
17, 26

 Cotransfection of GATA-2 

(T354M) did not influence GATA-2-mediated Hdc induction (Supplementary Figure 

S1B). Thus, T354 is critical for GATA-2 chromatin occupancy and target gene 

regulation. 

p38 Mitogen-activated Protein Kinase-dependent GATA-2 Multisite 

Phosphorylation Governs GATA-2 Activity 

To determine the basis of the T354M-enhanced mobility shift, GATA-2 or 

GATA-2 (T354M) was expressed in 293 cells and cell lysates were treated with λ-
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phosphatase. λ-phosphatase abolished the GATA-2 (T354M) upper band and 

increased GATA-2 mobility equivalent to λ-phosphatase-treated GATA-2 (T354M) 

(Figure 4.2A). Screening signaling pathway inhibitors revealed that the p38 mitogen-

activated protein kinase (MAPK) inhibitor SB203580, but not ERK (U0126) or JNK 

(SP600125) inhibitors, decreased the upper and increased the lower band (Figure 

4.2B, Supplementary Figure S2A and B). In G1E lysates, λ-phosphatase (Figure 4.2C) 

and SB203580 (Figure 4.2E) decreased abundance of the GATA-2 (T354M) upper 

band and increased endogenous GATA-2 mobility (Figure 4.2D and F). The MDS 

mutant GATA-2 (D355T) and a C349A DNA binding-defective mutant were 

hyperphosphorylated (Supplementary Figure 2C).
9a

 p38α knockdown reduced 

GATA-2 (T354M) hyperphosphorylation (Figure 4.2G) and wild-type GATA-2 

regulation of target genes (Figure 4.2H). The protein phosphatase inhibitor okadaic 

acid induced GATA-2 hyperphosphorylation and GATA-2 target gene expression 

(Hdc and Gfi1) (Figure 4.2I and J). Thus, GATA-2 is phosphorylated in a p38α-

dependent manner, and leukemogenic mutations that abrogate chromatin occupancy 

promote p38α-dependent phosphorylation and/or impair GATA-2 dephosphorylation 

(Figure 4.2). These results suggest that p38α phosphorylation of GATA-2 controls 

wild-type GATA-2 activity. 

Mass spectrometry was used to identify GATA-2 and GATA-2 (T354M) 

phosphorylated residues (Figure 4.3A and 4.4). Analysis of proteins immunopurified 

from 293 cells revealed multi-site phosphorylation (Figure 4.3B) that was more 

abundant in GATA-2 (T354M) versus GATA-2 (Figure 4.3C). Unbiased deletion 
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mutants and point mutants that eliminate potential phosphorylatable residues were 

analyzed to delineate requirements for GATA-2 (T354M) hyperphosphorylation 

(Supplementary Table S1). S192A was the only point mutation that abrogated the 

shift (Figure 4.3D). While deleting amino acids 61–120 abrogated the shift, a smaller 

deletion including S73 and S119 did not (Supplementary Figure S3B–D and 

Supplementary Table S1). S192A mutation also increased GATA-2 mobility, 

resembling λ-phosphatase treatment (Figure 4.3D and E). Phosphonet 

(http://www.phosphonet.ca/) analysis suggested that S192 can be phosphorylated by 

p38α. Though GATA-2 S192 is evolutionarily conserved, other GATA factors lack a 

comparable serine. GATA-3 contains a potentially analogous threonine (Figure 4.3F). 

S192A reduced GATA-2 phosphorylation at S73, S119, and S290 (Figure 4.3G and 

H). Thus, Ser192 is phosphorylated, promotes multi-site phosphorylation, and is 

required for GATA-2(T354M) hyperphosphorylation. 

In MAE cells, GATA-2 (S192A) (Figure 4.3I) had some capacity to activate 

Hdc and IL13, but its activity was significantly less than GATA-2 (Figure 4.3J). In 

G1E cells, HA-GATA-2 (S192A) chromatin occupancy was ~40% less than HA-

GATA-2 (Figure 4.3K and L). As Ser192 is required for GATA-2 (T354M) 

hyperphosphorylation, and GATA-2 (T354M) is defective in chromatin binding and 

transcriptional activation, chromatin binding and transcriptional activation are not 

required for hyperphosphorylation. A S192A/T354M mutant was also inactive 

(Supplementary Figure S3E). 

GATA-2 S192 Integrates Oncogenic Signals 
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GATA-2-Ras interactions are implicated in non-small cell lung and colon 

cancer.
27

 Because Ras signaling activates p38α, p38α-dependent Ser192 

phosphorylation may underlie Ras-GATA-2 crosstalk. Constitutively active Ras 

[Ras(G12V)] induced the upper GATA-2 band, which was abrogated by λ-

phosphatase (Figure 4.5A), and was indistinguishable from the T354M-induced band; 

both required Ser192 and amino acids 61–120 (Figure 4.3D and 4.5B and 

Supplementary Figure S3C) and were reduced by SB203580 (Figure 4.2B and 4.5C). 

Though the function of amino acids 61–120 is not established, GATA factor N-

termini can facilitate transactivation.
2a

 Ras (G12V) expression in MAE cells 

enhanced GATA-2-mediated Hdc and Gfi1 expression 10 and 5-fold, respectively, 

without affecting the weak GATA-2 (T354M) activity (Figure 4.5D and E). S192A 

attenuated GATA-2/Ras (G12V)-mediated Hdc induction (Figure 5F). Ras (G12V) 

expression in G1E cells enhanced GATA-2-mediated Hdc, IL13, and Gfi1 expression 

6, 3, and 2.5-fold, respectively (Figure 4.5G). Ras (G12V) increased GATA-2, but 

not S192A and Δ61–120, localization into nuclear foci [13.9–25.4%,− and + Ras 

(G12V), respectively] (Figure 4.6A and B). SB203580 reduced GATA-2 foci 

localization (Figure 4.6C and D). The foci partially colocalized with serine 2-

phosphorylated Pol II, an active transcription marker (Figure 4.6E). Thus, p38α and 

Ras (G12V) regulate GATA-2 phosphorylation, subnuclear localization, and 

transcriptional activation (Figure 4.6F). 
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Mechanistic Considerations 

 Dissecting the deficits of a GATA-2 disease mutant uncovered a signal-

dependent GATA factor pathway. While GATA-2 can be phosphorylated by cyclin-

dependent kinases, Akt and MAPKs, the modified residues and mechanistic 

consequences were not known.
28

 p38-dependent GATA-3 phosphorylation facilitates 

importin-α binding and cytoplasmic to nuclear translocation and regulates LT-HSC 

self-renewal.
29

 

 As p38α inhibition attenuated GATA-2 hyperphosphorylation and target gene 

activation (Figure 4.2 and 4.5F), this mechanism controls wild-type GATA-2 function. 

Besides regulating LT-HSC self-renewal via targeting GATA-3, p38 mediates 

reactive oxygen speciesdependent reductions in HSC lifespan and function of the 

HSC regulator thrombopoietin.
29b, 30

 Inhibiting p38 restores hematopoiesis in 

defective MDS progenitors.
31

 Elevated p38 activity may therefore target Ser192, 

increasing GATA-2 activity and deregulating the genetic network. By decreasing 

S192-dependent phosphorylation, p38 inhibition would reduce GATA-2 activity to a 

level compatible with normal hematopoiesis. 

 Ser192-dependent phosphorylation facilitates GATA-2 chromatin occupancy 

and target gene activation. Ser192 mediates GATA-2 and T354M phosphorylation. 

As Ser192 increased GATA-2 activity, Ser192-dependent hyperphosphorylated 

isoform is a minority of GATA-2, and phosphatase inhibition induced GATA-2 

hyperphosphorylation, efficient GATA-2 dephosphorylation or 

dephosphosphorylation of a component in the activation mechanism restricts GATA-
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2 activity. This mechanism would limit GATA-2 activity and HSPC 

generation/function. Since hyperphosphorylated T354M is defective in chromatin 

binding/target gene regulation, failure to dephosphorylate T354M would be 

inconsequential. 

 GATA-2–cancer links and oncogenic Ras targeting of Ser192, suggest the 

Ras-p38-GATA-2 axis may have vital roles in disease etiology.
2a, 32

 It will be 

instructive to decipher how GATA-2 phosphorylation is opposed physiologically and 

how this balance is skewed in GATA-2-dependent pathologies not involving GATA-

2 mutations that impair chromatin occupancy. 

CONCLUSIONS 

Here, we demonstrate that a disease mutation (T354M) in the GATA-2 DNA 

binding domain reduced GATA-2 chromatin occupancy and target gene expression 

and induced GATA-2 hyperphosphorylation. p38 Mitogen Activated Protein Kinase 

induced multi-site phosphorylation of wild type GATA-2 and the T354M mutant, 

which required a single phosphorylated residue (S192). Only phosphorylation of wild 

type GATA-2 stimulated target gene expression, as the T354M mutant was defective 

in chromatin binding. Oncogenic Ras enhanced S192-dependent GATA-2 

phosphorylation, nuclear foci localization, and transcriptional regulation. These 

studies define a mechanism that controls a vital regulator of hematopoiesis and a dual 

mode of GATA-2 dysregulation in cancer: mutational disruption of chromatin 

occupancy, yielding insufficient GATA-2 to orchestrate hematopoiesis, and 
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oncogenic Ras-mediated amplification of GATA-2 activity, disrupting the GATA-2-

dependent genetic network. 
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Figure 4.1 T354M mutation attenuates GATA-2 chromatin occupancy and 

endogenous target gene activation. 

A. T354M mutant. 
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B. Western blot analysis with anti-GATA-2 or anti-HA antibodies of HA-GATA-2 

and HA-GATA-2(T354M) transiently expressed in G1E cells. 

C. Quantitative ChIP analysis of HA-GATA-2 and HA-GATA-2 (T354M) occupancy 

in G1E cells transiently expressing HA-GATA-2 or HA-GATA-2 (T354M) (n = 4, 

mean ± SE). 

D. Western blot analysis of HA-GATA-2 and HA-GATA-2 (T354M) transiently 

expressed in MAE cells. 

E. Quantitation of GATA-2 target gene expression. Real-time RT-PCR analysis in 

MAE cells expressing HA-GATA-2 or HA-GATA-2 (T354M) (n = 9, mean ± SE) *P 

< 0.05, 

**P < 0.01, ***P < 0.001, relative to the empty vector. 

F. ChIP-seq analysis of GATA-2 occupancy at HDC and IL13 loci in human CD34-

positive hematopoietic cells and HUVECs.
17, 26

 

Data information: Significance of the differences was estimated using Paired 

Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001. 
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Figure 4.2 p38-mediated GATA-2 and GATA-2 (T354M) hyperphosphorylation 

and target gene regulation. 

A. Total protein from 293 cells expressing HA-GATA-2, HA-GATA-2 (T354M), or 

empty vector was incubated with or without λ-phosphatase and analyzed by Western 

blotting with anti-HA antibody. 
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B Left, Western blot analysis of wild-type GATA-2 and HA-GATA-2 (T354M) from 

293 cells treated with vehicle or p38 inhibitor SB203580. Right,  densitometric 

analysis. 

The ratio of intensities of the T354M upper to lower bands from control untreated 

cells was designated as 1 (n = 3, mean ± SE). 

C. Total protein from G1E cells expressing HA-GATA-2, HA-GATA-2 (T354M), or 

empty vector was incubated with or without λ-phosphatase. Proteins were resolved by 

SDS–PAGE and analyzed by Western blotting with anti-HA antibody. 

D. Total protein from G1E cells expressing HA-GATA-2 (T354M) was incubated 

with or without λ-phosphatase and analyzed by Western blotting with anti-GATA-2 

antibody. 

E Left, Western blot analysis of wild-type GATA-2 and HA-GATA-2 (T354M) from 

G1E cells treated with vehicle or p38 inhibitor SB203580. Right,  densitometric 

analysis. 

The ratio of the intensities of the T354M upper to lower bands from control untreated 

cells was designated as 1 (n = 3, mean ± SE). 

F. Western blot analysis of GATA-2 in G1E cells treated with SB203580. 

G. Western blot analysis of HA-GATA-2 (T354M) and p38 in G1E cells infected 

with sh-luc virus or sh-p38a virus. 

H. Real-time RT-PCR analysis of p38 mRNA and transcripts of GATA-2 target genes 

in G1E cells infected with sh-luc virus or sh-p38a virus (n = 3, mean ± SE). 
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I Left, Western blot analysis of HA-GATA-2 in G1E cells treated with okadaic acid. 

Right, densitometric analysis. The upper to lower band ratio from control was 

designated as 1 (n = 4, mean ± SE). Cells were treated with okadaic acid for 24 h. The 

viability was more than 75%. 

J Left, Western blot analysis of endogenous GATA-2 in G1E cells treated with 

okadaic acid (8% gel was used instead of 10% used in D and F). Right: Real-time 

RT-PCR analysis in okadaic acid-treated G1E cells (n = 4, mean ± SE). 

Data information: Significance of the differences was estimated using Paired 

Student’s t-test. *P < 0.05 
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Figure 4.3 Ser192-mediated GATA-2 phosphorylation. 

A. Immunoprecipitation of HA-GATA-2 and HA-GATA-2 (T354M) expressed in 

293 cells. Proteins were detected by Western blotting with anti-HA antibody. 

B. Phosphorylated residues detected by LC-ESI MS/MS. 
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C. Relative phosphorylation of S73, S119, S192, and S290 in GATA-2 and T354M (n 

= 3, mean ± SE). 

D. Western blot analysis with anti-HA antibody of proteins expressed in G1E cells. 

E. 293 cell proteins incubated with or without λ-phosphatase and analyzed by 

Western blotting with anti-HA antibody. 

F. Murine GATA factor amino acid sequences (top) and GATA-2 sequences from 

multiple species (bottom). 

G. Immunoprecipitation of HA-GATA-2 and HA-GATA-2 (S192A) expressed in 293 

cells. Proteins were detected by Western blotting with anti-HA antibody. 

H. Relative phosphorylation of S73, S119, S/A192, and S290 in GATA-2 and S192 

mutant determined by mass spectrometry analysis (n = 3, mean ± SE). 

I. Western blot analysis with anti-HA antibody of wild-type and mutant proteins 

expressed in MAE cells. 

J. Real-time RT-PCR analysis of Hdc and IL13 mRNA levels in MAE cells 

expressing wild-type or mutant proteins (n = 3, mean ± SE). 

K. Quantitative ChIP analysis of HA-GATA-2 and HA-GATA-2 (S192A) occupancy 

with anti-HA antibody in G1E cells expressing HA-GATA-2 or HA-GATA-2(S192A) 

(n = 5, Mean ± SE). The Western blot (anti-HA antibody) in the inset illustrates 

GATA-2 and S192A expression in representative samples used for ChIP. 

L S192-mediated multi-site GATA-2 hyperphosphorylation. 

Data information: Significance of the differences was estimated using Paired 

Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001. 
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Figure 4.4 MS/MS spectra for phosphorylation sites identified in GATA-2 and 

GATA-2 (T354M). pho: phosphorylation. 
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Figure 4.5 S192 requirement for oncogenic Ras-induced GATA-2 activity. 

A. Total protein from 293 cells expressing HA-GATA-2, with or without H-Ras 

(G12V), was incubated with or without λ-phosphatase and analyzed by Western 

blotting with anti-HA antibody. 

B. Western blot analysis with anti-HA antibody of proteins expressed in G1E cells 

with or without H-Ras (G12V). 
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C Left, Western blot analysis of G1E cells expressing HA-GATA-2 and H-Ras 

(G12V) with or without SB203580. Right, densitometric analysis. The ratio of 

intensities of the 

upper to lower bands from Ras (G12V)-expressing cells was designated as 1 (n = 3, 

mean ± SE). 

D. Influence of varying HA-GATA-2 expression vector concentration with or without 

H-Ras(G12V) on Hdc induction in MAE cells (n = 3, mean ± SE). Left, real-time RT-

PCR analysis of Hdc mRNA level. Right, Western blot analysis with anti-HA 

antibody. 

E Top, Western blot analysis of HA-GATA-2 and HA-GATA-2(T354M) proteins 

expressed in MAE cells with or without H-Ras (G12V). Bottom, real-time RT-PCR 

analysis of Hdc mRNA and Gfi1 mRNA levels in MAE cells expressing HA-GATA-

2 and HA-GATA-2 (T354M), with or without H-Ras (G12V) (n = 4, mean ± SE). *P 

< 0.05. Inset, expanded view of low-level Hdc expression. 

F Top, Western blot analysis of HA-GATA-2 and HA-GATA-2(S192A) proteins 

expressed in MAE cells with or without H-Ras (G12V). Bottom, real-time RT-PCR 

analysis of Hdc mRNA levels in MAE cells expressing HA-GATA-2 and HA-

GATA-2(S192A), with or without H-Ras (G12V) (n = 3, mean ± SE). 

G. Real-time RT-PCR analysis of Hdc, IL13, and Gfi1 mRNA levels in G1E cells 

expressing HA-GATA-2, with or without H-Ras (G12V) (n = 4, mean ± SE). 

Data information: Significance of the differences was estimated using Paired 

Student’s t-test. *P < 0.05, **P < 0.01. 
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Figure 4.6 Ras-p38-regulated GATA-2 subnuclear localization. 

A. Immunofluorescence analysis with anti-HA antibody in G1E cells expressing HA-

GATA-2 and mutant proteins with or without H-Ras (G12V). Scale bars: 5 lm. 

B. The percentage of cells exhibiting foci, based on analysis of > 150 cells (n = 3, 

mean ± SE). 
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C. Immunofluorescence analysis with anti-HA antibody in G1E cells expressing HA-

GATA-2 and H-Ras (G12V) with or without SB203580. Scale bars: 5 lm. 

D. The percentage of cells exhibiting foci, based on examining > 150 cells (n = 3, 

mean ± SE). 

E. Co-immunostaining with anti-HA and anti-serine 2-phosphorylated Pol II antibody 

in G1E cells expressing HA-GATA-2 and H-Ras (G12V). Arrows, colocalization 

signals. Bars: 5 lm. 

F. Ras-p38 axis enhances GATA-2 phosphorylation, subnuclear localization, and 

target gene activation. 

Data information: Significance of the differences was estimated using Paired 

Student’s t-test. P < 0.05. 
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Chapter 5  

Comparative Secretome Analysis of Vascular Smooth 

Muscle Cells in Response to Smad3-Dependent TGF-β 

Signaling 

 

 

 

 

 

 

 

Adapted from: “Comparative Secretome Analysis of Vascular Smooth Muscle Cells 

in Response to Smad3-Dependent TGF-β Signaling”. Yang C
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, Shi X and Li 
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ABSTRACT 

 Vascular smooth muscle cells (VSMCs) play a crucial role in cardiovascular 

disorders and have been used as a model system to study the pathogenesis of 

atherosclerosis.  Transforming growth factor β (TGF-β) and its modulator, SMAD 

family member 3 (Smad3) play important roles in VSMC differentiation and function 

and are found to be critically involved in atherosclerotic process.  To characterize the 

proteins secreted from cultured VSMCs and assess temporal changes in the secretome 

in response to TGF-β/Smad3 signaling, we performed LC ESI-MS/MS analysis 

followed by label-free quantification to identify proteins secreted into VSMC-

conditioned medium before and after cells were treated with TGF-β.  The use of one-

dimensional LC-MS/MS resulted in identifications of 665 proteins from conditioned 

media.  The quantitative analysis by spectral counting revealed 38 secreted proteins 

that were significantly up or down-regulated in response to TGF-β.  The 

characterization of the secretome of VSMCs from this study provides new insights in 

vascular biology.  Moreover, the TGF-β induced factors identified from the 

comparative analysis may provide novel targets for the investigations of the role of 

TGF-β in atherosclerotic process. 
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INTRODUCTION 

 According to the statistics from the World Health Organization and past 

research, atherosclerosis and atherosclerosis-associated cardiovascular diseases 

including myocardial infarction and stroke are the leading causes of death in 

developed countries including the United States of America where it is estimated that 

vascular diseases are to be the leading cause of global morbidity and mortality by 

2020-2030.
1
  High levels of plasma lipids, in particular low-density lipoprotein (LDL) 

cholesterol in blood is widely considered to increase the risk to develop 

cardiovascular diseases.
2
  Although the emergence of atherogenesis is associated with 

accumulation of lipids within the arterial walls, the development of atherosclerosis is 

best described as a consequence of chronic inflammation consisting of a series of 

highly specific cellular and molecular responses with the involvement of both 

immune cells and vascular smooth muscle cells.
3
 

 Currently, a common clinical procedure to treat coronary and peripheral 

atherosclerosis is angioplasty due to its high success rate and minimally invasive 

nature.  However, the efficacy of surgical procedure is often undermined by 

restenosis which occurs within 3–6 months post-angioplasty mainly due to intimal 

hyperplasia which mimics some aspects of the atherosclerotic process.
4
  The 

proliferation of vascular smooth muscle cells (VSMCs) plays a key role in the 

development of intimal hyperplasia.
5
  Intimal hyperplasia is a complex process 

associated with abnormal migration and proliferation of vascular smooth muscle cells 

(VSMCs).  In response to injury, VSMCs change their quiescent-contractile 
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physiological phenotype and acquire an activated state endowed with proliferative 

and migratory properties, once subjected to external stimuli such as cytokines and 

growth factors.
6
  As a consequence of their activation, VSMCs migrate to the 

subintimal space, proliferate, and secrete abundant amounts of extracellular matrix 

(ECM), which forms the bulk of the intimal hyperplastic lesion contributing to 

restenosis.  Transforming growth factor-β (TGF-β) is believed to be a critical factor 

contributing to intimal hyperplasia as it was shown to play an important role in 

VSMC differentiation and function.
7
  Recently, several studies reported that TGF-β 

enhances VSMC proliferation through Smad3.  The up-regulation and activation of 

Smad3 at the time of arterial injury is mainly responsible for the stimulatory effect of 

TGF-β on VSMC proliferation and development of intimal plaque.
8
  Suwanabol et al. 

reported that Smad3 acts as an intermediate between TGF-β and signaling pathways 

including ERK/MAPK
8a

 and PI3K/Akt
8b

 through which TGF-β stimulates VSMC 

proliferation.  Although these findings provided evidence of the mechanism by which 

TGF-β enhances intimal hyperplasia, little is known about the Smad3-dependent 

TGF-β signaling in VSMCs.  To this end, a global approach to proteomic profiling of 

VSMCs treated with TGF-β may serve to identify TGF-β/Smad3 induced factors that 

reveal previously unknown pathways and mechanisms that mediate intimal 

hyperplasia.  Such knowledge provides potential novel targets that may be used to 

prevent restenosis.  

 Both profiling of intracellular proteome and extracellular secretome of 

primary culture of human arterial smooth muscle cells (SMCs) from patients 
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undergoing coronary artery bypass surgery has been previously reported.
9
  The 

secretome typically includes the proteins of ECM as well as additional proteins shed 

from the cell surface.
10

  The secreted proteins play important roles in both 

physiological and pathological processes such as cell-cell signaling, communication, 

and migration,
11

 and reflect the state of the cells at various stages of disease 

progression.  In secretome analysis, the proteins secreted by cells into conditioned 

media in vitro are studied to better understand the mechanisms in vivo.  Although in 

vitro conditions may be different from the in vivo environment, the analysis of 

secretome in cultured cells provides a relatively easier and quicker manner to 

investigate possible biological pathways involved in these complicated cellular 

processes.   

 Previous studies demonstrated that VSMCs from injured rat aortas display 

elevated matrix production associated with activity of TGF-β and proposed that one 

of the mechanisms through which TGF-β enhances intimal hyperplasia is the 

production of ECM proteins including several collagens.
8c, 12

 To elucidate the 

complex extracellular signaling in VSMCs in response to TGF-β that may be 

associated with pathogenesis of intimal hyperplasia, a comprehensive proteomic 

profiling of secreted proteins from VSMCs will serve an essential starting point for 

further investigation.  Previous mass spectrometry (MS)-based secretome profiling in 

SMCs used 2-D gel electrophoresis coupled with MALDI-TOF for protein 

identification which limited the total protein identifications as well as the detection of 

lower abundance proteins.
9
  Here, we employed shotgun proteomics with LC-MS/MS 
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for secretome profiling in VSMCs and our result yielded a substantially larger list of 

putative secreted proteins.  Further quantitative analysis by spectral counting revealed 

38 secreted proteins that were significantly up or down-regulated in response to TGF-

β.  Our analysis provides a basis for vascular biology investigations on VSMC protein 

changes that may lead to a better understanding of the mechanisms and factors that 

regulate the differentiation of VSMCs in response to TGF-β. 

EXPERIMENTAL PROCEDURES 

Smooth Muscle Cell Culture  

Rat aortic vascular SMCs were isolated from the thoracoabdominal aorta of 

male Sprague-Dawley rats based on a protocol described by Clowes et al.
13

 and 

maintained in DMEM containing 10% FBS at 37°C with 5% CO2.  Adenoviral (Ad) 

vectors expressing Smad3 (AdSmad3) and green fluorescent protein (GFP) (AdGFP) 

were constructed as previously described.
14

  AdGFP was used as a control.  5 x 10
5 

VSMCs were infected with adenovirus in dulbecco’s modified eagle’s medium 

(DMEM) containing 2% FBS for 4 h at 37° C followed by recovery in 10% FBS 

overnight.  Cells were then cultured in serum free DMEM for 12 h.  After wash once 

with serum free media, 5 ng/ml TGF-β /or control (4 µl 0.2 N HCl in 4 ml media) was 

added to culture dishes (counted as time 0).  After 6 hours, cell culture media was 

collected and concentrated with 10KDa MW cut off column (Millipore, Billerica, 

MA).  The concentration of secreted proteins was determined by BCA assay. 

Proteolysis  
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 All protein samples were denatured with 8 M urea in 25 mM ammonium 

bicarbonate buffer, and reduced by incubating with 50 mM DTT at 37 
°
C for 1 h.  The 

reduced proteins were alkylated for 1 h in darkness with 100 mM iodoacetamide.  

The alkylation reaction was quenched by adding DTT to a final concentration of 50 

mM. The samples were diluted to a final concentration of 1 M urea.  Trypsin was 

added to the sample at a 30:1 protein to trypsin mass ratio.  The sample was incubated 

at 37 
°
C overnight.  Digests were desalted by ZipTip® Pipette Tips (Millipore, 

Billerica, MA). 

LC–ESI Ion Trap Mass Spectrometry and MS/MS Analysis 

 A Q-Exactive (Thermo Fisher Scientific, Bermen, Germany) mass 

spectrometer equipped with Waters nano Acquity UPLC (Waters Corp., Milford, MA) 

was utilized to analyze samples. For the chromatographic separation, solvent A 

consisted of 0.1% formic acid in water and solvent B consisted of 0.1% formic acid in 

ACN.  5μl of each sample was injected onto an Waters Symmetry C18 5μm 180μm x 

20mm precolumn at a flow rate of 5 μl/min for 5 min at 95% A 5% B, followed by 

peptide separation performed on Waters BEH130 1.7 μm C18 100 μm x 100 mm 

analytical column using gradient from 0 to 45% solvent B at 300 nl/min over 120 min. 

The mass spectrometer was operated in a data-dependent mode. The twenty most 

intense ions (z≥2) in full scan were selected for MS/MS analysis. Full scans were 

acquired in 350-1600 m/z range at a resolution of 70,000 (at m/z=400) in the orbitrap 

with an automatic gain control (AGC) target value of 1×10
6
 charges and maximum 

fill time of 250 ms. MS/MS spectra were collected at a resolution of 17,500 (at 
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m/z=400) with an AGC value of 1×10
5
 charges and maximum fill time of 50 ms. The 

underfill ratio is 0.1%. A precursor isolation width of 2 m/z and 10s of dynamic 

exclusion were used. 

Database Search 

 The generated MS data files were processed by Proteome Discoverer 

(v.1.4.0.288, Thermo Fisher Scientific). Peak lists were generated and searched with 

build-in Sequest HT against the uniprot rat database. Precursor mass and fragment 

mass were searched with mass tolerance of 10 ppm and 0.2 Da. 

Carbamidomethylcysteine was set as fixed modification and oxidized methionine was 

searched as variable modifications. Up to three missed cleavage sites for trypsin were 

allowed. The false discovery rate (FDR) was set to 1% for peptide and protein 

identifications. To perform quantification analysis, a spectral counting approach was 

used. Spectral counts for each identified protein were determined by the number of 

peptide spectrum matches (PSMs) in Sequest HT search. Number of PSMs in 

technical replicates was summed for each protein and subject to normalized spectral 

abundance factor (NSAF) analysis. Details for this method can be found elsewhere.
15

 

In brief, the NSAF for each protein was calculated after the spectral counts of the 

protein normalized to its length and divided by the sum of SpC/L for all the proteins 

in the experiment.  

RESULTS AND DISCUSSION 

VSMCs with Smad3 Overexpression 
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 The array of effects of TGF-β on cultured VSMCs may be related to 

differential signaling through numerous downstream pathways.  Abundant evidence 

from previous studies has shown that TGF-β has both stimulatory effects on VSMC 

fibronectin synthesis and inhibitory effects on VSMC proliferation and migration.
7b, 

12a
  Several recent studies reported that the up-regulation and activation of Smad3 at 

the time of arterial injury is mainly responsible for the stimulatory effect of TGF-β on 

VSMC proliferation and development of intimal plaque.
8
  Since TGF-β enhances 

SMC proliferation only in the presence of elevated levels of Smad3, we infected 

cultured VSMCs with adenovirus-expressing Smad3 (AdSmad3) or control (AdGFP) 

followed by stimulation with or without TGF-β for 6 h.  The overexpression of 

Smad3 enhanced the effect of Smad3-dependent TGF-β signaling, thus simplify the 

complex and contradictory effects of TGF-β VSMC function.  

 Given the biological uniformity of the cell cultures as opposed to individual 

organisms, secretome samples from three replicates of equal amounts of 

VSMC/AdGFP or VSMC/AdSmad3 cultured in supplement with or without TGF-β 

were pooled.  To our knowledge, there was no evidence showing cell culture-to-cell 

culture variability from previous studies where immunological and biochemical 

approaches were utilized to characterize and quantify proteins in VSMCs.
8
  Although 

the pooling strategy was not ideal for statistical purpose, it significantly reduces the 

time and complexity for MS and data analysis without compromising the accuracy of 

quantitative analysis.  

Protein Identification and Data Analysis.  
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 In total, 1534 non-redundant peptides and 665 non-redundant proteins were 

identified from control and TGF-β treated samples. 401 of 665 non-redundant 

proteins were identified from the conditioned media of control VSMC/AdGFP 

samples, while 576 non-redundant proteins were identified from that of TGF-β treated 

VSMC/AdSmad3 samples.  Figure 5.1 shows the Venn Diagrams of the numbers of 

peptides and proteins identified from the conditioned media from VSMC/AdGFP 

cultures or VSMC/AdSmad3 cultures. A total of 312 non-redundant proteins and 609 

non-redundant peptides were identified in both conditioned media where each sample 

was analyzed twice.  Figure 5.2 shows a representative tandem MS/MS spectrum of a 

tryptic peptide (DLLTAYYDVDYEK) from protein disulfide-isomerase A3.   

 A spectral counting approach was employed for relative quantification where 

peptide spectral counts were added up for each protein and subjected to NSAF 

analysis.  Details for this method can be found elsewhere.
15-16

 Proteins with at least 

two unique peptides identified were considered for quantification analysis. A total of 

255 proteins identified were selected for quantification by spectral counting, and 94 

proteins were found with log2
(ratio)

 ≥ 2 or ≤ -2. Given that protein identification in 

secretome analysis is often interfered by the presence of intracellular proteins in 

culture media mainly due to cell death. SignalP/SecretomeP was, therefore, used to 

distinguish the secreted proteins from intracellular proteins. Among 94 proteins with 

log2
(ratio)

 >= 2 or <=-2, 38 proteins are known to be secreted or predicted to be 

secreted proteins (Table 5.1).  

Functional Annotation of TGF-β Induced Secreted Proteins 
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 All TGF-β induced proteins were searched against the Swiss-Prot/TrEMBL 

annotated database using the online ExPASy interface (http://www.expasy.ch/) to 

confirm that they are extracellular proteins.  Functional annotation analysis using 

public bioinformatics resources revealed that most TGF-β induced proteins identified 

in present work play important roles in cell proliferation, migration and 

differentiation.  Based on the evidence from previous studies, some of the proteins 

may prove to be critical factors that are involved in the development of 

atherosclerotic process in response to TGF-β. 

 Insulin-like growth factor binding protein 7 (IGFBP-7) is a 30 kDa secretory 

glycoprotein which belongs to insulin-like growth factor binding protein (IGFBP) 

superfamily
17

.  Previous in vitro analysis indicated that the expression of IGFBP-7 in 

human fibroblasts was enhanced by TGF-β and that IGFBP-7 significantly stimulated 

the proliferation and migration of fibroblasts
18

.  However, no evidence so far has 

directly linked IGFBP-7 to TGF-β signaling in VSMCs.  Our results showed that 

TGF-β stimulates the expression of IGFBP-7 in VSMCs thus further investigation of 

the role of IGFBP-7 in TGF-β stimulated VSMCs may lead to better understanding of 

TGF-β/Smad3 signaling pathways. 

 Protein disulfide-isomerase A3 (PDI-A3) belongs to the protein disulfide 

isomerase family, which encompasses several highly divergent proteins that 

participate in maturation of secretory proteins in the endoplasmic reticulum
19

.  

Functioning as chaperones, PDI-family proteins are involved in the proper folding 

and in the formation and reshuffling of the disulfide bridges of the proteins 
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synthesized in the rough ER.  However, proteins of the PDI-family have also been 

found on the cell surface or as secreted proteins.  Results from previous studies 

confirmed the presence of chaperones such as PDI-A3 and HSP-60 on cell surface 

suggesting that their phosphorylation might be responsible for reorientation of 

receptor complexes as well as key molecules in the process of cell activation
20

.  

Furthermore, it has been shown that the disulfide exchange function of PDI-A3 is 

required for cell mediated adhesion by integrins
21

.  In a recent study, the 

phosphorylation of PDI-A3 was shown to be up-regulated in VSMCs activated by 

recombinant human platelet derived growth factor-BB (PDGF-BB), indicating PDI-

A3 is a factor downstream of the receptor signaling cascade
22

.  Given the similar 

effect that TGF-β may have in VSMCs, it is highly likely PDI family proteins are key 

factors involved in TGF-β dependent VSMC activation. 

CONCLUSIONS 

 The secretome of VSMC was characterized by MS-based shotgun proteomics.  

In total, 665 non-redundant proteins were identified in the conditioned media of 

VSMC culture and TGF-β stimulated VSMC culture by a combination of LC-MS/MS 

techniques and bioinformatics analysis.  A label-free quantification analysis via 

spectral counting revealed a list of 38 secreted proteins in that are up or down-

regulated following Smad3-dependent TGF-β stimulation.  Functional annotation of 

TGF-β/Smad3 induced proteins revealed several proteins with important functions 

related to TGF-β/Smad3 signaling that could potentially serve as the targets for future 

investigation of the mechanism through which TGF-β enhances intimal hyperplasia in 
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VSMCs.  Altogether, our investigation sheds light on the intricate role of TGF-β 

signaling in the atherosclerotic process.  
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Figure 5.1 Venn diagram of the numbers of non-redundant proteins and 

peptides identified by LC-MS/MS from VSMC/AdGFP (control) conditioned media 

or TGF-β stimulated VSMC/AdSmad3 conditioned media.  312 non-redundant 

proteins and 609 non-redundant peptides were identified in the conditioned media of 

both cell cultures. 

 

 

 

 

 

 

        

 

 

  

Control 

VSMC/AdGFP 

TGF-β treated 

VSMC/AdSmad3 

Control 

VSMC/AdGFP 

TGF-β treated 

VSMC/AdSmad3 

Proteins 

 

Peptides 

 

312 

 

26489 183 

 

609 

 

742 

 



122 
 

 

 

 

Figure 5.2 A representative tandem MS/MS profile of the tryptic peptide 

DLLTAYYDVDYEK from protein disulfide-isomerase A3.  MS/MS spectrum is 

from TGF-β treated sample with an elution at 77.06 minutes.  

Protein Name: Protein disulfide-isomerase A3 

Uniprot Accession number: P11598 

Precursor m/z: 804.3754, 2+ 
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Table 5.1 The list of significantly up- and down-regulated secreted proteins in 

VSMCs in response to Smad3-dependent TGF-β signaling.  

*Note: accession is the Uniprot accession number for the identified protein.  Proteins 

with log2
(TGF-β treated/control) 

> 2 were up-regulated, while those with log2
(TGF-β treated/control) 

< -2 were down-regulated. A number in the SecP column indicates the numerical 

score returned by SecretomeP (greater than 0.5 indicates high probability of 
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secretion).  “y” in the signal peptide column indicates a predicted signal peptide from 

SignalP analysis. 
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Chapter 6  

Comprehensive Mass Spectrometric Mapping of the 

Hydroxylated Amino Acid Residues of the 1(V) Collagen 

Chain 

 

 

 

 

 

Adapted from: “Comprehensive Mass Spectrometric Mapping of the Hydroxylated Amino 

Acid residues of the α1(V) Collagen Chain.” Yang, C., Park, A. C., Davis, N. A.,  Russell, 

J.D., Kim, B., Brand, D., Lawrence, M. J., Ge, Y., Westphall, M. S.,  Coon, J.J., Greenspan, 

D. S. J. Biol. Chem. 2012, 287, (48), 40598-40610 
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ABSTRACT 

Aberrant expression of the type V collagen 1(V) chain can underlie the connective 

tissue disorder classic Ehlers-Danlos syndrome, and autoimmune responses against the 1(V) 

chain are linked to lung transplant rejection and atherosclerosis.  The 1(V) collagenous 

COL1 domain is thought to contain greater numbers of post-translational modifications 

(PTMs) than do similar domains of other fibrillar collagen chains, PTMs consisting of 

hydroxylated prolines and lysines, the latter of which can be glycosylated. These types of 

PTMs can contribute to epitopes that underlie immune responses against collagens and the 

high level of PTMs may contribute to the unique biological properties of the 1(V) chain.  

We here use high resolution mass spectrometry to map such PTMs in bovine placental 1(V) 

and human recombinant pro-1(V) procollagen chains. Findings include the locations of 

PTMs that vary or are invariant between bovine tissue 1(V) and human recombinant pro-

1(V) chains. Notably, an unexpectedly large number of hydroxyproline residues were 

mapped to the X positions of Gly-X-Y triplets, contrary to expectations based on previous 

amino acid analyses of hydrolyzed 1(V) chains from various tissues. We attribute this 

difference to the ability of tandem mass spectrometry coupled to nanoflow chromatorgraphic 

separations to detect low-level PTM combinations with superior sensitivity and specificity. 

The data are consistent with the presence of a relatively large number of 3-hydroxyproline 

sites with less than 100 % occupancy, suggesting a previously unknown mechanism for the 

differential modification of 1(V) chain and type V collagen properties. 

INTRODUCTION 

Collagen type V (col(V)) is a low abundance fibrillar collagen that is widely 

distributed in vertebrate tissues as an 1(V)22(V) heterotrimer.
1
 It is also found, with a more 
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limited tissue distribution, as an 1(V)2(V)3(V) heterotrimer, and as rare 1(V)3 

homotrimers. 
1-2

 Thus, all forms of col(V) contain the 1(V) chain. Additionally, the closely 

related collagen type XI, first described as an 1(XI)2(XI)3(XI) heterotrimer in fetal 

cartilage,
3
 incorporates 1(V) chains into heterotypic 1(XI)1(V)3(XI) trimers as 

cartilage matures,
4
 implying additional roles for the 1(V) chain. 

 It is generally accepted that 1(V)22(V) heterotrimers are incorporated into growing 

fibrils of the more abundant collagen type I and are involved in regulating the geometry and 

properties of the resulting type I/V heterotypic fibrils.
5
 Thus, mutations in the genes encoding 

either 1(V) or 2(V) chains result in the human connective tissue disorder classic Ehlers-

Danlos syndrome, characterized by collagen I fibrils of abnormal shapes and diameters, and 

deficient tensile strength.
6
 More recently, it has been demonstrated that anti-col(V) 

autoimmune responses can underlie chronic lung transplant rejection in both humans and 

animal models and that pre-transplant col(V)-specific autoimmunity is also a significant risk 

factor for primary graft dysfunction, the leading cause of early morbidity and mortality after 

lung transplantation.
7,8,9

 Col(V) autoimmunity has also been identified as a consistent feature 

in both late stage human coronary artery disease and a mouse model of atherosclerosis.
10

 In 

both human lung transplant rejection and coronary artery disease, immune responses have 

been shown to be specific to the 1(V) chain, with an absence of such responses to the 2(V) 

chain.
7, 10

   

 The 1(V) chain contains extensive post-translational modifications (PTMs), relative 

to other fibrillar collagen chains, consisting of 4-hydroxyproline (4-Hyp) and 3-

hydroxyproline (3-Hyp) residues, and of hydroxylysine (Hyl) residues, most of which are 

decorated with di- and mono-saccharides.
11

 Functionally, 4-Hyp residues have well 
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characterized effects in stabilizing triple helices,

12
 while Hyl residues are important to the 

formation of stable covalent crosslinks between collagen chains,
13

 and Hyl glycosylation may 

be important in assembly and secretion of at least some collagens.
14

 The function of 3-Hyp 

residues is unclear, with conflicting reports on small stabilizing or destabilizing effects on 

triple helix stability.
15,16

 However, loss of 3-Hyp residues in collagens can have catastrophic 

phenotypic consequences, implying important biological function(s).
17

 In addition to 

functional roles, previous studies show various PTMs are capable of affecting immune 

responses against collagenous antigens.
18

 For example, Pro hydroxylation can contribute to 

the antigenicity of collagen IV, while lysine hydroxylation and glycosylation are important to 

epitopes that affect the antigenic roles of collagen II in rheumatoid and experimentally 

induced arthritis.
18a,18b-h

  

Recent studies investigating PTMs on collagenous proteins have utilized tandem 

mass spectrometry (MS
n
) on low resolution, low mass accuracy ion trap mass spectrometers, 

or mass measurements of large peptides using matrix-assisted laser desorption ionization 

time-of-flight (MALDI-TOF) MS.
11a, 19

 However, performing MS
n
 on instruments with low 

mass accuracy, or relying on MS measurements of peptides that have not been subjected to 

MS
n
, makes confident peptide identification and unambiguous PTM site localization 

challenging. The analysis of collagenous proteins by mass spectrometry is complicated by the 

high degree of modification and the large number of proline residues. The former leads to 

generation of isobaric, but differentially modified, peptides that often co-elute, producing 

chimeric spectra difficult to interpret without the aid of high mass accuracy and abundant 

product ions from MS
n
.  The latter hampers MS

n
 sequencing efforts due the propensity of 

Pro/Hyp to preferentially cleave during collisional activation (the “proline effect”).
20

 This can 

limit the generation of a ladder of b- and y-type product ions most commonly used by 
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database search algorithms for peptide identification and PTM localization of spectra 

generated by collisional activation 
20a, 21

.   

 In the current study we use state-of-the-art proteomics workflow centered on the use 

of high resolution MS and nanoflow chromatographic separations to precisely map 

hydroxylation and glycosylation modifications in bovine placental α1(V) and human 

recombinant pro-α1(V) procollagen chains. Instead of relying on a single enzyme or chemical 

treatment to produce peptides amenable to MS, we used five different proteases (individually 

or sequentially) to maximize protein sequence coverage and facilitate PTM discovery. 

Peptides were subsequently separated by nanoflow liquid chromatography and introduced 

into an electron transfer dissociation (ETD)-enabled hybrid dual cell linear ion trap-Orbitrap 

mass spectrometer by electrospray ionization (ESI). The Orbitrap recorded the masses of 

eluting peptides with low ppm mass accuracy (< 5 ppm) affording confident peptide 

identification and localization of PTMs. The hybrid Orbitrap mass spectrometer permitted the 

use of several dissociation techniques; resonant excitation collision-activated dissociated 

(CAD), beam-type CAD (higher-energy collisional dissociation, HCD), and ETD.
22

 The 

availability of multiple dissociation techniques and the use of MS
2
 and MS

3
 for peptide 

interrogation often allowed us to pinpoint the exact residue(s) carrying the individual PTMs. 

Such comprehensive, experiment-based PTM localization has not previously been achieved 

for collagenous proteins. Recent analyses of collagenous proteins by MS relied heavily on a 

priori biological knowledge to assess prolyl hydroxylation (i.e., PTM assignment based upon 

hydroxylation motifs), rather than PTM assignment based upon localizing fragments from 

tandem mass spectra.
19a, 19c

 We report comprehensive mapping of all PTMs involving 

hydroxylated residues on bovine placenta α1(V) and human recombinant pro-α1(V) collagen 

chains and provide manually verified mass spectral evidence for each modified site. Our 
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analyses reveal PTMs that vary or are invariant between the bovine tissue 1(V) and human 

recombinant pro-1(V) chains, and also reveal all hydroxylated residue PTMs in pro-1(V) 

sequences NH2-terminal to the COL1 major collagenous domain. We also identify an 

unexpectedly large number of Hyp residues in the X-position of Gly-X-Y triplets, attributed 

to our ability to identify modified peptides present in low stoichiometric amounts that go 

undetected by classic amino acid analyses or Edman sequencing. Another unexpected, and 

striking, finding was X position Hyp residues discovered in the unusual contexts of Gly-Hyp-

Val and Gly-Hyp-Ala triplets in the bovine placental α1(V) COL1 domain.  Findings 

presented herein may aid in characterizing and locating α1(V) autoimmune epitopes and may 

provide further insights into col(V) function. 

EXPERIMENTAL PROCEDURES 

Preparation of Human Pro-1(V) Procollagen and Bovine 1(V) Collagen Chains  

Human recombinant pro-1(V) chains were produced via expression from a modified 

pCEP-Pu vector in 293-EBNA human embryonic kidney cells (Invitrogen), followed by 

dialysis of conditioned media against 50 mM Tris-HCl, pH 8.6 buffer, containing 0.1 mM 

phenylmethylsulfonyl fluoride, 1 mM N-ethylmaleimide, 0.1 mM p-aminobenzoic acid, and 5 

mM EDTA, for low salt precipitation of collagen chains, as previously described.
23

 Bovine 

1(V) chains were prepared essentially as previously described.
24

 Briefly, minced and 

washed amnion, stripped off placenta from the area close to attachment of the umbilicus, was 

suspended in 0.5 M acetic acid, 0.2 M NaCl and digested with pepsin at 4 
o
C. Col(V), which 

is soluble in 0.7 M NaCl and precipitates in 1.2 M NaCl, was purified from supernatants via 

differential NaCl precipitation.
25

  1(V) chains were separated from 2(V) chains via 

chromatography on diethylaminoethyl cellulose. 
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Prolyl Hydroxylase Expression  

Breast carcinoma cell line MB 436 (ATCC catalog no. HTB-130) and HEK293 T-

REx cells were maintained in Dulbecco’s modified Eagle’s media (Cellgro) supplemented 

with 10% FBS and Pen/Strep in 5% CO2. Total RNA was extracted from cell lines using 

TRIzol (Invitrogen). cDNA was synthesized from 1 g RNA using SuperScript II Reverse 

Transcriptase kit (Invitrogen) with random hexamers. Subsequently, PCR was performed for 

35 cycles with primer sets for human P3H1, P3H2, P3H3, CRTAP, and PPIB previously 

described by Frenandes et al. and for GAPDH previously described by Shah et al..
19b,26

  

Pro-1(V) Sequences for Comparison to MS Data 

For human pro-1(V) sequences, MS data were compared to sequences available in 

the databases. For bovine 1(V) sequences, a BLAST search of bovine genome databases, 

using human pro-1(V) sequences identified mRNA sequence XM_002691720.1, predicted 

by automated analysis of genomic sequences, which encodes the pro-1(V) C-propeptide, 

and ~38% of the 1(V) major triple helical (COL1) domain, interspersed with gaps and 

insertions of non-1(V) sequences, probably due to annotative misidentification of 

intron/exon junctions.
27

 Towards obtaining complete bovine 1(V) COL1 sequences, first 

strand cDNA was synthesized from bovine placenta total RNA (Zyagen) using oligo(dT)20 

primers. Primers 5’-AGGCCCCCCAGGCGAGGTC-3’ (forward) and 5’-

ATTCTGGCCCCTTCAGACTT-3’ (reverse), based on XM_002691720.1 COL1 sequences, 

were then used to amplify a ~1.8 kb fragment of COL1 sequences, which was directly 

sequenced using the same forward primer. Another predicted mRNA sequence 

(XM_617549.3), identified via subsequent BLAST search, encodes partial pro-1(V) NH2-

terminal globular sequences, and some inserted intronic sequences. To obtain remaining 
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bovine 1(V) COL1 sequences, forward primer 5’-GTGGCACAGAATTGCTCTCA-3’, 

based on XM_617549.3 sequences, was used with primer 5’-

GCCTTCACTGCCTTTCAGTC-3’ (reverse primer A) based on XM_002691720.1 

sequences, to amplify a ~2.7 kb fragment. The ~2.7 kb fragment could not be amplified from 

first strand cDNA synthesized using oligo(dT)20 primers, as above, and was instead amplified 

from first strand cDNA obtained using reverse primer A. The ~2.7 kb PCR fragment was 

directly sequenced, sequentially, using reverse primers: 5’-GTGGCACAGAATTGCTCTCA-

3’, 5’-CTCCAAGTTTGCCCTTCTCC-3’, and 5’-GCCCCTTTCTCCGTCTTC-3’. The full-

length bovine 1(V) COL1 sequences have been submitted to the GenBank
TM

/EMBL Data 

Bank with accession number JQ611730. 

Digestion of Pro-1(V) and 1(V) Samples for Mass Spectrometry 

Pro-1(V) and 1(V) samples were desalted using 50 mg, tC18 SepPak cartridges 

(Waters Corp., Milford, MA). Eluates were dried down and resuspended in digestion buffer 

(vide infra) optimized for each protease. Cysteine residues were reduced and alkylated by 

incubation in 5 mM dithiothreitol (DTT) for 45 min at 37 
0
C, followed by 30 min incubation 

at room temperature in 15 mM iodoacetamide, in the dark. Alkylation was quenched by 15-

min incubation in 5 mM DTT at room temperature followed by addition of the protease. 

 A multiple protease approach was utilized to maximize protein sequence coverage.
28

 

For each protease, 50 µg protein aliquots of Pro-1(V) or 1(V) were digested. To produce 

peptides cleaved N-terminal to Asp, protein was incubated overnight at 37 °C in 50 mM Tris, 

2.5 mM Zinc sulfate, pH 8.0, with 5 g of the protease AspN (New England Biolabs, Ipswich, 

MA). Peptides cleaved C-terminal to Glu were prepared by incubating protein with 5 μg of 

GluC (Roche Diagnostics, Indianapolis, IN) overnight in 50 mM Tris and 25 mM ammonium 

bicarbonate (pH ~ 7.8) at room temperature. Peptides predominately cleaved C-terminal to 
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Trp, Leu, Tyr, Phe (with slower kinetics for cleavage at Met, Asp, Glu, Ala) was achieved 

with 5 μg of chymotrypsin (Promega, Madison, WI) incubated overnight in 50 mM Tris, 1 

mM CaCl2 at room temperature. Protein digested overnight in 90 mM Tris, 8.5 mM CaCl2, 5 

mM DTT, 0.5 mM EDTA, pH 7.6 at 37 °C, with 5 μg of ArgC (Roche Diagnostics) produced 

peptides cleaved C-terminal to Arg. Tryptic peptides (cleavage C-terminal to Lys and Arg) 

were produced by digesting protein with 5 μg of trypsin (Promega) overnight in 50 mM Tris 

(pH 8.0), and 1 mM CaCl2 at 37 °C.  Sequential digestion using GluC and AspN was carried 

out by first digesting protein with GluC for 6 hrs at room temperature, followed by the 

addition of AspN and incubation overnight at 37 °C. Each digest was quenched by freezing at 

-80 
0
C, and desalted on a 50 mg, tC18 SepPak cartridge (Waters Corp.).  Each eluate was 

then dried under vacuum and resuspended in 50 µl 0.2% formic acid resulting for mass 

spectrometry analysis (~ 1 µg/µl peptide concentration). 

Liquid Chromatography Electrospray Tandem Mass Spectrometry (LC-MS/MS)   

A Waters nanoACQUITY UPLC and autosampler (Waters Corp.) were used to load 

samples onto a fused-silica capillary precolumn (75 m i.d. x 360 m o.d.).  Both vented-

style configuration trapping and direct injection strategies were used (vide infra).  Precolumns 

with cast chemical frits were slurry packed to 5 cm in length with a stationary phase 

consisting of 5 um diameter, 100 Å pore size, C18 particles (Magic C18AQ, Michrom 

Bioresources, Inc., Auburn CA).
29

 Reversed-phase LC separation was achieved across a 13-

cm long, 50 m i.d. x 360 µm o.d. fused-silica analytical column packed with the same C18 

stationary phase. An electrospray ionization emitter was integrated into the analytical column 

by use of a laser puller (Sutter Instrument Co., P-2000, Novato, CA). An estimated 1-4 µg of 

protein digest was loaded onto the precolumn and chromatographed over a 60-min linear 

gradient at 300 nl/min (2% B to 30% B, buffer A: 0.2% formic acid in water; buffer B: 0.2% 
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formic acid in acetonitrile).  Eluate was introduced into the mass spectrometer via 

electrospray ionization (+2.0 kV) and peptide cations were subjected to tandem mass 

spectrometry using an LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific, 

Bremen, Germany) enabled for electron-transfer dissociation (ETD).
22b, 30

 Typical 

experiments consisted of MS
1
 analysis in the Orbitrap mass analyzer using a resolving power 

of 60,000, followed by 10 data-dependent higher-energy collisional dissociation (HCD) MS
2
 

events.  Product ion mass analysis was also conducted in the Orbitrap, using resolving powers 

of 7,500 – 15,000. Precursor and product ion mass error was typically < 10 ppm. Similar 

experiments were conducted using ETD, where charge-state dependent ETD activation times 

were utilized.  To obtain additional sequence information of glycosylated peptides, an 

additional set of LC analyses were conducted, using an MS
3
 mass spectrometry method.  For 

MS
3
 analyses, three data-dependent collision-induced dissociation (CID) or ETD MS

2
 events 

were executed followed by data-dependent HCD MS
3
 events, where the most intense peak in 

each MS
2
 spectrum was dissociated. For all experiments, an automatic gain control (AGC) 

target value of 1,000,000 charges was used for MS
1
.  An AGC target of 50,000 charges was 

used for both MS
2
 and MS

3
.  Precursors were dynamically excluded from data-dependent 

MS
2
 for 30-60 s.  A precursor isolation width of 2 -3 m/z was typically used. 

Proteomic Data Analysis  

Spectral reduction from raw data was performed by DTA Generator, a program 

available in the COMPASS software suite (freely available at 

http://www.chem.wisc.edu/~coon/software.php).
31

 The ETD pre-processing option was used 

to remove known neutral loss peaks from ETD spectra.
32

 The OMSSA (Open Mass 

Spectrometry Search Algorithm) search algorithm was used for database correlation.
33

 

Spectra were searched against a concatenated target-decoy version of human Pro-α1 (V) or 
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bovine α1 (V) sequence databases.

34
 Several variable post-translational modifications were 

considered: hydroxylation of proline and lysine residues (+15.9949 Da, monoisotopic mass), 

glycosylation of lysine (monosaccharide, +178.0473 Da, disaccharide, +340.0995), and 

glycosylation-associated neutral losses upon activation.  Finally, oxidation of methionine 

(+15.9949 Da) residues were specified as variable modification and carbamidomethylation of 

cysteine (+57.0215 Da) residues was searched as a fixed modification. A mass tolerance of 

±5 Da from the average mass was used for precursors, while a mass tolerance of ± 0.01 Da 

from the monoisotopic mass was used for product ions.
22a

 

Manual Validation of Peptide Modification Assignments 

Peptides identified through database correlation with P-value scores larger than 1x10
-

9
 were discarded and were not considered for manual validation.  Although OMSSA usually 

identified the correct peptide sequence, the number, type, and specific location of 

modifications were occasionally incorrect.  Manual verification of the peptide sequence and 

site(s) of modification was carried out for every modified peptide species discussed in this 

manuscript (supplemental spectra S1 and S2).  Spectral validation was carried out as follows: 

the mass of the unmodified peptide sequence was compared to the modified peptide sequence 

identified with OMSSA.  This mass difference represents the mass of the PTM(s) on the 

peptide (i.e. a mass difference of +15.995 Da relative to the unmodified peptide suggests 

hydroxylation or oxidation).  The high mass accuracy of the Orbitrap limited the potential 

number of modifications that needed to be considered.  Each peptide was iteratively 

evaluated considering all combinations of PTMs on residues that can accommodate the 

modifications. Theoretical product ion masses were produced using the MS-Product program 

available in the web version of Protein Prospector (http://prospector.ucsf.edu). Product ions 

were confidently mapped to peptide sequences if the production ions had a signal-to-noise 
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ratio > 3 and mass error < 10 ppm from the expected product ion monoisotopic mass. 

Modifications indicated as localized had product ion matches that unambiguously mapped the 

PTM to a specific residue in the peptide sequence.  In situations where product ions did not 

support PTM assignment to a specific residue, the modification was considered unlocalized 

and is clearly indicated. 

RESULTS AND DISCUSSION 

Post-translational Modifications of Bovine Placental 1(V) Chains 

Chromatographically purified 1(V) chains, extracted with acetic acid and pepsin 

from bovine placenta, were subjected to tandem mass spectrometry (MS
n
) to map the 

positions of hydroxylated residues and of Galactosylhydroxylysyl (Gal-Hyl) and 

glucosylgalactosylhydroxylysyl (Glc-Gal-Hyl) residues. Treatment of fibrillar collagens with 

pepsin removes NH2- and COOH-terminal globular sequences, leaving only the pepsin-

resistant major triple helical COL1 domain.  At the time this study began, bovine 1(V) 

cDNA sequences were unavailable and only a small portion (C-propeptide sequences and 

about the C-terminal third of COL1 sequences) of bovine 1(V) coding sequences were 

available from annotated bovine genome databases. Thus, full-length bovine 1(V) cDNA 

sequences were generated, as described in Experimental Procedures, for comparison to MS 

data.  At the time of submission of this study, database annotated genomic sequences were 

mostly complete, but still had 29 amino acid differences compared to the cDNA sequences 

reported here (accession number JQ611730).  The cDNA sequences reported here have been 

validated via comparison of MS analyses of bovine placental 1(V) protein.   

MS
n
 of AspN, GluC, chymotrypsin, ArgC, and trypsin-generated peptides of bovine 

placental 1(V) chains produced 94% sequence coverage and identified the positions of 105 
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Hyp residues in the Y position of Gly-X-Y triplet repeats, and 21 Hyp residues in the X 

position of Gly-Hyp-Hyp triplet repeats (Figure 6.1).  Y position Pro residues in Gly-X-Y 

triplets are hydroxylated to 4-Hyp residues by the enzyme prolyl 4-hydroxylase (P4H), for 

which the minimum substrate appears to be the tripeptide X-Pro-Gly.
35

 Thus, the 105 Y 

position Hyp residues reported here are likely 4-Hyp. Gly-Pro-Hyp triplets are thought to 

constitute the substrate sequence for prolyl 3-hydroxylases (P3Hs), of which there are three.
36

 

We conclude the 21 Hyp residues in the X position of Gly-Hyp-Hyp triplet repeats in the 

COL1 domain of bovine placental 1(V) chain are likely to be 3-Hyp residues. Unexpectedly, 

Hyp residues were detected in the X positions of a Gly-X-Val triplet and a Gly-X-Ala triplet 

(residues 509 and 587, respectively) (Figs. 1 and 2).  As P4H is thought to hydroxylate only 

Y position Pro residues, and as P3H is thought to hydroxylate only Pro residues within Gly-

Pro-Gly triplets, it is not clear which enzyme has hydroxylated these sites, or whether these 

hydroxylated prolines are 3-Hyp or 4-Hyp residues. Our analysis also identified the positions 

of 3 Hyl residues, and 34 Glc-Gal-Hyl residues (Figure 6.1), Hyl residues linked to the 

dissacharide glucosylgalactose.  

Hydroxylated Residues and Glycosylated Hyl Residues of Human Recombinant Pro-1(V) 

Chains  

A number of previous studies on the biology of pro-1(V) collagen chains have been 

performed on human recombinant pro-1(V) collagen chains produced in 293-HEK (human 

embryonic kidney) cells.
23, 37

 As previous, partial characterizations of fibrillar collagen chain 

post-translational modifications have shown tissue- and cell type-specific variations in 

distributions of 3-Hyp residues, we mapped the hydroxylated residues and saccharide-bound 

Hyl residues of the experimentally important human recombinant full-length pro-1(V) 

collagen chains produced in 293-HEK cells.
19

 This study of procollagen chains also allowed 
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characterization of hydroxylated amino acid residues in sequences NH2-terminal to the COL1 

domain and in COOH-propeptide sequences, both of which are lost in pepsin-extraction of 

1(V) chains from tissues.   

MS
n
 of AspN, GluC, chymotrypsin, ArgC, and trypsin-generated peptides of human 

recombinant pro-1(V) collagen chains produced 90 % sequence coverage of the entire 

protein, minus signal peptide sequences, and 96 % of the COL1 domain, and identified the 

positions of 98 Hyp residues in the Y position of Gly-X-Y triplet repeats, and 9 Hyp residues 

in the X position of Gly-Hyp-Hyp triplet repeats in the COL1 domain (Figure 6.3).  As 

described above, Hyp residues in the Y position of Gly-X-Y repeats, or in the X position of 

Gly-Hyp-Hyp triplet repeats are likely 4- and 3-Hyp residues, respectively.  Interestingly, 

within pro-1(V) sequences NH2-terminal to the COL1 domain, MS analysis mapped 6 Hyp 

residues in the Y position of Gly-X-Y triplets, 1 Hyp residue in the X position of a Gly-Hyp-

Hyp triplet, one Hyl and two Glc-Gal-Hyl residues. Five of the Y position Hyp residues exist 

within a hypothetical short, interrupted collagenous (COL2) subdomain (Figure 6.3), 

consistent with the likelihood that this subdomain actually forms a triple helix, as the latter 

would be stabilized by these five 4-Hyp residues.
27

 Possible functional significance of the 

sixth 4-Hyp, which lies upstream of this hypothetical collagenous domain, is unclear. All 

NH2-terminal domain Glc-Gal-Hyl, Hyl and X position Hyp residues lie within the COL2 

subdomain, suggestive of functional roles for these residues within this subdomain as well.  

Supportive of our findings, the single COL2 domain Hyl mapped here was previously 

identified by MS analysis as an “NH2-telopeptide” Hyl residue involved in covalent cross-

linking of 1(V) chains to 1(XI) chains in bovine cartilage.
4
 MS

n
 analysis here of the 

human recombinant pro-1(V) chain also localized the positions of 6 Hyl, 1 Gal-Hyl, and 22 

Glc-Gal-Hyl residues, and one residue found as both Gal-Hyl and Glc-Gal-Hyl, within the 
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COL1 domain. It seems unlikely that species-specific differences in 1(V) sequences 

contributed much to differences in numbers and placement of Y position Hyp residues, as 

bovine and human 1(V) COL1 domain sequences are 99.3% identical, differing by only 7 

primary amino acids, none of which is a Pro (Figs. 1 and 3, orange residues).  Modifications 

could not be localized for Y position Pro residues 642, 714, 903, or 909 in either human 

recombinant pro-1(V) or bovine placenta 1(V) chains.  

Expression of Prolyl 3-hydroxylases in 293-HEK cells 

Differential 3 hydroxylation of prolines at some, but not other, sites in clade A 

fibrillar collagen chain COL1 domains can be due to differential expression of the enzyme 

prolyl 3-hydroxylase 2 (P3H2) in different cell types and tissues.
19b

 To test whether the 

absence of 3-Hyp residues at some sites in human recombinant pro-1(V) chains that had 

been 3 hydroxylated in 1(V) chains from bovine placenta might be due to deficiency in 

levels of P3H2, we tested for P3H2 expression in 293-HEK cells.  We also tested for 

expression of the other two proly 3-hydroxylases, P3H1 and P3H3, and for CRTAP (cartilage 

associated protein) and PPIB (peptidyl prolyl cis-trans isomerase B), which are components 

of the prolyl 3-hydroxylation complex.
38

 As can be seen (Figure 6.4), all P3Hs are clearly 

expressed in 293-HEK cells, at levels similar to those of a cell line previously shown positive 

for expression of all three enzymes.
26

 CRTAP and PPIB expression levels were readily 

detectable as well. These findings are thus consistent with the likelihood that the decreased 

numbers of 3-Hyp residues in human recombinant pro-1(V) chains, compared to the tissue 

form of 1(V) chain obtained from bovine placenta, is unlikely due to decreased levels of 

P3Hs or other prolyl 3-hydroxylation complex components in 293-HEK cells. Rather, the 

reduction in 3-Hyp residues in the recombinant pro-1(V) chains is likely due to some other 
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variable, such as the changed kinetics with which pro-1(V) chains are incorporated into pro-

1(V)3  homotrimers (see below), the form in which they were produced in HEK-293 cells 

for the current study, compared to the kinetics of incorporation of pro-1(V) chains into pro-

1(V)2pro-2(V) heterotrimers, in which they are more normally found in tissues.    

A High Mass Accuracy, High Resolution Tandem Mass Spectrometric Approach for 

Analysis of Collagenous Proteins  

Study of the PTMs of collagens has primarily involved traditional amino acid 

analysis, a methodology that determines amino acid compositions by hydrolysis of purified 

proteins/peptides followed by measurement of their individual amino acid constituents.  

Ordinarily, such analyses yield quantitative measurements of amino acid abundance, but not 

sequence information or the location of PTMs.  More recently, MS has been employed to 

investigate PTMs in collagens.
11a, 19

 Henkel and Dreisewerd utilized ultraviolet MALDI MS 

to analyze fetal calfskin collagens I, III and V, chemically cleaved by cyanogen bromide 

(CNBr) to generate a limited number of peptides with distinct masses.
11a

 PTMs were deduced 

for each CNBr peptide by comparing the difference between experimental and theoretical 

masses – the mass difference representing the mass of the modification(s). However, MS
n
 

was not performed to confirm sequence identity or to locate the positions of PTMs. This 

approach provided valuable information on the total PTM state, but without the use of MS
n
, 

specific residues carrying the PTMs remained unknown.  Eyre and colleagues have 

characterized collagen peptides by performing MS
2
 using a low-resolution, low mass 

accuracy ion trap mass spectrometer.
19

 They identified several novel sites of prolyl 3-

hydroxylation and proposed a biological function for these PTMs in collagen. However, 

many of the modifications were not experimentally localized by MS
2
.  Since the acquired 

tandem mass spectra lacked the requisite information for localization assignment of Pro 
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hydroxylation was often inferred from known collagen motifs. Because of the highly 

modified nature of collagenous proteins, we contend that PTM mapping via MS should 

require spectral evidence in the form of localizing fragments to have the highest confidence 

in the validity of sequence-specific modifications. 

Our strategy, founded on a high resolution MS platform, allowed characterization of 

the α1(V) chain with unparalleled sensitivity and PTM localization precision. The enabling 

technology was an ETD-enabled LTQ Orbitrap Velos hybrid mass spectrometer exhibiting 

low-ppm mass accuracy, high-resolution MS and MS
n
 capabilities, combined with multiple 

options for performing peptide dissociation.
30a

 We began by using multiple proteases to 

generate a diverse pool of peptides amenable to MS
n
.
28

 The combination of mass accuracy 

and a capability to perform multistage activation using 3 different dissociation techniques 

often allowed us to pinpoint the exact residue(s) carrying individual PTMs.  However, we 

were not always able to unambiguously define the site of localization.  Thus, we classified 

PTM assignments into 1 of 3 categories:  1) localized – MS
n
 product ions support PTM 

assignment to a specific residue, 2) unlocalized – insufficient product ions to unambiguously 

assign a PTM to a specific residue, or 3) pseudolocalized - insufficient product ions to 

unambiguously assign a PTM to a specific residue, but localization can be inferred from 

known collagen modification motifs (supplemental Tables S1 and S2). Note that 

hydroxylation modification was only considered for Pro and Lys residues and that 

glycosylation (mono- and disaccharide) modifications were only considered for Hyl 

residues.
11b

 The numbers of PTMs reported in the Results and Discussion sections are 

exclusively for localized sites.  

α1(V) and pro-1(V) chains were cleaved using five different individual proteases or 

by applying two proteases sequentially. Trypsin, the most common protease used for MS 
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experiments, has substantially reduced cleavage rates for Lys and Arg residues C-terminal to 

Pro, thus posing a problem for collagens, which have high Pro/Hyp content.
39

 Such is also the 

case with chymotrypsin and Glu-C.  However, Arg-C will cleave at Arg residues (also at Lys, 

but at lower rates) adjacent to Pro residues.  Peptides were separated by on-line nanoflow 

reversed-phase liquid chromatography, where peptides with identical primary sequences 

differing only in degree of hydroxylation eluted across a wide elution window, while peptide 

isomers differing only in the position of hydroxylation typically co-eluted and were co-

fragmented to produce chimeric MS
n 

spectra (Figure 6.5).  Glycopeptides and short (< ~ 7 

residues), highly modified peptides often eluted early during the chromatographic gradient, 

demonstrating poor and inconsistent retention.  A direct injection style of sample loading was 

employed to enable analysis of highly polar and poorly retained peptides rather than the 

vented-style trapping normally used for rapid sample loading/concentrating.
40

   

Due to high α1(V) Pro content and decreased efficacy of ETD-induced cleavage of 

Pro N-Cα  bonds, ETD MS
2
 analyses occasionally did not provide sufficient numbers of 

sequence-informative product ions to permit PTM localization.
41

 To complement ETD data, 

data were also acquired utilizing HCD collected at different collision energies.  Low HCD 

energies favor the generation of moderate mass fragment ions, whereas high HCD energies 

favor the production of low m/z fragments. Low mass fragments enabled screening of y1-y3, 

b1-b3, and immonium ions, improving the ability to localize PTMs residing on peptide termini. 

The high α1(V) Pro content also resulted in an unusually large number of internal fragments 

(multiple peptide backbone cleavages of a single ion) in spectra collected at moderate and 

high HCD energies.
21a

 Many of these internal fragments were useful for PTM localization in 

the absence of localizing product ions produced by a single backbone cleavage event 

(supplemental Spectra 1 and 2). Despite our best efforts using multiple dissociation 
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techniques and MS

3
, neutral loss of glycosylation was still common. In these cases, neutral 

loss product ions were used to aid in localization, as reported for phosphorylation localization 

(supplemental Spectra 1 and 2).
42

  

Comparison of the Col1 PTMs of Bovine Placental α1(V) and Human Recombinant Pro-

α1(V) Chains  

Previous amino acid analyses of 1(V) chains from human skin or placenta, or 

produced in 293-HEK cells produced estimates of 4-Hyp content of from ~106 to ~111 per 

1000 amino acids.
11b,43,37e

 Here, we have localized 105 and 98 Y position Hyp residues by 

MS
n
 for the COL1 domains of bovine placenta α1(V) and human recombinant pro-α1(V) 

chains, respectively. Additional Y position Hyp residues were either not directly localized or 

are likely located on COL1 proteolytic fragments not recovered here by MS
n
, as such 

fragments contain 5 additional Y position Pro residues for both the bovine and human. Eighty 

five Y position Hyp residues mapped to identical positions in the bovine and recombinant 

human COL1 domains (Figs. 1 and 2), suggesting that these Hyp residues may be relatively 

invariant in 1(V) chains from various sources. Of the 13 Y position Hyp residues that differ 

between the bovine 1(V) and human recombinant pro-1(V) samples only 3 are found in 

the latter but not the bovine. Thus, Y position Hyp residues found in the human recombinant 

pro-1(V) COL1 domain are, for the most part, a subset of those found in the bovine 1(V) 

chain.  Differences in Y position Hyp residues between the two COL1 domains may be due to 

tissue-/cell type-specific differences in modifying enzymes, although the pro-1(V) chains 

studied here were synthesized as pro-1(V)3 homotrimers rather than as pro-1(V)2pro-2(V) 

heterotrimers more commonly found in tissues, which might also affect levels and placement 

of Hyp residues.  
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Previous estimates of the amino acid composition of 1(V) chains from human skin, 

suggested 1(V) to be more similar to nonfibrillar basement membrane collagen IV chains 

than to other fibrillar collagen chains in possessing a high content of Hyl residues, the 

majority of which are glycosylated.
11b

 Specifically, human skin 1(V) chains were estimated 

to comprise ~39 hydroxylysines, 29 in the form of Glc-Gal-Hyl residues and 5 in the form of 

Gal-Hyl residues, suggesting Glc-Gal and Gal to be frequently and infrequently occurring 

PTMs, respectively.
11b

 Henkel and Dreisewerd, employing MALDI MS analysis of fetal calf 

skin 1(V) chains, estimated that most, if not all, Hyl residues are likely glycosylated, with 

~87% predicted to be Glc-Gal-Hyl.
11a

 However, they lacked MS
n
 sequence data to support 

their assignments of PTMs, making it difficult to confidently determine the nature of 

saccharide species (e.g., two residues with monosaccharide modifications and one residue 

with a disaccharide modification share the same mass, such that these PTMs cannot be 

distinguished based solely on analysis of intact peptide masses).  Rhodes and Miller 

employed amino acid analysis to estimate human placenta 1(V) chains to contain 35 Hyls, 

but did not analyze glycosylation.
43

 Here, we’ve directly localized 37 hydroylysines in bovine 

placenta 1(V) chains, 34 of these as Glc-Gal-Hyl residues.  Our estimates of Gal-Hyl 

modification of bovine placenta 1(V) may differ from those of previous reports because 1) 

We exclusively reported localized modifications, disregarding peptides with multiple 

potential glycosylation sites that could not be localized to a specific residue; and/or 2) 

Previous reports did not attempt to localize modifications and may have overestimated Gal-

Hyl numbers.  

We found the COL1 domain of human recombinant pro-1(V) chains produced in 

293-HEK cells to contain 30 hydroxylysines: 22 as Glc-Gal-Hyl residues, 1 as Gal-Hyl, and 1 
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as both Glc-Gal-Hyl and Gal-Hyl.  These hydroxylated Lys residues are a subset of those 

found in bovine 1(V), except for Hyl, which is not hydroxylated in the bovine chain (Figs. 1 

and 3).
150

 Thus, 29 hydroxylated Lys residues found in 1(V) COL1 domains from two very 

different sources may be relatively invariant in 1(V) chains.  The reduced numbers of Hyl 

and Glc-Gal-Hyl residues in the human recombinant protein suggests that 293-HEK cells, 

which produce little or no endogenous extracellular matrix proteins, , may possess reduced 

levels of the multifunctional enzyme lysyl hydroxylase 3, which has lysyl hydroxylase 

activity, and collagen galactosyltransferase and glycosyltransferase activities that allow it to 

glycosylate Hyl residues hydroxylated by itself and by other lysl hydroxylase isoforms.
37e,14

 

Interestingly, COL1 residue 84 was detected here as both a Glc-Gal-Hyl and a Gal-Hyl 

residue, showing glycosylation at this site to be dynamic, with partial occupancy by both Glc-

Gal and Gal saccharides, and 100% occupancy by neither.  Our direct localization of 30 

COL1 Hyl residues within the human recombinant pro-1(V) supersedes a previous amino 

acid analysis estimate of 6 COL1 Hyl residues for human recombinant pro-1(V) chains 

produced in 293-HEK cells, and is more congruent with the observed efficient secretion of 

recombinant pro-1(V)3 homotrimers from 293-HEK cells, as threshold levels of 

glycosylated Hyl residues are necessary for efficient secretion of at least some collagenous 

molecules.
37e, 23, 37e,

 
14

 

Previous amino acid analysis of 1(V) chains from human placenta or human skin 

estimated 3-Hyp content at four or ten 3-Hyp residues, respectively, per 1000 amino acids, 

levels higher than those detected by similar analyses of the major fibrillar collagen 

chains.
43,11b,44

 The 9 Hyp residues mapped here to the X positions of Gly-Hyp-Hyp repeats in 

the COL1 domain of human recombinant pro-1(V) chains falls within this range.
11b, 43
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However, the 21 X position Hyp residues mapped here within the bovine placenta 1(V) 

chain lies beyond this range and is instead reminiscent of the range of ten to twenty 3-Hyp 

residues previously estimated by amino acid analysis to lie within the collagen IV chains of 

some tissues.
45

 

Using low-resolution MS
2
 and assignments based on known collagen motifs (see 

above), Eyre and colleagues recently mapped three X position Hyp residues in 1(V) chains 

from human bone, to positions 434 and 665, and to a site variously identified by them as 692 

or 695 of the COL1 domain.
19c

 They also predicted the tissue-specific occurrence of 3-Hyp 

residues within Gly-Pro-Pro repeats at the C-termini of the COL1 domains of 1(V) and 

other fibrillar collagen chains, based on mapping of such residues to Gly-Pro-Pro repeats at 

the COL1 COOH-termini of 1(I) and 2(I) chains from tendon, but not from skin or 

bone.
19a

 Here, we confirm the presence of X position Hyp residues at sites 434, 665, and 695; 

and in all three COL1 COOH-terminal Gly-Pro-Pro repeats (sites 1004, 1007, and 1010), in 

bovine placenta 1(V) chains (supplemental spectra 1); whereas human recombinant pro-

1(V) chains contained an X position Hyp residue only at site 434.  Thus, we have confirmed 

the positions previously identified or predicted for six 1(V) COL1 X position Hyp residues, 

and found one of these (residue 434) to be, thus far, invariable.  In addition, we identified the 

positions of 15 additional X position Hyp residues in bovine placental 1(V) chains.  The 9 

human recombinant pro-1(V) COL1 X position Hyp sites are also found in the bovine 1(V) 

chain and provide confirmatory evidence for Hyp occupancy of these 9 X position sites.  

Interestingly, COL1 X position Hyp sites in human recombinant pro-1(V) chains are limited 

to the NH2-terminal half of the domain.  Although the reason for this is unknown, it may 

relate to the COOH- to NH2-terminus direction of triple helix formation, and to ability of 
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prolyl 3-hydroxylases to modify unfolded, but not triple helical procollagen chains.  Thus, 

since the recombinant pro-1(V) chains are produced as pro-1(V)3 homotrimers, which 

form triple helices with apparently increased kinetics than do pro-1(V)2pro-2(V) 

heterotrimers, prolyl 3-hydroxylases may be particularly limited in ability to hydroxylate 

residues in the COOH-terminal portions of these recombinant chains. 
46

 In fact, the NH2-

terminal COL1 distribution of X position Hyp residues in recombinant pro-1(V)3 

homotrimers is consistent with the suggestion that 3-Hyp content may be related to the speed 

of triple helix formation, but may be inconsistent with the suggestion that 3-hydroxylation of 

fibrillar collagens begins at the COOH-terminus and diminishes in the more NH2-terminal 

portion of the COL1 domain. 
36a,19b

 Other PTMs were not limited to the NH2-terminal portion 

of recombinant pro-1(V) COL1 domains, perhaps reflecting differences in the kinetics of 

prolyl 3-, prolyl 4-, and lysyl hydroxylases.  

We report here the unexpected finding of X position Hyp residues in the context of a 

Gly-X-Val and a Gly-X-Ala triplet in the bovine placenta 1(V) COL1 domain.  It is unclear 

at this time whether these Hyp residues might be 3-Hyp or 4-Hyp or whether their appearance 

represents a lapse in fidelity of at least one of these enzymes, or whether such sites represent 

previously unknown substrates at which hydroxylation serves specific functions. Supportive 

of our findings, Pro hydroxylation in an Gly-Pro-Ala motif has previously been reported for 

bovine-derived collagen I.
47

 It should be noted that although X position 4-Hyp residues are 

thought to destabilize triple helices when in the context of Gly-Hyp-Pro triplets, X position 4-

Hyp residues do not necessarily destabilize the triple helix when in the context of triplets that 

lack Pro or Hyp in the Y position.
48, 49

  Thus, the significance of the unexpected finding of X 

position Hyp in these non-canonical sites remains to be determined. 
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Numbers of Hyl, Glc-Gal-Hyl and Y position Hyp residues mapped here by MS
n
 in 

the bovine placenta 1(V) chain are consistent with numbers of 4-Hyp, Hyl, and Glc-Gal-Hyl 

residues in estimates of the amino acid compositions of hydrolyzed 1(V) chains from 

various tissues.  In contrast, the number of X position Hyp, and likely 3-Hyp, residues 

detected here by tandem MS in Gly-Hyp-Hyp triplets in bovine placenta 1(V) chains is 

markedly higher than numbers of 3-Hyp residues previously estimated by amino acid 

analyses.  Importantly, the numbers of PTMs predicted by early amino acid analyses were 

based on a presumption of 100 % occupancy at a fixed number of sites.  Thus, although 

congruence in numbers of PTMs predicted by previous amino acid analyses and the MS
n
 

localization results presented here suggests that this presumption holds true for most 1(V) 

PTMs, this does not appear to be the case for 3-Hyp residues.  Rather, the large difference 

between the numbers of 3-Hyp predicted by amino acid analyses and the number of X 

position Hyp residues in Gly-Hyp-Hyp triplets mapped here by high resolution MS is best 

explained by the concept of a relatively large number of 3-Hyp sites that have less than 100 % 

occupancy in a population of 1(V) chains from a given tissue.   

It is not surprising that with the improved sensitivity and specificity afforded by our mass 

spectrometry-driven workflow that we have identified numerous PTMs previously 

undiscovered, including those present at relatively low stoichiometric abundances.  

Interestingly, 3-Hyp residues point away from the triple helix, implying roles in protein-

protein interactions as the bases of biological function for these residues. 
50

 The presence of 

numbers of sites that can be differentially modified by P3Hs in a given tissue suggests a 

previously unknown mechanism for dynamic modification of the functions and 

intermolecular interactions of 1(V) chains and col(V), and perhaps other collagen types as 

well.    



149 
 

CONCLUSIONS 

The utilization of high resolution and high mass accuracy mass spectrometers have 

resulted in comprehensively mapping hydroxylated residues in bovine placental 1(V) and 

human recombinant pro-1(V) procollagen chains. In total, 130 hydroxylated prolines and 37 

hydroxylated lysines were found in bovine placental 1(V), while 110 hydroxylated prolines 

and 30 hydroxylated lysines were identified in human recombinant pro-α1(V) procollagen 

chains. The unexpectedly large number of X position hydroxyproline residues found here 

suggests a previously unknown mechanism for the differential modification of 1(V) chain 

and type V collagen properties.   
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Figure 6.1 Hydroxylated amino acid residues and saccharide attachments of the 

bovine placenta 1(V) collagen chain. Sequence coverage was 94 %, with 

identification and mapping of 106 Y-position Hyp, 22 Gly-Hyp-Hyp X-position Hyp, 

1 Gly-Hyp-Ala, 1 Gly-Hyp-Val, 3 Hyl, and 34 Glc-Gal-Hyl residues. Red, 

hydroxylated, non-glycosylated residues; green, Glc-Gal-Hyl residues; Underlined, 

hydroxylated/ glycosylated residues mapped in previous studies.
4, 19c

  Sequences not 

identified in the course of mass spectrometry analysis are in light blue.  The seven 
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COL1 amino acid residues that differ between human and bovine are orange.  *, 13 

Y-position Pro residues hydroxylated in human or bovine 1(V) COL1 domain, but 

not the other. ^, Lys residue hydroxylated in human recombinant pro-1(V), but not 

in bovine placenta 1(V).  #, Hyl residues identified by Wu et al. as being involved in 

interchain covalent cross-links.
4
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Figure 6.2 X position Hyp resdiues in Gly-X-Val and Gly-X-Ala triplets. Peptides 

were prepared by trypsin digestion of bovine placenta α1 (V) collagen chains.  Mass 

error from the expected product ion monoisotopic mass is typically less than 5ppm. 

y14+4OH fragment ion and internal fragment ions (PGPV-28+2OH, PGPV+2OH, and 

PGPVGA+2OH) confirm that one Hyp is in the Gly-X-Val triplet in the left hand 

spectrum. y11+OH, y12+OH and y14+2OH fragment ions confirm that one Hyp is in 

the Gly-X-Ala triplet in the right hand spectrum. OH, one hydroxylation. 
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Figure 6.3 Hydroxylated amino acid residues and glycosylated Hyl residues of 

recombinant human pro-1(V) collagen chains produced in 293-EBNA human 
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embryonic kidney cells. Sequence coverage was 90% of the entire pro-1(V) chain 

and 96 % of the COL1 domain.  Within the COL1 domain 98 Y-position Hyp, 9 Gly-

Hyp-Hyp X-position Hyp, 1 Gly-Hyp-Val, 1 Gly-Hyp-Ala, 1 Gly-Hyp-Thr, 7-Hyl, 

and 23 Glc-Gal-Hyl residues were identified. Red, hydroxylated, non-glycosylated 

residues; green, Glc-Gal-Hyl residues; dark blue, Gal-Hyl residue; purple, residue 

found as both Glc-Gal-Hyl and Gal-Hyl.  Underlined, hydroxylated/glycosylated 

residues mapped in previous studies.
4, 19c

 Sequences not identified in the course of 

mass spectrometry analysis are in light blue.  The seven COL1 amino acid residues 

that differ between human and bovine are orange. *, 13 Y-position Pro residues 

hydroxylated in human or bovine 1(V) COL1 domain, but not the other. #, Hyl 

residues identified by Wu et al. as being involved in interchain covalent cross-links. 
4
 

^, Lys residues hydroxylated in bovine placenta 1(V), but not in human recombinant 

pro-1(V).  A vertical arrow marks the site of proteolytic removal of the signal 

peptide, as previously determined by Edman degradation NH2-terminal amino acid 

sequencing, and as confirmed by MS analysis in the present study.
23

 Brackets indicate 

limits of the small COL2 hypothetical triple helical domain, in which interruptions of 

Gly-X-Y repeats are underlined.  
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Figure 6.4 Expression of P3H1, P3H2, P3H3 and prolyl 3-hydroxylation complex 

components CRTAP and PPIB in 293-HEK cells.  Levels of P3H1, P3H2, P2H3, 

CRTAP and GAPDH expression were ascertained by RT-PCR analysis of RNA from 

MB436 cells (top panel), a cell line previously shown to be positive for expression of 

all three P3Hs, and from 293-HEK cells (bottom panel).  Positions of size markers, 

given in base pairs (bp), are shown to the left of each panel.
26
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Figure 6.5 A chimeric MS2 spectrum revealing a pair of isomeric differently 

modified 1(V) chain peptides that co-eluted and co-fragmented.  Peptides were 

generated by AspN cleavage of bovine placenta 1(V) chains. MS
1
 in the insert was 

obtained by averaging MS
1
 across the elution window. MS

2
 revealed that the two 

separate cluster peaks in MS
1
 belong to peptides with identical primary sequence, but 

differing degrees of hydroxylation.  Peptides with a total of 3 hydroxylations contain 

Hyp
693

, Hyp
696

, and Hyp
705

 (MS
2
 for peptides with a total of 3 hydroxylation in the 
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MS
1
 of the insert is not shown here).   MS

2
 for peptides with a total of 4 

hydroxylations (shown here) reveals that the extra Hyp can be either Hyp
692 

or Hyp
695

.  
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SUMMARY 

 In the past five years, I have devoted all my efforts to apply MS to investigate 

proteomic events in various biological systems. In each project, a series of tests was 

firstly conducted before analyzing real samples. These tests were used to optimize 

each experimental step, enabling the best results obtained from each analysis. 

Optimizations included: determining minimum amount of starting material needed in 

one analysis, improving sample preparation steps, selecting separation approaches, 

and optimizing instrumental parameters for MS investigation. Each optimized 

workflow was then applied for analyses of real samples.  Results presented here have 

provided insights into: 1) the function of MBD1 in neural development; 2) the 

mechanism of GATA-2 in regulating hematopoiesis; 3) the role of Smad3-dependent 

TGF-β signaling in the atherosclerotic process; and 4) the unique biological 

properties of α1(V) collagen chain to induce the autoimmunity in lung transplantation. 

Revealing the Interacting Proteins of MBD1 in Mouse Brain by Mass Spectrometry 

 Here, the MBD1 mice, which expressed flag tag containing MBD1 proteins, 

were generated. The flag tag containing MBD1 proteins and their interacting proteins 

were isolated through immunoprecipitation (IP) from lysate of mouse brains. Control 

groups and quantification analysis by MS were utilized to distinguish potential 

interacting proteins from contaminants. An optimization for the number of mice used 

in each replicate was firstly conducted. Finally, proteins from six mice brains were 

extracted and combined for one IP experiment. Analyses of three biological replicates 
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resulted in a total of 795 proteins identified. In each biological replicate, six MBD1 

mice and six control mice were scarified. A spectral counting based quantification 

approach was employed here and revealed twenty-two proteins with higher 

abundance in MBD1 mice samples in comparison with those in control mice. 

However, only five of them were identified as significant interacting proteins after a 

t-test across three biological replicates. Our results have provided a list of candidates 

of interacting proteins for MBD1, including Gatad2d, Smarcb1, Ruvbl2, Smarca2 and 

Rab10. In the future, validation experiments will be conducted to prove our findings.  

Eventually, our findings will facilitate the understanding of function of MBD1 in 

neural development.   

Molecular Basis of Crosstalk between Oncogenic Ras and the Master Regulator of 

Hematopoiesis GATA-2 

 GATA-2 (T354M) is the disease mutant of GATA-2, which impairs the ability 

of GATA-2 to bind to DNA. After performing western plot analyses, GATA-2 

(T354M) migrated into two bands, which was significantly different than that found 

in wild-type GATA-2. Samples were then incubated with λ-phosphatase to test 

whether the band shift was caused by phosphorylation on GATA-2. λ-phosphatase 

has shown to decrease abundance of the GATA-2 (T354M) upper band and increase 

wild-type GATA-2 mobility. These results indicated that wild-type GATA-2 is 

phosphorylated, while GATA-2 (T354M) is hyperphosphorylated. MS was then 

employed to characterize the phosphorylation of wild-type GATA and GATA-2 
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(T354M). Wild-type GATA or GATA-2 (T354M) proteins were isolated from cell 

lysate through IP and subjected to SDS-PAGE separation. The purified wild-type 

GATA-2 or GATA-2 (T354M) proteins were in-gel digested by trypsin, extracted, 

and analyzed by LC-MS/MS. In total, eight phosphorylation sites were found by MS. 

A series of mutant tests was than conducted to reveal the functional role of each 

phosphorylation site in wild-type GATA and GATA-2 (T354M) proteins. 

Phosphorylation on S192 was demonstrated as the master regulator for 

phosphorylation on other residues in wild-type GATA and GATA-2 (T354M) 

proteins.     

Comparative Secretome Analysis of Vascular Smooth Muscle Cells (VSMCs) in 

Response to Smad3-Dependent TGF-β Signaling 

 In order to identify the selected proteins involving in Smad3-dependent TGF-

β signaling, rat VSMCs overexpressing Smad3 or green fluorescent protein (GFP) 

were treated with or without TGF-β. Proteins in the conditioned media under different 

treatments were then isolated and concentrated separately by 10 kDa molecular 

weight cut-off filters. The concentrated proteins were digested by trypsin and 

separated on-line in a C18 column before MS analysis.  In total, 665 proteins were 

identified and subjected to SignalP and SecretomeP analyses. Further quantification 

revealed that 38 secreted proteins were significantly up or down-regulated in response 

to TGF-β.   
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Comprehensive Mass Spectrometric Mapping of the Hydroxylated Amino Acid 

Residues of α1(V) Collagen Chain  

 A comprehensively mapping of the hydroxylation of human and bovine α1(V) 

collagen chain was performed by MS. Human and bovine α1(V) collagen chain were 

isolated and subjected to digestion. Because of the high content of proline in the 

sequence of collagen, multiple proteases, including AspN, Glu-C, Chymotrypsin, 

ArgC and trypsin, were used alone or sequentially to achieve about 90% sequence 

coverage. Beam-type CID (HCD) and MS
3
 scans were utilized to precisely localize 

the hydroxylation sites in α1(V) collagen chain. Manually inspections of all the 

modified sites indicated by database search were then conducted. Comprehensive 

analysis revealed 110 hydroxyproline residues, 7 hydroxylysines, and 23 glycosylated 

hydroxyprolines in human pro-α1 (V) chain with about 90% sequence coverage. I 

achieved about 94% sequence coverage in bovine α 1 (V) chain documenting 130 

hydroxyprolines, 3 hydroxylysines, and 34 glycosylated hydroxyprolines. 

Additionally, an unexpectedly large number of hydroxyprolines were founded in X-

positions of Gly-X-Y triplets, which is contrary to expectations based on previous 

amino acid analyses. 
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