
ABSTRACT 

HERRING, LAURA ELIZABETH. Development and Application of Mass 
Spectrometry-based Approaches for Analysis of the PDGF Signaling Network. 
(Under the direction of Michael B. Goshe). 

 
Mass spectrometry-based proteomics has become an invaluable tool that can 

be applied to a diverse array of fields, including molecular biology. By implementing 

proteomic approaches, the complexities and details of signal transduction pathways 

are beginning to be addressed. In general, proteomics can be used to study or 

identify novel proteins on systems-wide or targeted level. Moreover, proteomic-

based biological applications including post-translational identification, protein-

protein interaction characterization and proteomic profiling all can be performed on a 

quantitative level. The field of proteomics is ever-evolving as novel sample 

preparation approaches and instrumentation continues to be developed, and of most 

importance, as new biological questions are being asked. This dissertation work 

focuses on utilizing several proteomic approaches to analyze the interconnectivity 

and crosstalk between signal transduction pathways that control cell survival and 

proliferation. 

The notion of a well-defined, canonical signal transduction pathway has been 

challenged by the phenomena of crosstalk and feedback regulation. Of particular 

interest are the growth factor mediated Ras and phosphoinositide 3-kinase (PI3K) 

signaling pathways, which are involved in cell growth and proliferation, and if 

misregulated, can contribute to the progression of cancer. Phosphorylation is one of 

the major regulatory mechanisms governing the activity of proteins in the Ras and 

PI3K pathways, and occurs at several nodes in both of these pathways. Deciphering 

these pathways is not only compounded by crosstalk and feedback regulation, but 

also by the strength and duration of a signal, localization, protein-protein interactions 

including scaffold proteins.  

A study of the mechanisms behind platelet-derived growth factor (PDGF) 

mediated regulation was conducted using mass spectrometry as the primary 



technique. First, a global phosphoproteomic method was developed to identify 

phosphorylation events that occur in the model system, NIH 3T3 mouse fibroblasts, 

upon PDGF stimulation by LC/MS/MS analysis. This method incorporated 

electrostatic hydrophilic interaction chromatography (ERLIC) with an IMAC-TiO2 

tandem enrichment step. Next, a targeted, label-free approach was used to quantify 

relative phosphorylation levels of the extracelluar signal-regulated kinase (ERK) over 

a PDGF time course. A more global, untargeted approach was then taken to 

examine the crosstalk interactions between the Ras, PI3K and mTOR pathways by 

using pharmaceutical probes in conjunction with quantitative phosphoproteomics.  

Aside from phosphorylation, another layer of signal transduction regulation is 

through protein-protein interactions. Affinity purification-mass spectrometry (AP-MS) 

has become a powerful way to study dynamic pathway regulation, so an AP-MS 

method was developed to study the changes in the MEK1 interactome upon PDGF 

stimulation. MEK1 plays a predominant role in the Ras pathway; therefore, 

understanding its regulatory mechanisms is important. The work presented here has 

shed light on the how phosphorylation and protein-protein interactions govern the 

PDGF signaling pathway, and the methods developed in each study can be applied 

to examine pathway regulation in different systems.   
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CHAPTER 1: 

An Introduction to Mass Spectrometry-based Approaches to Study Signal 

Transduction Pathways 

 

1.1 Introduction to mass spectrometry 

 
Mass spectrometry is a powerful technique used to characterize molecules by 

converting them into gas phase ions, then measuring their mass-to-charge (m/z) 

ratio and abundance. This relies on the use of electrostatic fields to manipulate the 

charged analytes of interest (Aebersold and Mann, 2003). The applications of mass 

spectrometry range from basic scientific research including isotope dating and 

tracking, lipid analysis, metabolite or protein identification and quantification, to 

forensic, clinical, pharmaceutical, environmental, and agricultural applications.  

It has only been in the last 30 years that protein mass spectrometry, typically 

referred to as proteomics, was developed and used in practical applications. Mass 

spectrometers can either be used to simply measure the molecular mass of an intact 

molecule, such as a peptide or to determine the sequence of the peptide, as well as 

additional information such as post-translational modifications. In the later case, 

tandem mass spectrometry (MS/MS) is needed, meaning that the peptide’s m/z is 

determined, selected for and subjected to fragmentation through collision (Biemann, 
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1992; Papayannopoulos, 1995). This fragment information is used to sequence the 

peptide.  

Several advances in the technology have occurred in just the last 10 years from 

optimization of sample preparation to development of new fragmentation methods 

and mass analyzers that have truly pushed mass spectrometry into becoming one of 

the most powerful analytical techniques to date. This chapter will focus on proteomic 

approaches, mass spectrometry instrumentation, and application of proteomics to 

answer biological questions.   

 

1.1.1 Proteomic approaches 

In the simplest terms, discovery-based proteomics aims to identify proteins. The 

“bottom-up” approach is the most popular method for discovery-based proteomics in 

which a protein sample is digested with a protease, converting the protein(s) into a 

peptide mixture (Aebersold and Mann, 2003; Chait, 2006). Trypsin is the most 

commonly used protease and cleaves at arginine and lysine residues. At this point, 

the sample can be processed in several ways depending on the goal of the 

experiment; for example, fractionation of the sample prior to LC/MS/MS analysis can 

be performed to increase the number of identifications. Nevertheless, the peptide 

mixture is then separated over a linear gradient by liquid chromatography (LC). 

NanoLC, also referred to as ultra pressure high pressure LC (UPLC), has become 

the primary separation technique for online separation of peptides (Swartz, 2005). 
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Once eluted, the peptides are introduced into the mass spectrometer via 

electrospray ionization to generate multiply protonated gas-phase ions; there are, 

however, other ionization techniques that can be used and are discussed later in this 

chapter. Next, the m/z and intensity of the peptide “precursor” ions are recorded by 

an initial MS scan, referred to as MS1. Then the precursors with high intensity 

(related to abundance) are automatically selected in order of decreasing abundance 

for sequencing by fragmentation, and then the m/z’s are recorded. This scan is 

referred to as the MS/MS or MS2 scan and the fragment ions are called the product 

ions. This process of precursor selection, fragmentation and product ion detection is 

repeated as the analytes are eluted from the LC column. The MS and MS/MS 

information is then used to identify the peptides and proteins in a sequence 

database (Steen and Mann, 2004). Algorithms are used to match the measured 

peptide MS/MS spectrum with in silico-digested proteins contained in the database. 

The peptide is then given a score by comparing its mass spectrum to that of the 

theoretical. Two of the most common database search algorithms include Mascot 

(Perkins et al., 1999) and Sequest (Eng et al., 1994). Fig. 1.1 is a scheme of a 

typical bottom-up proteomic experiment. As new mass spectrometers are being 

used, it is now possible to confidently identify 34,255 peptides corresponding to 

3,977 yeast proteins in a one hour LC/MS/MS experiment using the bottom-up 

approach (Hebert et al., 2014).
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Figure 1.1- A general “bottom-up” proteomic workflow.
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The bottom-up approach is well suited for identifying chemical modifications of 

peptides, including phosphorylation sites. Some of the drawbacks include limited 

protein sequence coverage by the peptides identified and ambiguity of the origin of 

redundant peptide sequences (Yates et al., 2009). Another type of proteomic 

approach is commonly referred to as the “top-down” approach, where intact proteins 

are ionized and introduced into the mass spectrometer, then fragmented for 

sequencing (Chait and Kent, 1992). This approach is commonly used to characterize 

a single intact-protein and can provide important structural information that may be 

difficult to obtain using X-ray crystallography and nuclear magnetic resonance 

spectroscopy methods. Top-down approaches can address questions relating to 

protein complex assembly, protein-ligand binding, protein conformational changes 

and DNA/RNA characterization (Cui et al., 2011). For example, one of the first uses 

of top-down protein characterization was a study describing the folding and unfolding 

properties of myoglobin (Katta and Chait, 1991).  Top-down proteomics (analyzing a 

mixture of proteins) is becoming more common (Tran et al., 2011). One of the 

biggest advantages to this approach is the ability to detect sequence variants, also 

referred to ask ‘proteoforms’ (Smith and Kelleher, 2013). Proteins usually have more 

than one isoform with a varying degree of sequence similarity; therefore, 

distinguishing between isoforms can become challenging for bottom-up proteomics 

since it may be difficult to determine the protein source of the peptide. With top-down 

proteomics, this loss of information can be mediated since only one protein is 
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selected and fragmented at a time for sequencing (Cui et al., 2011). Top-down 

proteomics can also detect combinations of post-translational modifications. For 

example, the Kelleher group has used top-down approaches to look at histone post-

translational modifications including acetylation, phosphorylation and methylation 

(Jiang et al., 2007; Pesavento et al., 2008a; Pesavento et al., 2008b). One limitation 

of top-down approaches is that a high resolution mass spectrometer is required. 

Front-end separation of intact proteins is more challenging than peptide separation, 

and fragmentation with the most common method (collision induced dissociation, 

CID) is insufficient for fragmenting large proteins. Utilization of other fragmentation 

methods (Zubarev et al., 1998; Syka et al., 2004), as well as development of novel 

separation techniques (Lubman et al., 2002; Tran and Doucette, 2008), have made 

this approach more appealing. One of the most promising applications of top-down 

proteomics is in biopharmaceutical development (Kellie et al., 2010; Kelleher et al., 

2014). 

 

1.1.2 Data-dependent versus data-independent acquisitions 

The type of analysis where fragmentation and sequencing is dependent on precursor 

abundance, which is exemplified in Fig. 1.1, is referred to as a data-dependent 

acquisition (DDA) (Ducret et al., 1998). While this is the most common acquisition 

method for discovery-based analyses, a major disadvantage of this type of analysis 

is the fact that precursor ion detection does not occur while the instrument is in 
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MS/MS mode; therefore, precursor selection and subsequent identification may be 

missed. Another, arguably more problematic disadvantage of DDA is that the major 

of tryptic peptides are in the low intensity regime and will never be fragmented and 

sequenced (Liu et al., 2004b). These problems can be somewhat alleviated by fast 

scanning, highly sensitive instruments such as the Orbitrap, but scan speed and 

sensitivity are not the only issues. Recently, it was determined that more than 

100,000 isotope features are present in a single LC/MS/MS run, but only ~17,000 

were targeted for fragmentation and only ~9,700 were identified. While this study 

acknowledges an increase in scan speed and sensitivity is worthwhile, they also 

note that cofragmentation and interference of neighboring peptide ions (ie, ions with 

very similar m/z) contributes to greater than 80% of the peptide current in the set 

isolation window (Michalski et al., 2011). This issue raises the need for improved 

technology in the areas of data acquisition parameters and processing. If the sample 

complexity is increased at a given retention time during the acquisition, the number 

of precursors selected for fragmentation will increase and MS/MS acquisition time 

will decrease, and the inverse occurs when the sample complexity is low; therefore, 

reproducibility of sequencing the same peptides between multiple acquisitions can 

be problematic. 

Data-independent acquisition (DIA) mode, whereby all precursor ions in a given 

window are simultaneously fragmented regardless of their intensity, aims to 

overcome some of the challenges associated with DDA (Masselon et al., 2000). 



 

8 

Several variations to this approach have been developed such as cycling between 

high and low energy MS scans (MSE) (Bateman et al., 2002; Silva et al., 2006), 

using ion mobility-MS (Myung et al., 2003) as well as using wider isolation windows 

(Venable et al., 2004). The multiplexed DIA mode is when five-4 m/z wide precursor 

ranges are randomly chosen, isolated and fragmented, and has been shown to 

increase precursor selection specificity by five-fold (Egertson et al., 2013). Data from 

DIA is usually noisier compared to DDA; therefore, post-acquisition processing is a 

critical component to deconvolute precursor-to-product relationships (Blackburn et 

al., 2010). 

 

1.2 Mass spectrometry instrumentation 

Mass spectrometry instrumentation is still being developed, so this section will focus 

on the different parts of the instrument, and recent developments made in the field. 

 

1.2.1 Ion source  

The first step in mass spectrometry is introducing the sample into the mass 

spectrometer by ionization. There are several ionization techniques currently 

available, which can be categorized as either “hard” or “soft” ionization. Hard 

ionization was the first to be developed and imparts high amounts of residual energy 

into the molecule causing a high degree of fragmentation. Electron ionization was 
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the first hard ionization technique developed; however, because it causes 

fragmentation and it is incompatible with up-front chromatographic separation 

techniques, it is not commonly used. Soft ionization imparts little residual energy 

onto the molecule, resulting in little fragmentation, thus are more commonly used 

(Watson and Sparkman, 2007). An example of this is matrix-assisted laser 

desorption ionization (MALDI), which uses a laser to bombard the sample (Karas 

and Hillenkamp, 1988; Tanaka et al., 1988) and is illustrated in Fig 1.2A. First, the 

sample is mixed with a matrix on a solid support (metal plate), and is then pulsed 

with a laser causing abalation and desorption, then finally protonation or 

deprotonation of the sample occurs. While this technique is useful especially for 

direct sample analysis, it is incompatible with on-line coupling to HPLC and is ideally 

coupled with pulsing instruments such as time of flight (TOF) mass analyzers (which 

will discussed later in the chapter). MALDI’s most promising application is in the field 

of imaging (Walch et al., 2008). With MALDI, it is possible to visualize the spatial 

distribution of proteins, peptides, lipids and drug compounds in biological tissue 

samples. This application has been implicated in clinical diagnostics (Kriegsmann et 

al., 2015).  
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Figure 1.2 - Overview of the most common ionization methods, (a) MALDI and (b) ESI. This 
figure was published as Box 1 in Steen, H. & Mann, M. Nat. Rev. Mol. Cell Biol. 2004. 

 
 
Electrospray ionization (ESI) is the best studied, most often used soft ionization 

technique that produces multiply charged protons and generally causes no in-source 

fragmentation (Yamashita and Fenn, 1984; Fenn et al., 1989). ESI has the 
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advantage in that it can handle a variety of analytes including peptides, small 

molecules, nucleic acids and polymers. Another advantage is that it can be coupled 

to on-line HPLC (Whitehouse et al., 1985); in this instance, the sample is first 

separated by liquid chromatography and then introduced to the mass spectrometer 

source through a tapered end of an LC column that is maintained at a high electrical 

potential (as illustrated in Fig 1.2B). The liquid becomes charged droplets as the 

strong electric field causes dispersion of the sample solution. In proteomics 

experiments, these are usually positively charged, due to an excess of protons. 

Once dispersed, desolvation occurs in which the solvent evaporates, decreasing the 

size and increasing the charge density of the droplets. At a critical point when the 

solvent evaporation becomes unstable upon reaching its Rayleigh limit, the surface 

tension is overcome by electrostatic repulsion and coulombic fission occurs. One 

theory (Dole et al., 1968) suggest that this event occurs repetitively, and 

subsequently produces several smaller droplets, until each droplet contains, on 

average, only one analyte ion. Another, more widely accepted theory (Iribarne and 

Thomson, 1976) suggests that as the droplet reaches a certain radius the field 

strength on its surface facilitates desorption of solvated ions. In 2002, John Fenn 

won the Noble Prize in Chemistry for his breakthrough development of ESI for 

analysis of macromolecules, and was shared with Koichi Tanaka for his work on 

MALDI for macromolecular analysis. 

 



 

12 

1.2.2 MS instruments 

Once the process of ionization occurs, ions are transferred and manipulated by 

electric fields, and are stored, separated based on the m/z and ultimately detected 

by a mass analyzer. While several types of instruments have been developed, two 

are often used for discovery-based proteomics: time of flight (TOF) and orbitrap 

instruments, whereas triple quadrupoles are still routinely used for targeted-based 

peptide quantitation.  

TOF instruments separate peptide precursor ions in time by their arrival at the 

detector. The operating principles involve applying the same kinetic energy to the 

ions during simultaneous acceleration, and because ions have different m/z’s, their 

velocity will be different, thus they arrive at the detector at different times. In order to 

improve the separation of ions (thus the resolving power), TOF instruments have 

been modified in order to lengthen the flight path. One way to do this is to increase 

the length of the flight tube, but a more successful modification was the development 

of the reflectron (Mamyrin et al., 1973). The reflectron TOF instruments incorporate 

an ion mirror (an electric field) that is applied in the ion acceleration region, so as the 

ions enter the flight path, those with the highest kinetic energy will reach the ion 

mirror first and penetrate it deeper. Once their kinetic energy reaches zero, the ions 

begin to accelerate again due to the electric field applied in the opposite direction. 

Ions with a greater starting kinetic energy, that penetrated the ion mirror deeper, will 

have a longer flight path. 
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Figure 1.3 - Schematic of a quadrupole-time of filght (qTOF) mass spectrometer, the Waters 
Synapt HDMS.  Source: www.waters.com 

 
 
The Hybrid TOF instruments, such as a quadrupole-TOF (qTOF) (Morris et al., 1996; 

Borchers et al., 1999), which is illustrated in Figure 1.3, or TOF-TOF (Medzihradszky 

et al., 2000), can also improve the instrument’s overall performance. Based on the 

operating principle, there is no upper m/z limit, which is a major advantage of this 

instrument. Another advantage is that TOF instruments have good sensitivity and for 

quantitative mass spectrometry uses, they have a wide dynamic range.  

The Orbitrap is the newest mass analyzer, developed by Alexander Makarov in 1999 

and available for purchase through Thermo Scientific in 2006 (Makarov, 2000; 



 

14 

Makarov et al., 2006). The hybrid instruments currently include the linear ion trap-

orbitrap (LTQ-Orbitrap, illustrated in Figure 1.4) (Perry et al.), the quadrupole-

Orbitrap (QExactive) (Zubarev and Makarov, 2013), and the quadrupole-ion trap-

Orbitrap (Fusion) (Senko et al., 2013).  

 

 

Figure 1.4 - Scheme of the linear ion trap-orbitrap hybrid instrument by Thermo Fisher 
Scientific (Yates et al., 2009). 

 

The Orbitrap itself is a trapping instrument and traps ions in its static electrostatic 

fields in which the ions orbit around a central electrode and oscillate in axial 

direction. The Orbitrap is similar to an ion cyclotron resonance (ICR) mass analyzer 

in that it separates ions based on resonance frequency and both use a fast Fourier 

transform (FFT) algorithm to convert time-domain signal into m/z spectrum. Orbitrap 

hybrids such as the LTQ-Orbitrap can operate in a parallel manner: while the 

Orbitrap is acquiring MS1 full scans, the LTQ fragments the precursor ions, resulting 
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in fast scanning speed. Additionally, Orbitrap hybrids are high resolution, high mass 

accuracy and high sensitivity mass spectrometers. 

Targeted-based quantitation applications are commonly achieved using a triple 

quadrupole mass spectrometer, which consists of two quadrupole mass 

spectrometer in series with an RF-only quadrupole in between (as illustrated in 

Figure 1.5). The RF-only quadrupole acts as a collision cell for collision-induced 

dissociation with gas atoms, while the first and third quadrupoles are used as mass 

filters. A pre-selected precursor ion is monitored and selected by the first quadrupole 

for fragmentation in the RF-only second quadrupole. Then a pre-selected fragment 

ion is filtered, and its intensity is measured. Several of these specific “transitions” 

can be monitored at once, which is referred to as either selected ion monitoring 

(SRM) or multiple reaction monitoring (MRM). Triple quadrupoles are useful for 

targeted quantitation, as they are very sensitive and provide a wide dynamic range. 

They are routinely used for quantitation of small molecules ranging from drugs 

(Kostiainen et al., 2003) to pesticides (Sannino et al., 2004), but they have been 

more recently used in peptide quantitation (Kuhn et al., 2004; Anderson and Hunter, 

2006), which will be discussed in Section 1.3.1. 
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Figure 1.5 - Schematic of a multiple reaction monitoring (MRM) MS experiment. One 
precursor ion is selected in the first quad, fragmented in the second quad, then one specific 
fragment is selected in the third quad (Domon and Aebersold, 2006). 

 

1.2.3 Fragmentation 

Peptide sequencing by mass spectrometry requires fragmentation of the peptide. 

Each peptide fragment in a series differs from its neighbor by one amino acid (Steen 

and Mann, 2004). While it is theoretically possible to determine the amino acid 

sequence of a peptide by considering the mass difference between the two 

neighboring peak, it is difficult to obtain complete fragmentation; therefore, MS data 

is interpreted using algorithms that search a sequence database with MS/MS 

spectra data. Several search algorithms have been developed including Sequest, 

Mascot, and Andromeda. While it is possible, de novo sequencing is time 

consuming; therefore, only used in certain cases and not usually in large-scale 

proteomic experiments. 

Collision-induced dissociation (CID) is a fragmentation method that takes a selected 

precursor ion and uses a collision gas (typically helium, nitrogen or argon) to convert 

some of its energy into internal vibrational energy, ultimately leading to the 

decomposition of the precursor ion to product ions. During peptide fragmentation by 
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CID, the site of protonation (usually thought to be the most basic site within the 

peptide) becomes “mobile” and samples various sites along the peptide, causing the 

internal energy of the peptide to increase. This internal energy is distributed 

throughout the whole peptide until a threshold of dissociation is reached (Dongré et 

al., 1996). Cleavage typically occurs along the peptide backbone (the protonated 

amide bonds), causing formation of b- and y-type ions (Roepstorff and Fohlman, 

1984), as referred to in Fig. 1.6. 

 

 

 

Figure 1.6 - Roepstorff nomenclature for classifying peptide fragment ions (Steen and 
Mann, 2004). 

 

While CID is the most common fragmentation method to date, several other methods 

have been developed to improve peptide sequencing including higher-energy 

collision induced dissociation (HCD) and electron transfer dissociation (ETD). HCD 

is a fragmentation method distinct to Orbitrap instruments, where precursor ions are 
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transferred into the C-trap and go through several higher energy collisional 

dissociation events (Olsen et al., 2007). The product ions are then transferred and 

detected in the Orbitrap. HCD fragmentation has no low-mass cutoff and increased 

ion fragments, and results in formation of b- and y-type ions, as well as immonium 

ions (Yates et al., 2009). Studies have shown that HCD results in higher quality 

spectra (Jedrychowski et al., 2011), so it is routinely applied to proteomic studies. 

ETD, first described by Syka et al. (Syka et al., 2004), involves an ion-ion chemical 

reaction that occurs within the instrument, and has been implemented on Orbitrap as 

well as TOF instruments. Radical anions are generated, which then react with 

peptide cations causing transfer of an electron and dissociation. This induces 

cleavage of the N-Cα bond to produce predominantly c- and z-type product ions. 

ETD is considered a “soft” fragmentation method because it does not cleave the 

most labile bond first, which can be advantageous for post-translation modification 

analyses. However, ETD requires extra reaction time and it is mostly successful for 

densely charged peptides (or proteins); therefore, CID/HCD and ETD are considered 

to be complementary techniques. 
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1.3 Proteomic Applications 

1.3.1 Quantitation 

Mass spectrometry-based quantitation for large-scale proteomic analyses has 

emerged as a prominent tool for biologists over the last decade, and has been 

reviewed extensively (Ong and Mann, 2005; Vermeulen and Selbach, 2009; Schulze 

and Usadel, 2010; Cox and Mann, 2011). Not only can a large list of proteins be 

generated for a given study, now we can compare and quantify the protein levels 

under different conditions. Most quantitative proteomic studies involve comparison of 

a treated sample to a control; therefore, it is considered a relative quantification. 

Absolute quantification is feasible, and will be discussed later in this section.  

Several parameters must be taken into consideration to accurately measure protein 

levels by mass spectrometry. Firstly, different tryptic peptides even from the same 

protein can have different ionization efficiencies due to different charge states, 

length, amino acid composition, or modifications; therefore, quantitation is only 

achieved by comparing the exact same peptide m/z across all samples. Additionally, 

the sensitivity of a mass spectrometer can decrease over time due to general use; 

so it is important acquire the data for an entire study at the same time. Lastly, for all 

quantitative measurements, but especially for label-free quantitative approaches, it is 

critical to have good and consistent chromatography. 

It is becoming more and more common to quantify protein levels using data obtained 

for only one peptide. However, to distinguish between different protein isoforms, as 
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well as to gain more confidence in the data, it is ideal to quantify proteins using as 

many peptides as possible. Several techniques for quantitation have been 

developed and are illustrated in Figure 1.7. 

 

 

 

Figure 1.7 - Overview of different quantitative proteomic strategies (Schulze and Usadel, 
2010). 

 

Metabolic labeling strategies involve incorporation of heavy versions of specific 

molecules into the peptides of one sample (control or treated), then comparing it to 

an unlabeled sample. As exemplified by the first use of this method, which used 15N 
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to label bacteria, labeling is commonly introduced to the whole cell through the 

growth medium (Oda et al., 1999). Stable-isotope-labeled essential amino acids in 

mammalian cell cultures (SILAC) is arguably the most common labeling approach, 

and works by incorporating the heavy forms of arginine and lysine residues into the 

proteins after a few cell doublings (Ong et al., 2002). The labeled and unlabeled 

samples are then combined prior to protein digestion, which greatly reduces 

variability due to sample handling error. However, there is the risk of dilution by 

combining the samples, causing a reduction in the concentration. Once digested, the 

peptide mixture is analyzed by LC/MS/MS. The mass difference between the labeled 

and unlabeled peptide is easily recognized in the mass spectrometer and several 

software packages can then be used to process the data and quantify peptides. The 

quantification is done at the MS1-level by comparing the intensities or peak areas of 

the light- and heavy-labeled precursor ions.  

Chemical labeling strategies such as isobaric tags for relative and absolute 

quantitation (iTRAQ) (Ross et al., 2004) and tandem mass tags (TMT) (Thompson et 

al., 2003), introduces isobaric mass tags to the proteins at the tryptic peptide level. 

Once the tag is added, samples can be combined. These tags produce the same 

total mass so peptides from different samples will co-elute. Upon peptide 

fragmentation, the difference between the mass of the tags can be distinguished. 

Since only one m/z for differently labeled peptides is observed, a single m/z will be 

isolated for fragmentation. Then the different mass tags will produce separate 
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product ions. These fragments are at the low end of the mass range, which is not 

usually covered by a typical MS analysis; therefore, special acquisition methods are 

developed for this. The quantification is then done at the MS2-level by comparing the 

intensities of the different reporter ions between samples. While this method is 

considered more accurate than label-free methods, for phosphoproteomic studies, a 

reduction in phosphopeptide identification efficiency was seen when using these 

tags with ion trap CID/HCD-MS/MS quantitation (Thingholm et al., 2010). 

A disadvantage of all labeling approaches is the high cost of the reagents. Label-free 

quantitation methods are being more common because not only are they more 

accessible, but they are sometimes the only feasible strategy for certain tissues 

where incorporation of a label is impossible (i.e., organ tissues, plants). With this 

strategy, each sample is digested and analyzed by LC/MS/MS separately; therefore, 

this produces at least double the amount of samples compared with labeling 

strategies, and so instrument time is increased. However, there are several 

advantages of label-free strategies, including the ability to quantify over a wide 

dynamic range and the proteome coverage is high because basically any peptide 

that is identified can be quantified (Schulze and Usadel, 2010). One of the first 

applications of label free quantitation used different amounts of myoglobin tryptic 

digests to demonstrate the wide dynamic range that is accessible when using this 

method (10 fmol and 100 pmol) (Chelius and Bondarenko, 2002). A major 
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disadvantage of label-free is the decreased reproducibility associated with running 

each sample individually (Old et al., 2005).  

 

 

 

Figure 1.8 - Overview of the area under the curve and spectral counting approaches for 
label-free quantification (Neilson et al., 2011). 

 
 
Label-free quantitation can be divided into two categories: area under the curve 

(AUC) or spectral counting measurements, as illustrated in Figure 1.8 (Neilson et al., 

2011). With AUC measurements, the peak areas of precursor m/z’s are integrated 

and compared between samples. With most label-free programs, not only is the 
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spectral information used to compare peptides, but also the retention time 

information is used, considering peptides in different samples should eluate around 

the same time. Because of this, one of the most important considerations for AUC 

measurements is the reproducibility of the LC separations. Fortunately, most label-

free programs use a chromatographic alignment to correct for any subtle drifts in the 

retention time that may occur over the duration of the data acquisition 

(Vandenbogaert et al., 2008). The quantitative measurement is done at the MS1-

level, but the MS2 scan is needed in order to identify the peptide. Because of this, 

there is need to balance the number of MS2 scans so that there are enough MS1 

scans to obtain enough points across the peak. Faster scanning instruments have 

greatly alleviated this problem. Another way this problem has been address is during 

the post-acquisition, data processing step. Several label-free programs now include 

a feature that uses the accurate mass and retention times of identified peptides to 

match it between multiple runs; meaning, if a peptide precursor ion is only identified 

by MS/MS in one sample, but the precursor ion found in the other sample (but not 

identified), it would be matched and quantified across all runs (Silva et al., 2005). 

Other data processing parameters should be taken into consideration, such as 

accurate peak picking and peak abundance normalization (Listgarten and Emili, 

2005); therefore, the most successful and useful label-free programs are the ones 

that incorporate all of these parameters. Several sophisticated programs are 
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currently available either for free (MaxQuant, Skyline) or for purchase (Progenesis, 

Sieve), and are continuously being modified and updated. 

Spectral counting is based on the idea that highly abundant peptides will be selected 

for fragmentation and will produce more abundant MS/MS spectra (Neilson et al., 

2011). The measurement is achieved by counting the number of spectra acquired for 

a peptide; therefore, quantitation is done at the MS2-level. The results of this 

quantification method rely heavily on the data-dependent acquisition parameters. 

Arguably, the more MS/MS scans acquired, the greater chance a peptide will be 

quantified. As with AUC measurements, a great deal of post-acquisition processing 

must be done to have confidence in the quantitative results. This quantitation 

method has become the preferred method for some types of experiments; for 

example, the affinity purification-mass spectrometry (AP-MS) field tend to use 

spectral counting over AUC. 

All of the aforementioned methods for quantitation attempt to quantify all peptides of 

a global scale, which is useful for identifying patterns among large datasets. For 

example, biomarkers for human disease can be discovered in this manner; however, 

only a small number of biomarkers have been identified over the years due to the 

complexity of biological systems, the process for validation and the lack of universal 

quantitative technology (Rifai et al., 2006; Pan et al., 2009b). Validation of global 

proteomic results can be carried out by antibody-based methods such as western 

blot or ELISA; however, the availability of highly specific antibodies is limited. More 
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recently, mass spectrometry-based targeted quantitation has been implemented in 

the validation process (Picotti and Aebersold, 2012). 

In comparison to discovery-based quantitative approaches, targeted quantitative 

proteomics aims to precisely quantify specific peptides/proteins using MRM-based 

methods with a triple quadrupole mass spectrometer (Picotti et al., 2009). Targeted 

quantitation relies on knowing the m/z’s of the precursor and fragment ions for 

specific peptides. This information can either be obtained by previous experiments 

(untargeted proteomic methods) or through open-assess databases (Vizcaíno et al., 

2009). Programs have also been developed that can predict the optimal precursor-

product transitions to monitor (Fusaro et al., 2009). Once a precursor is selected, 

several product ions should be selected for accurate quantitation. The transitions 

that provide the highest signal-to-noise ratio and intensity should be chosen for 

quantitation. A guide for selecting the optimal peptides and transitions has been 

published (Lange et al., 2008). Several hundreds of transitions can be monitored in 

one analysis making this targeted quantitation method very useful for peptide/protein 

analyses. Recently, 250 protein kinases were quantified using a targeted, MRM-

based proteomic method, which represents 50% of the known human kinome to date 

(Xiao et al., 2014). As previously mentioned, targeted proteomics is becoming a 

more common way to validate results, and it has been suggested that it is more 

accurate and reliable compared to validation by western blot analysis (Aebersold et 

al., 2013). 
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While it is common to use targeted proteomics for relative quantitation, it can also be 

used for absolution quantitation. This involves spiking in heavy labeled peptides at 

the tryptic peptide level prior to LC/MS/MS analysis. These peptides are referred to 

as a standard for absolute quantification (AQUA) and are synthetically produced 

(Gerber et al., 2003). This type of quantitation is considered absolute because the 

precise amount of the peptide (related to protein amount) is compared to its 

corresponding labeled peptide amount, so then the concentration can be 

determined. Using these labeled peptides is only feasible for targeted quantitative 

studies; therefore, prior knowledge about the peptides to be quantified is needed.  

 

1.3.2 Phosphoproteomics 

Phosphorylation is one of the most important post-translational modifications (PTMs) 

that exist in nature, and it is estimated that over one-third of all proteins are 

phosphorylated (Cohen, 2000). Phosphorylation occurs on serine, threonine and 

tyrosine residues, which can indicate activation or deactivation of a protein, and can 

control important biological processes including cell cycle progression, metabolism, 

and signal transduction (Manning et al., 2002). In the past, studying phosphorylation 

has been limited due the methods available to study it, including 32P labeling (Boyle 

et al., 1991) or antibodies against specific phospho-forms of proteins (Czernik et al., 

1991). In the past 10+ years, mass spectrometry based approaches have been at 

the forefront of studying global protein phosphorylation, which is referred to as 
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phosphoproteomics (Villén et al., 2007; Villén and Gygi, 2008). Mass spectrometers 

are able to detect the addition of a phosphoryl group (m/z 79) and in most cases, the 

site of phosphorylation within a peptide can be assigned using post-acquisition 

processing software. Phosphoproteomics can be used to identify a phosphorylation 

site on a single or multiple proteins, validate a phosphorylation site, or quantify 

phosphorylation levels over a time course. Phosphorylation usually occurs at low 

stoichiometric levels; therefore, enrichment of this pool is needed for detection by the 

mass spectrometer. Additionally, phosphopeptides tend to ionize and fragment 

differently in the mass spectrometer, so developments in instrumentation have also 

furthered the study of phosphorylation by mass spectrometry.  

 

1.3.2.1  Enrichment strategies 

To study phosphorylation on a global scale, the bottom-up approach is typically 

taken; therefore, phosphorylation enrichment occurs at the peptide level. The most 

common phosphopeptide enrichment strategies are affinity-based and include 

immobilized metal affinity chromatography (IMAC) and metal oxide affinity 

chromatography (MOAC). With IMAC, positively charged metal ions (Fe3+ and Ga3+ 

are the most common) are chelated to a solid support, typically a resin, then 

negatively charged phosphopeptides bind to the metal (Ficarro et al., 2002). 

Extensive washing is done to prevent nonspecific binding, and then the 

phosphopeptides are eluted with a high pH buffer. Nonspecific binding remains an 
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issue with IMAC, even with incorporation of more stringent wash steps. MOAC using 

TiO2 material has reported to have higher affinity and selectivity compared to IMAC 

(Larsen et al., 2005). While the protocols are similar between these two methods, 

several studies have shown that in fact these methods are complimentary. IMAC 

tends to enrich for multiply phosphorylated peptides, while TiO2 enriches for more 

singly phosphorylated peptides (Bodenmiller et al., 2007; Thingholm et al., 2008). 

Immunoprecipitation (IP) methods using anti-phosphotyrosine or anti-

phosphothreonine/serine antibodies is another strategy used in phosphoproteomic 

studies (Rush et al., 2005; Johnson et al., 2013; Miraldi et al., 2013). 

Fractionation of a peptide mixture prior to phosphopeptide enrichment is used to 

separate complex mixtures, enabling identification of a larger population of 

phosphopeptides post-enrichment. Several fractionation methods have been 

implemented including strong cation exchange (Peng et al., 2003; Beausoleil et al., 

2004), hydrophilic interaction chromatography (McNulty and Annan, 2008), and 

electrostatic repulsion hydrophilic interaction chromatography (ERLIC) (Alpert, 

2008). ERLIC will be discussed in more detail in Chapter 2. 

 

1.3.2.2 Phosphopeptide analysis by MS 

Even after enrichment, phosphopeptides are difficult to detect by mass spectrometry 

due to low abundance, low MS response and inadequate fragmentation. Figure 1.9 

illustrates the MS/MS spectra resulting from CID and ETD fragmentation of the same 
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peptide with different charge states. As previously mentioned, CID is the most 

common fragmentation method and tends to cleave the most labile bonds first. In the 

case of phosphopeptides, the most labile bond is at the phosphoryl group so 

fragmentation causes cleavage of the bonds anchoring the modification to the 

peptide. As a result, a phosphopeptide’s MS/MS spectrum is dominated by the 

neutral loss of the phosphoric acid and insufficient cleavage along the peptide 

backbone (Syka et al., 2004). This neutral loss is exemplified in Figure 1.9A. 

 

 

 

Figure 1.9 - Comparison of CID and ETD used to fragment the same phosphopeptide 
(phosphoserine residue highlighted in red) with different charge states. 

A"

B"
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ETD is more favorable to phosphopeptide fragmentation, because the energy is 

deposited in a charge neutralization reaction and tends to cleave along the 

backbone, not the most labile bond (Syka et al., 2004; Mikesh et al., 2007). 

However, as evident in Figure 1.9B, ETD is optimally used to fragment peptides with 

a 3+ charge state or higher because of the charge reduction process that occurs 

(Swaney et al., 2008; Grimsrud et al., 2010). Therefore, ETD is more favorable for 

fragmentation of large, highly charged peptides, and because of this, small tryptic 

peptides can pose a problem. To overcome this, other proteases can be used, such 

as Lys-C that only cleaves at lysine residues and usually produces larger peptides. 

Additionally, the Coon lab developed an algorithm, called the decision tree method, 

to take advantage of both CID and ETD, where the MS instrument decides on the fly 

whether to use CID or ETD, based on m/z and charge state (Swaney et al., 2008).  

 

1.3.2.3 Quantitative phosphoproteomics 

Protein phosphorylation is a dynamic modification that can change over time, 

depending on the cellular conditions (Kholodenko, 2006). For example, activation of 

a signal transduction pathway by a stimulant can lead to a sudden increase in 

phosphorylation, then a decrease over time; therefore, to understand 

phosphorylation dynamics, it is important to quantify this event. As previously 

mentioned, there are several strategies to quantify a proteome that can be applied to 

a phosphoproteome. Large-scale quantitative phosphoproteomic studies have been 
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conducted over the last several years (Gruhler et al., 2005; Van Hoof et al., 2009; 

Olsen et al., 2010; Verano-Braga et al., 2012; Galan et al., 2014); however, several 

considerations must be taken into account. Firstly, since phosphorylation is a 

dynamic modification, the phosphopeptide abundance at basal levels often can be 

too low to detect my mass spectrometry, making relative quantification difficult. In a 

typical experiment, after a specific treatment, phosphorylation occurs and the 

phosphorylated peptide is abundant enough to be targeted for fragmentation, and 

then can be identified. This raises the need to use programs that can match 

precursor ions across runs so that very low phosphorylation levels can still be 

considered and used in quantification. Another issue is that sometimes it is not 

enough to measure just the phosphopeptide levels because the protein levels can 

also change over time (Wu et al., 2011). Several studies compliment 

phosphoproteomic analysis with a total proteomic analysis, so that both can be used 

to interpret the data. 

 

1.3.3 Protein-protein interactions 

Aside from phosphorylation, protein-protein interactions are another mechanism 

controlling the activity of a protein. Proteins rarely perform cellular activities alone 

and it has been estimated that 90% of all proteins are actually components of protein 

complexes (Kristensen and Foster, 2013). Complex assembly, therefore, is a critical 

prerequisite for important cellular activities, including signal transduction, DNA 
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replication, translation and structural organization. Over the past two decades, the 

study of protein complexes has greatly increased with the advent of proteomic 

approaches to study protein interaction networks on a global level (Ho et al., 2002; 

Ewing et al., 2007; Kean et al., 2012). Prior to this technique, protein partners were 

mapped using reporter systems such as the yeast two-hybrid assay, which detects 

pairwise interactions (Ito et al., 2000). Unlike yeast two-hybrid, affinity purification-

mass spectrometry (AP-MS) can be performed under near physiological conditions, 

in the relevant organism and cell type (Gingras et al., 2007). The concept is based 

on isolation of protein partners of a “bait” protein using co-immunoprecipitation 

techniques then identifying the pulled-down, “prey” protein partners by mass 

spectrometry. A simplistic overview of the AP-MS steps is illustrated in Figure 1.10. 

 

 

 

Figure 1.10 - The AP-MS workflow (Gingras et al., 2007). 
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The first step is immunoprecipitation (IP) of either an endogenous or epitope-tagged 

bait protein. With using endogenous proteins, an antibody against the bait protein is 

immobilized on agarose beads, then the cell lysate is incubated with the beads, 

washed and the bound proteins are then eluted. Tagging proteins with either a FLAG 

tag (Dunham et al., 2011) or a tandem affinity purification (TAP) tag (Rigaut et al., 

1999) is more common than using endogenous proteins because while the latter 

requires less manipulation of the system, antibodies against the vast majority of 

proteins are not available. Using endogenous proteins also requires optimization of 

an IP protocol for each unique bait protein while development of the IP protocol for 

tagged proteins can be universally used for all IPs with the same tag regardless of 

the bait protein. FLAG is a short peptide sequence and is a commonly used tag 

because it generally does not disrupt or change the function or structure of the 

protein due to its small size. The TAP tag protein purification occurs in two steps, 

first via the protein A moiety, then via the calmodulin-binding peptide, which can 

dramatically reduce high background levels commonly associated with single-step 

methods (Rigaut et al., 1999). Regardless of which system is used, non-specific 

interactions remain a major problem with AP-MS (Mellacheruvu et al., 2013); 

therefore, controls are critical to determine true interacting proteins from 

contaminants. Once the immunoprecipitation is completed, the proteins can be 

digested either in-gel or in-solution. Afterward, the peptide mixture is analyzed by 

LC/MS/MS, and then database searching and statistical software is used to interpret 
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the MS data (Dunham et al., 2012). AP-MS can be used in a number of ways: as a 

means of validating results from a complimentary method, to determine novel 

interactions implicated in a specific cellular function or to understand the temporal 

changes of protein-protein interactions in response to a stimulus.  

 

1.4 Signal transduction by growth-factor mediated activation 

Cells communicate extracellular signals through a complex, intracellular network of 

highly regulated proteins that ultimately elicit an optimal output (Hunter, 2000). For 

example, platelet-derived growth factor (PDGF) is a potent mitogen that stimulates 

the survival and motility of mesenchymal cells and certain other cell types (Tallquist 

and Kazlauskas, 2004; Andrae et al., 2008). Aberrant expression or mutational 

forms of PDGF have the ability to drive tumor growth (Yu et al., 2003; Heldin, 2013). 

It is known that PDGF can stimulate several signal transduction pathways including 

the Ras and PI3K pathway, as illustrated in Figure 1.11. It binds to tyrosine kinase 

receptors (PDGFRα and PDGFRβ), which causes dimerization of the receptors 

followed by autophosphorylation of tyrosine residues within their cytoplasmic 

domains. This activation recruits binding of downstream effectors that contain 

specific SH3 or SH2 domain-docking sites. At this point, Ras can be activated 

causing a signaling cascade event to occur where Ras activates Raf, Raf 

phosphorylates MEK, and MEK phosphorylates ERK. Once ERK is activated, it can 

control several downstream effectors, including transcription factors that play a role 
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Figure 1.11 - Growth factor mediated-PI3K and Ras pathway activation by RTKs (Cully et 
al., 2006). 

 
 
in cell growth and proliferation (McKay and Morrison, 2007). PDGF activation of 

phosphoinositide 3-kinase (PI3K) can also occur through adaptor proteins that can 

bind activated PDGFR (Kratchmarova et al., 2005; Wang et al., 2009). Activated 
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PI3K converts PIP2 to PIP3 ultimately leading to the activation of phosphoinositide-

dependent kinase 1 (PDK1) by bringing it into close proximity to its substrate, Akt 

(also known as protein kinase B, PKB). Akt activates several substrates involved in 

pathways such as the mTOR, Wnt, and IkB pathways (Manning and Cantley, 2007). 

The regulation of the mTOR pathway through PI3K activation can control cell 

survival, division, and metabolism; therefore, this pathway has been thoroughly 

studied (Mendoza et al., 2011). While the proteins mentioned above are major 

regulators of the Ras and PI3K pathways, there are many other proteins involved in 

this signaling, some of which are depicted in Figure 1.11. 

Proteins involved in signaling can fall into several functional categories including: 

GTPases, proteins that are activated when bound to GTP, and inactive when bound 

to GDP; kinases, proteins that catalyze the transfer of a phosphoryl group from ATP 

to another molecule; phosphatases, proteins that can remove phosphoryl groups; 

adaptors, proteins that bridge two signaling proteins through protein-protein 

interactions; and docking proteins which are larger than adaptors, but also bridge 

proteins through protein-protein interactions (Mendoza et al., 2011). Protein changes 

mediate signaling propagation and can occur on multiple levels including: regulation 

of post-translational modifications (PTMs) including ubiquitylation and 

phosphorylation; protein-protein interactions; and signal-induced protein changes 

(Choudhary and Mann, 2010). Not only are signals propagated through protein 

changes, but several regulatory mechanisms can dictate signal outcome including: 
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1) The duration and strength of the signal; 2) Interaction with scaffold proteins; 3) 

Crosstalk and feedback loops involving other signal cascades; 4) The multiple 

components at each level of the cascade; and 5) Cellular localization (Shaul and 

Seger, 2007). Several of these mechanisms will be discussed in this section. 

 

1.4.1 Signaling regulation through crosstalk and feedback mechanisms 

Crosstalk is defined as when components from one or more signaling pathway affect 

another. Several modes of crosstalk have been described including positive and 

negative feedback loops, which when a downstream protein in a signaling pathway 

activates (positive feedback) or inhibits (negative feedback) its own upstream 

activator (Mendoza et al., 2011). For example, upon ERK activation by PDGF, ERK 

will dampen upstream signaling of Ras and MEK, thereby reducing ERK activation, 

as illustrated in Figure 1.12. Two other mechanisms of crosstalk including cross-

inhibition and cross-activation are also at play, and occur when a protein in one 

pathway negatively or positively regulates a protein in another pathway. As 

illustrated in Figure 1.12, upon PDGF activation, PI3K enhances ERK activation at 

points upstream (Ras-GEF) and downstream (MEK) of active Ras (Wang et al., 

2009). 
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Figure 1.12 - Model of the ERK network, which includes several points of crosstalk and 
feedback regulation (Cirit et al., 2010). 

 

Additionally, mTORC1 activation via the Ras-ERK pathway is well known, and 

occurs when ERK and its downstream effector, RSK, signals to the TSC complex 

(Sengupta et al., 2010). Crosstalk can also occur by pathway convergence when a 

protein is regulated by more than one protein. Proteins such as ERK, S6K, and Akt 

are all AGC kinases and preferentially phosphorylate RXRXXS/T motifs (Pearce et 
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al., 2010). They are known to have several substrates, some of which they share. 

For example, BAD (a pro-apoptotic BCL2 family protein) is phosphorylated on 

Ser112 by protein kinase A (PKA) and RSK, as well as on Ser136 by Akt and S6K 

(Virdee et al., 2000). Both of these sites reside within a specific RXRXXS motif that 

is recognized by 14-3-3, which promotes cell survival (Mendoza et al., 2011). 

 

1.4.2 Signaling regulation through protein-protein interactions 

Scaffold proteins allow the formation of multi-protein complexes that, in some cases, 

is important for regulation of a signaling cascade (Dhanasekaran et al., 2007). 

Scaffold proteins bring other proteins in close proximity to one another thereby 

facilitating activation of the pathway components. The can also contribute to the 

localization of protein complexes and determination of proper signal distribution 

(Wortzel and Seger, 2011). Scaffolds have also been implicated as hubs for 

crosstalk interactions. The Raf-MEK-ERK cascade has several scaffold proteins 

including KSR, IQGAP1, and MP1, which are illustrated in Figure 1.13. KSR is one of 

the main regulators of this cascade by binding each component to direct the 

propagation of the signal (Stewart et al., 1999). IQGAP1 is another scaffold protein 

that can bind each component of the Raf-MEK-ERK cascade and primarily functions 

in the modulation of cytoskeletal organization by localizing this cascade to actin 

filaments (Roy et al., 2005). The scaffold protein, MP1 preferentially interacts with 

MEK1 and ERK1, but not with the Raf kinases, MEK2 or ERK2. MP1 is thought to 
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enhance ERK1 activation of the Elk1 transcription factor and it is also required for 

MEK1 localization at endosomes (Roskoski, 2012a). These examples of scaffold 

proteins illustrate their ability to dictate the outcomes of the Raf/MEK/ERK cascade.  

 

 

Figure 1.13 - Scaffolds of the Raf/MEK/ERK cascade (Yao and Seger, 2009). 

 

1.4.3 Deciphering pathway regulation using mass spectrometry 

Proteomic approaches have become a prominent technique to understand the 

details of signal transduction regulation. Phosphoproteomics have been used to 
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identify the inappropriate activation of signaling pathways due to malignancies. This 

has lead to the identification of Tyr phosphorylation sites that are activated by 

oncogenes such as EGFR and c-Met (Guo et al., 2008). Other studies have focused 

on elucidating the temporal dynamics of phosphorylation after growth factor 

stimulation. For example Olsen, et al. used SILAC followed by SCX-TiO2 

phosphopeptide enrichment to quantify 6,600 phosphorylation sites over a 20 min 

EGF time course (Olsen et al., 2006). These types of studies provide large-scale 

data on the biological functions, cellular localization and substrate phosphorylation 

motifs. They can also be used as a means of deciphering the mechanistic details of 

pathway regulation if used in conjunction with other biochemical tools. Several 

phosphoproteomic studies have taken advantage of pharmacological inhibitors as a 

means to probe how cells globally respond to signaling alterations (Pan et al., 

2009a; Rubbi et al., 2011). In the study by Pan et al., U0126, a MEK1/2 inhibitor and 

SB202190, a p38a inhibitor, were used to quantify the effects on EGFR signaling in 

HeLa cells. Several thousands of phosphorylation sites were quantified in this study, 

hundreds of which decreased with inhibitor co-treatment. By using pharmacological 

probes, we can start to understand their impact of the cellular system as a whole, 

and could lead to new mechanisms of action or mechanisms of drug resistance. In 

addition to pharmacological inhibitors, genetic perturbations (such as siRNA 

depletion) can be used to block specific proteins and measure its effects on a global 

level (Hilger et al., 2009).  
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As previously mentioned, in addition to phosphorylation, protein-protein interactions 

can also play a major role in pathway regulation. Several studies aim to determine 

identify novel protein partners by AP-MS, to then explore the details and functions of 

the binary protein-protein interaction. AP-MS can also be used to determine dynamic 

protein “interactomes” upon growth factor stimulation. For example, a study 

conducted by Collins, et al. combined AP-MS with quantitative proteomics to 

understand the dynamics of the 14-3-3 interactome in IGF1 signaling (Collins et al., 

2013). These studies aim to determine growth factor-induced assembly of protein 

complexes. 

Overall, global proteomic studies such as these have the power to infer novel 

biological mechanisms, yet cannot prove them; therefore, it is critical to validate 

proteomic results with other biochemical techniques. The mass spectrometry 

community has encouraged the open-access of data obtained in proteomic studies, 

so there are several servers for public data storage. By doing so, researchers can 

compare their results with other similar data, as well as provide proteomic data to 

those who do not have access to the technology. Overall, these quantitative 

phosphoproteomic or protein-protein interaction data can be used as inputs into 

mathematical models to help explain the dynamic interactions of signal transduction 

pathways and to help determine critical control points in cellular decision making. 
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1.5 Scope of the project 

The signaling mechanisms driving growth factor-mediated signaling have largely 

been explored using classical techniques that do not offer a global perspective. 

Additionally, several proteomic-based studies have already been conducted to study 

the phosphorylation events occurring upon growth factor-mediated stimulation; yet 

do not focus on understanding mechanisms such as crosstalk between multiple 

pathways or protein-protein interactions. This dissertation research aims to provide a 

more comprehensive understanding of the multiple layers of PDGF signaling 

regulation. Chapter 2 describes a method that effectively enriches for 

phosphopeptides in PDGF stimulated samples using a combination of ERLIC 

fractionation and IMAC/TiO2 enrichment. This method allows for identification of a 

greater variety of phosphopeptides compared to other methods. Additionally, over-

represented pathways were revealed in this study including the mTOR pathway, 

which is known to be involved in Ras and PI3K crosstalk. Chapter 3 explores label-

free, AUC approaches for phosphopeptide quantitation. Several label-free programs 

for targeted and untargeted experiments were evaluated, and then applied to study 

the PDGF network. Quantitative phosphoproteomics is then applied in Chapter 4 to 

study the crosstalk interactions between the Ras, PI3K and mTOR pathways using 

pharmaceutical probes to silence portions of these pathways then measure the 

phosphorylation changes over a PDGF time course. Chapter 5 explores another 

regulatory mechanism, protein-protein interactions, that influence the dynamic MEK1 
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interactome. In addition to the human cell biology applications of mass spectrometry 

as demonstrated in these five chapters, it can also be used to study other systems, 

such as plants. Chapter 6 demonstrates how proteomics can be applied to study the 

effects of two plant viruses, Cabbage leaf curl virus and Beet curly top virus, in 

Arabidopsis thaliana. 
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CHAPTER 2: 

Development of a Tandem Affinity Phosphoproteomic Method with Motif 

Selectivity and its Application in Analysis of Signal Transduction Networks 

 
The following work was reprinted with permission from: Herring L.E., Grant, K.G., 
Blackburn, K., Haugh, J.M. and Goshe, M.B. Journal of Chromatography B 2015, 
988, 166-174. The original publication may be accessed directly here. 
 
 

2.1 Abstract 

Phosphorylation is an important post-translational modification that is involved in 

regulating many signaling pathways. Of particular interest are the growth factor 

mediated Ras and phosphoinositide 3-kinase (PI3K) signaling pathways, which, if 

misregulated, can contribute to the progression of cancer. Phosphoproteomic 

methods have been developed to study regulation of signaling pathways; however, 

due to the low stoichiometry of phosphorylation, understanding these pathways is 

still a challenge. In this study, we have developed a multi-dimensional method 

incorporating electrostatic repulsion-hydrophilic interaction chromatography (ERLIC) 

with tandem IMAC-TiO2 enrichment for subsequent phosphopeptide identification by 

LC/MS/MS. We applied this method to PDGF-stimulated NIH 3T3 cells to provide 

over 11,000 unique phosphopeptide identifications. Upon motif analysis, IMAC was 

found to enrich for basophilic kinase substrates while the subsequent TiO2 step 

enriched for acidophilic kinase substrates, suggesting that both enrichment methods 
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are necessary to capture the full complement of kinase substrates. Biological 

functions that were over-represented at each PDGF stimulation time point, together 

with the phosphorylation dynamics of several phosphopeptides containing known 

kinase phosphorylation sites illustrate the feasibility of this approach in quantitative 

phosphoproteomic studies.  

 

2.2 Introduction 

Protein phosphorylation is among the most widespread post-translational 

modification (PTM) affecting almost every cellular process, including signal 

transduction pathways that are involved in cell proliferation, survival and 

differentiation. Understanding how these signaling pathways are controlled is 

important since misregulation contributes to the progression of cancer (Manning et 

al., 2002; Dhillon et al., 2007; Lemmon and Schlessinger, 2010). Traditionally, the 

phosphorylation dynamics of proteins involved in these signal transduction pathways 

have been elucidated using quantitative immunoblotting and other antibody-based 

methods (Park et al., 2003; Birtwistle et al., 2007; Chen et al., 2009; Wang et al., 

2009; Cirit et al., 2010; Cirit and Haugh, 2012). More recently, global 

phosphoproteomic studies using LC/MS/MS have been implemented to study 

pathway regulation (Olsen et al., 2006; Brill et al., 2009) and have advantages over 

quantitative immunoblotting such as the ability to multiplex and independence from 

the use of poorly characterized antibodies or those with limited specificity. However, 
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challenges for LC/MS/MS studies including optimization of phosphopeptide 

enrichment protocols still remain.   

Several phosphopeptide enrichment methods have been described which first use a 

liquid chromatography method to fractionate peptides, such as strong cation 

exchange (SCX) (Peng et al., 2003; Beausoleil et al., 2004), strong anion exchange 

(SAX) (Han et al., 2008), hydrophilic interaction chromatography (HILIC) (McNulty 

and Annan, 2008), basic reversed-phase (Mertins et al., 2013), or electrostatic 

repulsion-hydrophilic interaction chromatography (ERLIC) (Alpert, 2008). This 

fractionation is then followed by a phosphopeptide enrichment step (Hoffert and 

Knepper, 2008; Villén and Gygi, 2008; Macek et al., 2009; Grimsrud et al., 2010; 

Zarei et al., 2011). Even though modifications to previous methods (Iliuk et al., 2010; 

Zhou et al., 2011) or antibody-based phosphopeptide enrichment methods (Rush et 

al., 2005; Graves et al., 2013) have been developed, immobilized metal ion affinity 

chromatography (IMAC) (Ficarro et al., 2002) or TiO2 (Larsen et al., 2005) affinity 

enrichment are still the most widely used in phosphoproteomic analysis. With IMAC, 

a positively charged metal cation, such as Fe3+, Zr4+ or Ga3+, chelated to a solid-

phase support noncovalently binds to a negatively charged phosphate group at low 

pH. While non-specific binding is minimized by washing with a low pH solution prior 

to phosphopeptide elution, non-specific binding of acidic peptides hinders this 

enrichment process. TiO2 is a type of metal oxide affinity chromatography that has 

been shown to enrich for phosphopeptides more efficiently and with better selectivity 
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than IMAC. This is accomplished by using various organic acids, such as 2,5-

dihydroxybenzoic acid (DHB) and glycolic acid, to block binding of acidic peptides, 

leading to an increase in phosphopeptide specificity (Larsen et al., 2005). 

Differences in phosphopeptide populations enriched by IMAC and TiO2 have been 

observed, especially with regards to the number of phosphorylation sites per 

peptide. IMAC enriches for multiply phosphorylated peptides more efficiently than 

TiO2, while TiO2 enriches for a higher proportion of mono-phosphorylated peptides 

(Bodenmiller et al., 2007; Thingholm et al., 2008). Additionally, it has been argued 

that using IMAC results in under-representation of basophilic kinase substrates, 

which could lead to biases in the data and an unbalanced portrayal of the 

phosphoproteome (Zhou et al., 2011). The analytical merit of implementing both of 

these enrichment methods, either individually or sequentially, to increase the number 

and variety of identified phosphopeptides has been demonstrated (Bodenmiller et 

al., 2007; Zhang et al., 2007; Thingholm et al., 2008; Engholm-Keller et al., 2012; 

Yue and Hummon, 2013).  

Previously we reported a method for phosphopeptide enrichment incorporating 

ERLIC fractionation with IMAC (Chien et al., 2011). Using this as a basis, we 

optimized a multi-dimensional method using ERLIC fractionation coupled with a 

tandem IMAC and TiO2 enrichment approach in order to take advantage of 

characteristics of both of these phosphopeptide enrichment strategies. The method 

was applied to PDGF responsive NIH 3T3 cells over a 120 min time course, followed 
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by LC/MS/MS analysis using a data-dependent CID/ETD decision tree (DT) method. 

We demonstrated the capability of this approach to enrich for a wide variety of 

phosphopeptides pertaining to both basophilic and acidophilic kinase substrate 

motifs when compared to other methods evaluated in this study. Furthermore, the 

analysis of biological functions that were over-represented at each time point, as well 

as the phosphorylation dynamics of several phosphopeptides illustrated the 

feasibility of our method for use in future quantitative studies. 

 

2.3 Experimental 

2.3.1 Materials 

All tissue culture reagents were purchased from Invitrogen (Life Technologies, 

www.lifetechnologies.com). Human recombinant PDGF-BB was purchased from 

Peprotech (www.peprotech.com). NIH 3T3 mouse fibroblasts were obtained from 

American Type Culture Collection (www.atcc.org). Acetonitrile (HPLC grade) and 

formic acid (ACS reagent grade) were from Sigma-Aldrich (www.sigmaaldrich.com). 

Acetone was purchased from Thermo Fisher Scientific (www.thermofisher.com). 

Ammonium bicarbonate and guanidinium chloride were from Fluka 

(www.sigmaaldrich.com). Water was distilled and purified using a High-Q 103S 

water purification system (www.high-q.com). All other reagents and chemicals were 

purchased from Sigma-Aldrich-Fluka unless otherwise stated. 
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2.3.2 Cell Culture and Lysis 

NIH 3T3 fibroblasts were cultured at 37ºC with 5% CO2 in Dulbecco’s modified 

Eagle’s medium supplemented with 10% fetal bovine serum, 2 mM l-glutamine, and 

the antibiotics penicillin (100 units/ml) and streptomycin sulfate (100 µg/ml). Dishes 

to be processed on the same day were plated with equal numbers of cells and 

allowed to reach 90% confluency. Cells were serum-starved for 3 h prior to no 

stimulation or 300 pM PDGF stimulation for 15 or 120 min. Cells were harvested and 

lysed as previously described (Park et al., 2003). A 5-fold volume of ice-cold acetone 

was added to each sample, vortexed, and then incubated at -20ºC overnight. After 

centrifugation, the supernatant was discarded and the dried protein precipitate was 

dissolved in 50 mM ammonium bicarbonate (pH 8.2) containing 8 M urea. The total 

protein concentration was determined by the BCA assay (Pierce, 

www.piercenet.com).   

 

2.3.3 Protein Digestion 

Equal amounts of protein from each sample were reduced with 5 mM DTT at 56ºC 

for 30 min and alkylated with 15 mM iodoacetamide in the dark at room temperature 

for 1 h. The samples were diluted 1:8 with 50 mM ammonium bicarbonate and 

digested with sequencing grade trypsin (Promega, www.promega.com) at a 1:100 

trypsin:protein ratio overnight at 37ºC. Peptides were desalted using a Grace Prevail 
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C18 solid-phase extraction cartridge, and the solvent was evaporated via vacuum 

centrifugation.  Peptides were stored at -80ºC until further processing. 

 

2.3.4 ERLIC Fractionation 

Each ERLIC separation was performed on an Agilent 1100 series HPLC system 

using a 4.6 x 200 mm, 5 µm particle size, 300A pore size PolyWAX LP column 

(PolyLC, Inc; www.polylc.com), as we previously described (Chien et al., 2011) with 

slight modifications. Briefly, the mobile phase consisted of (A) 20 mM ammonium 

formate, pH 2.2/70% acetonitrile (ACN) and (B) 300 mM ammonium formate, pH 

2.2/20% ACN. After injection, an isocratic flow of 15 min at 100% A was followed by 

a linear gradient from 0-50% B over 20 min and a linear gradient of 50-100% B over 

5 min at a flow rate of 0.75 ml/min. Fractions were collected every minute and then 

combined into five total fractions based on chromatographic peak intensities 

measured at 280 nm using a diode array detector. Each sample was dried under 

vacuum centrifugation and stored at -20ºC until phosphopeptide enrichment. 

 

2.3.5 Phosphopeptide Enrichment 

The procedure for IMAC (Fe-IMAC) was as we previously described (Chien et al., 

2011), with a few modifications. Briefly, nitriloacetic acid (NTA) resin (Life 

Technologies, www.lifetechnologies.com/) charged with 100 mM FeCl3 was packed 
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into a gel loading pipet tip made in-house containing a frit, and the resin was washed 

twice with 100 µl of 2% acetic acid. ERLIC fractionated peptides were resolubilized 

in 2% acetic acid, loaded onto the IMAC column, and washed twice with 100 µl of 

2% acetic acid. The flow through and washes were collected and dried using 

vacuum centrifugation. A more stringent wash was performed twice with 100 µl of 

74/25/1 100 mM NaCl/ACN/acetic acid (v/v/v), followed by a 100 µl wash with only 

water. Retained peptides were eluted with 100 µl of 5% NH4OH, then immediately 

acidified to pH 3 with formic acid. The eluted peptides were dried using vacuum 

centrifugation, and resuspended in 0.1% formic acid for LC/MS/MS analysis. This 

fraction is referred to as the “IMAC fraction”. 

The IMAC flow through and washes were subjected to TiO2 enrichment using the 

Protea TiO2 SpinTips Sample Prep Kit (proteabio.com) following manufacturer’s 

instructions. Briefly, 4 mg of TiO2 material was used for each sample and was 

washed two times with 100 µl of wash solution 1. Peptides were loaded on the TiO2 

column and washed two times with 100 µl of wash solution 1, followed by two more 

washes with 100 µl of wash solution 2. Retained peptides were eluted with the 

elution solution.  The eluted peptides from TiO2 were acidified to pH 3 with formic 

acid, dried using vacuum centrifugation, and resuspended in 0.1% formic acid for 

LC/MS/MS analysis. This fraction is referred to as the “IMAC-TiO2 fraction”. The 

entire sample preparation workflow is illustrated in Figure 2.1.  
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Figure 2.1 - Experimental workflow. NIH 3T3 cells were stimulated with 300 pM PDGF for 0, 
15, and 120 min, then harvested. Each lysate (3 mg) was denatured, reduced, alkylated, 
digested with trypsin, then fractionated using ERLIC. Selected ERLIC fractions were pooled 
to generate five fractions per stimulation time point, and each ERLIC fraction was 
subsequently enriched for phosphopeptides using IMAC. The IMAC eluate for each fraction 
per time point was set aside, while the IMAC flow-through/wash (FT/W) was subjected to 
further phosphopeptide enrichment using TiO2. LC/MS/MS analysis of the IMAC eluate 
(referred to as the IMAC fraction) and the TiO2 eluate from the IMAC FT/W (referred to as 
the IMAC-TiO2 fraction) was performed using an Orbitrap Elite system implementing 
CID/ETD decision tree (DT) acquisition analysis.  

 

2.3.6 LC/MS/MS Data Acquisition 

LC/MS/MS analyses were performed on an Easy nLC 1000 ultra-pressure liquid 

chromatograph coupled to an ETD equipped LTQ Orbitrap Elite mass spectrometer 

(Thermo Scientific, www.thermoscientific.com). Samples were injected onto a 
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PepMap C18, 5 µm, trapping column (Thermo Scientific) then separated by in-line 

gradient elution onto a New Objective (www.newobjective.com) Self-Pack PicoFrit 

column (75 µm id x 15 cm) packed in-house with 1.7 µm BEH C18 stationary phase 

(Waters Corporation, www.waters.com). The linear gradient for separation consisted 

of 5-40% mobile phase B over 60 min at a 300 nl/min flow rate, where mobile phase 

A was 0.1% formic acid/2% ACN in water and mobile phase B consisted of 0.1% 

formic acid in ACN. The Orbitrap Elite was operated in data-dependent decision tree 

mode (Swaney et al., 2008) where the 15 most intense precursors were selected for 

subsequent fragmentation using optimal settings for each activation technique 

(illustrated in Appendix A, Figure A.1). Resolution for the precursor scan (m/z 400-

2000) was set to 60,000 at m/z 400 with a target value of 1x106 ions. The MS/MS 

scans were acquired in the linear ion trap with a target value of 5000. The 

normalized collision energy was set to 35% for CID. For ETD, reaction time was set 

to 50 ms and supplemental activation using CID was enabled. The signal intensity 

threshold for triggering an MS/MS event was set to 1000. For internal mass 

calibration, the ion of polycyclodimethylsiloxane with m/z 445.120025 was used as 

the lock mass (Olsen et al., 2005). Monoisotopic precursor selection was enabled, 

and precursors with unknown charge or a charge state of 1 were excluded.  
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2.3.7 Data Analysis 

Raw data files of the IMAC and IMAC-TiO2 fractions were processed using Proteome 

Discoverer (PD) version 1.3 (Thermo Scientific). The non-fragment filter was used to 

simplify ETD spectra to remove unfragmented precursor or charge-reduced 

precursor peaks. Peak lists were searched against a forward and reverse Mus 

musculus UniProt database (74232 sequences) using both Mascot (Matrix Science) 

and Sequest (Thermo Scientific). The following parameters were used to identify 

tryptic peptides for protein identification: 10 ppm precursor ion mass tolerance; 0.6 

Da product ion mass tolerance; up to two missed trypsin cleavage sites; 

carbamidomethylation of Cys was set as a fixed modification; oxidation of Met and 

phosphorylation of Ser, Thr, and Tyr were set as variable modifications. The 

percolator node was used to estimate the number of false positive identifications, 

and a q-value was assigned; a “high confidence” q-value of <0.01 was used to filter 

all results. The phosphoRS algorithm was used to measure the phosphorylation site 

localization probabilities (Taus et al., 2011). Only phosphopeptides with pRS 

probabilities above 70% were considered for phosphorylation motif analyses, which 

were conducted using motif-x (Schwartz and Gygi, 2005; Chou and Schwartz, 2011). 

Motif-x default settings were used (with the MS/MS IPI Mouse Proteome as 

foreground format and as background), except the significance threshold was set to 

a more stringent value of 1x10-7 to reduce false positives. For relative quantification 
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of specific phosphopeptides, peaks areas for each identified phosphopeptide were 

extracted using the peak area node in PD.  

 

2.3.8 Bioinformatics Analysis 

All analyses were conducted using either JMP Pro 10.0 (SAS Institute, 

www.sas.com) or Microsoft Excel 2010. The ClueGo plug-in (Bindea et al., 2009) 

within Cytoscape (Shannon et al., 2003) (version 3.0.2) was used to determine over-

represented molecular function GO annotations and KEGG pathways. Enrichment 

analysis was based on two-sided minimal-likelihood test on the hypergeometric 

distribution. The Bonferroni step down correction was employed to adjust p-values 

for statistically enriched terms (p-value of 0.1 was considered significant). Venn 

diagrams were generated using the Venn Diagram Plotter (PNNL, omics.pnl.gov). 

 

2.4 Results and Discussion 

2.4.1 Development of a tandem phosphopeptide enrichment strategy combining 

ERLIC, IMAC and TiO2 with CID/ETD LC/MS/MS analysis 

The aim of this study was to develop an optimal phosphopeptide enrichment strategy 

to detect phosphorylation events occurring in PDGF-stimulated fibroblasts using 

mass spectrometry. In order to reduce sample complexity and increase the ability to 

identify phosphopeptides, we coupled ERLIC with tandem IMAC/TiO2 enrichment. 
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ERLIC was chosen for off-line LC peptide separation since it is a combination of 

hydrophilic interaction and weak anion-exchange that favors retention and 

separation of relatively hydrophilic, negatively charged analytes such as 

phosphopeptides (Alpert, 2008). Previous studies using only ERLIC have 

demonstrated an enrichment of phosphopeptides (Gan et al., 2008; Zhang et al., 

2010). To test this with our system, we analyzed several ERLIC fractions by 

LC/MS/MS and detected very few phosphopeptides (data not shown), which has 

also been reported in the literature (Hao et al., 2010; Chien et al., 2011); therefore, 

an enrichment step after ERLIC fractionation was required.   

Frequently after any type of off-line LC separation of peptides, the phosphopeptides 

are enriched using IMAC or TiO2. The capacity of the IMAC or TiO2 material can be 

estimated, but regardless of this, some phosphopeptides will have limited binding 

due to the low phosphorylation stoichiometry, as well as competition with other 

phosphopeptides and acidic peptides, thus precluding their identification. In order to 

enrich for phosphopeptides that may have not been captured when only 

implementing a single enrichment strategy and eventually end up in the flow-

through/wash portion of the sample, a tandem phosphopeptide enrichment approach 

was developed. By retaining the flow-through/wash generated by one 

phosphopeptide enrichment method and subjecting it to a different enrichment 

method, it is possible to maximize the number of unique phosphopeptides identified 

(Thingholm et al., 2008). 
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In this study, a combination of IMAC (Fe-IMAC) and TiO2 was chosen in order to 

take advantage of both phosphopeptide enrichment methods. Our order of 

phosphopeptide enrichment by IMAC and TiO2 was experimentally determined by 

comparing the enrichment of unstimulated NIH 3T3 cell lysate digest (200 µg) using 

IMAC first, followed by TiO2 enrichment of the IMAC flow-through/wash (the IMAC-

TiO2 sample) versus enriching the same amount of NIH 3T3 cell lysate digest with 

TiO2 first, then using IMAC on the TiO2 flow-through/wash (the TiO2-IMAC sample). 

As shown in Appendix A, Figure A.2, using IMAC or TiO2 first enriched for about the 

same number of phosphopeptides, but the enrichment percentage was lower for 

IMAC (45%) when compared to TiO2 (80%), thus indicating that a higher level of 

non-specific binding was occurring with IMAC. For the second enrichment step, the 

IMAC-TiO2 fraction produced more identified unique phosphopeptides than the TiO2-

IMAC fraction; therefore, the tandem enrichment order of IMAC followed by TiO2 was 

used for our study. It should be noted that the IMAC-TiO2 flow-through/wash was 

also analyzed, but only 44 phosphopeptides out of 4059 total peptides (1% 

enrichment) were identified, and thus it was excluded from subsequent analyses.  

For our study, NIH 3T3 cells were stimulated with PDGF for 0, 15 and 120 min then 

lysed and digested with trypsin. Each lysate digest (3 mg for each time point) was 

separated using ERLIC to produce a total of five fractions, which were subsequently 

enriched for phosphopeptides with our optimized tandem IMAC/TiO2 method (Figure 

2.1). Although the number of ERLIC fractions was less than the typical 10 to 25 
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fractions generated by ERLIC or SCX for off-line peptide separations (Gan et al., 

2008; Villén and Gygi, 2008; Zarei et al., 2011), the number of fractions doubles to 

10 per stimulation time point (30 samples total) since each ERLIC fraction was 

subjected to tandem IMAC/TiO2 enrichment.  Therefore, minimizing the number of 

ERLIC fractions helped to reduce sample preparation and LC/MS/MS acquisition 

time. The list of unique phosphopeptides for all ERLIC fractions and subsequent 

affinity enrichment steps is presented in Supplementary Table S1. 

To better identify phosphopeptides during LC/MS/MS, a data dependent DT 

acquisition method utilizing CID and ETD was evaluated (Appendix A, Figure A.3A) 

and implemented. After data processing, 11,310 unique phosphopeptides were 

identified across all 30 samples. The phosphopeptides targeted for ETD 

fragmentation resulted in slightly higher phosphorylation site localization probabilities 

(pRS probabilities) compared to phosphopeptides targeted for CID fragmentation 

(Appendix A, Figure A.3B) and about 9% of phosphorylated peptides were uniquely 

identified using ETD (Appendix A, Figure A.3C).  

 

2.4.2 Enhanced phosphopeptide detection in NIH 3T3 cells using a tandem 

IMAC/TiO2 enrichment approach  

To evaluate the phosphopeptide enrichment strategies, all five ERLIC fractions 

corresponding to IMAC and IMAC-TiO2 enrichment at each time point of PDGF 

stimulation were examined. A similar phosphopeptide distribution in ERLIC fractions 
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among each corresponding IMAC and IMAC-TiO2 sample was observed across the 

time course (Figure 2.2A).  

 

 

 

Figure 2.2- Distribution of phosphopeptides detected in the IMAC and IMAC-TiO2 samples 
for PDGF-stimulated NIH 3T3 cells. (A) Number of phosphopeptides identified in each IMAC 
and IMAC-TiO2 sample for each stimulation time point and ERLIC fraction. (B) A Venn 
diagram of unique phosphopeptides identified in the IMAC and IMAC-TiO2 samples. “IMAC” 
samples were generated by enriching each of the five ERLIC fractions using IMAC, and 
“IMAC-TiO2” samples were generated by enriching each IMAC flow-through/wash using 
TiO2. 
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For ERLIC Fractions 1-4, a disproportionate number of phosphopeptides were 

enriched by IMAC compared to IMAC-TiO2 with an exception occurring at ERLIC 

Fraction 2 at 15 min. However, for ERLIC Fraction 5 across all time points, the 

number of phosphopeptides enriched by IMAC-TiO2 was dramatically higher than 

IMAC enrichment and is in stark contrast to the other four ERLIC fractions. The 

consistency in the level of phosphopeptide enrichment between IMAC and IMAC-

TiO2 across all time points indicates that this method is robust among ERLIC 

fractionated unstimulated and stimulated samples.  

These observations can be explained when considering the nature of the ERLIC 

separation. During ERLIC, the gradient linearly increases from 20 to 300 mM 

ammonium formate, thus the highly acidic or multiply phosphorylated peptides elute 

later in the gradient and is best represented by ERLIC Fraction 5. The population of 

phosphopeptides detected in this fraction suggests that IMAC is less effective at 

enriching for acidic and/or multiply phosphorylated peptides than the subsequent 

TiO2 step. To determine if non-specific binding of acidic peptides was the cause of 

this decrease in IMAC-enriched phosphopeptides, the non-phosphorylated peptides 

were examined. In ERLIC fraction 5, the number of non-phosphorylated peptides 

was low for both IMAC and IMAC-TiO2 samples, suggesting that IMAC was not 

enriching for highly acidic non-phosphorylated peptides at the expense of 

phosphopeptides. This decrease in IMAC-enriched phosphopeptides in later ERLIC 

fractions has been observed previously (Chien et al., 2011). 
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Figure 2.3 - Assessment of multiply-phosphorylated peptides. (A) Pie charts illustrating the 
number and percentage of mono-phosphorylated and multiply phosphorylated peptides 
identified in the IMAC and IMAC-TiO2 samples. The distribution of the percentage and 
number of mono- and multiply-phosphorylated peptides identified in each individual ERLIC 
fraction across all time points for the (B) IMAC and (C) IMAC-TiO2 fractions. “IMAC” samples 
were generated by enriching each of the five ERLIC fractions using IMAC, and “IMAC-TiO2” 
samples were generated by enriching each IMAC flow-through/wash using TiO2. 
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When considering all unique 11,310 phosphopeptides identified, only 23% were 

identified in both the IMAC and IMAC-TiO2 fractions with more unique 

phosphopeptides identified in the IMAC fractions (46%) compared to the IMAC-TiO2 

fractions (31%) (Figure 2.2B). This relatively low overlap suggests that using a 

tandem IMAC/TiO2 enrichment strategy yields more unique phosphopeptide 

identifications as opposed to using only IMAC or TiO2 after the ERLIC separation.  

It is interesting to note that the general characteristics of the phosphopeptide 

populations enriched by either IMAC or IMAC-TiO2 are different: (1) longer 

phosphopeptides were enriched in the IMAC-TiO2 fractions compared to IMAC 

fractions and (2) the overall pI of the phosphopeptide population in the IMAC-TiO2 

fractions was lower (average pI of 4.6) than the IMAC fractions (average pI of 6).    

When considering the subgroup of multiply phosphorylated peptides (Figure 2.3A), 

IMAC-TiO2 enriched for multiply phosphorylated peptides slightly more efficiently 

than IMAC on the basis of enrichment percentage (17% compared to 13%), but both 

enrichments produced nearly the same number of unique multiply phosphorylated 

peptides. A closer examination of individual ERLIC fractions reveals that for ERLIC 

Fractions 1-4, IMAC enriched for a greater number and higher percentage of multiply 

phosphorylated peptides (Figure 2.3B) compared to IMAC-TiO2 (Figure 2.3C); 

however, for ERLIC Fraction 5, IMAC-TiO2 is vastly superior to IMAC. Considering 

that 74% of all multiply phosphorylated peptides identified by IMAC-TiO2 were in 

ERLIC Fraction 5, it can be concluded that IMAC-TiO2 is able to enrich for larger, 
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highly acidic multiply phosphorylated peptides better than IMAC. Overall, these data 

suggest that there is complementarity between the IMAC and IMAC-TiO2 

phosphopeptide enrichment methods as applied to ERLIC separated peptide 

fractions. 

 

2.4.3 IMAC and IMAC-TiO2 enrich for different phosphorylation motifs 

Although the tandem affinity enrichment of IMAC and IMAC-TiO2 of ERLIC 

fractionated peptides appear to favor basic and acidic phosphopeptides, 

respectively, the overall ratio of pS:pT:pY between these two enriched fractions was 

very similar: 84:14:2 and 87:12:1, respectively. In order to provide a more definitive 

comparison to assess the basic and acidic phosphopeptide preferences between the 

two enrichment methods, phosphorylation motif analysis was conducted using motif-

x (Schwartz and Gygi, 2005; Chou and Schwartz, 2011). 

As shown in Figure 2.4A, IMAC and IMAC-TiO2 enrich for noticeably different pS 

motifs.  The top pS motifs for the IMAC fractions were those with an overall neutral 

or positive charge, while the top motifs for the IMAC-TiO2 fractions were those with 

an overall negative charge. These results clearly indicate that the enrichment of 

ERLIC fractionated peptides: IMAC-TiO2 is better at enriching for acidic 

phosphopeptides than IMAC. For pT motifs (Figure 2.4B), IMAC and IMAC-TiO2 

were able to enrich for very similar proline-directed kinase motifs. Motif-x analysis 

was also conducted for pY motifs, but the low number of phosphopeptides (~100) 
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used in the search precluded the identification of any motifs. To better understand 

these findings, the biological significance of the identified kinase motifs was 

examined.   

 

 

Figure 2.4 - Phosphorylation motif analyses of phosphopeptides identified in PDGF-
stimulated NIH 3T3 cells across all time points using motif-x. Phosphopeptides with at least 
a 70% site localization confidence score (pRS of 0.7) were used for motif-x analysis. Of the 
11,310 unique phosphopeptides identified in all fractions and time points, 7,145 have a pRS 
probability ≥ 0.7. The top six phosphorylation motifs generated for (A) phosphoserine (pS) 
and (B) phosphothreonine (pT) in the IMAC and IMAC-TiO2 fractions are presented (top to 
bottom) according to motif score and fold increase. “IMAC” samples were generated by 
enriching each of the five ERLIC fractions using IMAC, and “IMAC-TiO2” samples were 
generated by enriching each IMAC flow-through/wash using TiO2. 

 

Many of the kinase motifs enriched by our ERLIC-based tandem IMAC/TiO2 affinity 

approach have been biologically well-characterized. The RRxpS motif is found in 

basophilic substrates that are phosphorylated by Arg-directed or AGC-family 
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kinases, such as PKA, PKG, PKC, RSK and Akt, which all play important roles in 

signal transduction (Pearce et al., 2010). The (pS/T)PxK/R motifs are found in 

MAPK/CDK substrates, which are involved in cell proliferation and cell cycle control 

(Alexander et al., 2011). Some substrates for Akt, which plays a role in mediating 

critical cellular responses, are known to contain the RxRxxpS/T motif (Manning and 

Cantley, 2007). The pS motifs such as pS(D/E)xE and pSxDxExE, are found in 

acidophilic substrates phosphorylated by CK2. CK2 is a highly conserved, 

ubiquitous, and constitutively active Ser/Thr protein kinase with hundreds of targets 

that are involved in a variety of cellular processes such as cell cycle progression, 

apoptosis, transcription, inflammation, and DNA damage response (Meggio and 

Pinna, 2003; Alexander et al., 2011). It is widely known that the majority of peptides 

are phosphorylated by proline-directed kinases (Schwartz and Gygi, 2005; Cesaro 

and Salvi, 2013), thus are probably highly abundant relative to some other motifs.  

Two of these ubiquitous motifs (RxxpSP and pSPxK) were found in both IMAC and 

IMAC-TiO2 samples suggesting that the amount of IMAC resin used may not provide 

the necessary binding capacity to enrich for all phosphopeptides containing these 

motifs, and thus those not completely retained are further captured by subsequent 

TiO2 affinity.   

A previous study also found that TiO2 has a tendency to isolate acidic 

phosphopeptides when compared to IMAC without any prior fractionation step 

(Bodenmiller et al., 2007) while another study found no bias in phosphopeptides 
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enriched from complex peptide mixtures by IMAC and TiO2 (Kettenbach et al., 

2012). To determine if the motif selectivity we observed was a result of ERLIC 

fractionation, motif-x analysis was conducted for LC/MS/MS identified peptides 

enriched from an unstimulated NIH 3T3 cell lysate using only IMAC or TiO2 

enrichment. An almost identical mixture of both acidophilic and basophilic kinase 

substrate motifs were identified between the IMAC and TiO2 samples (Appendix A, 

Figure, A.4), indicating that not as many unique motifs were identified if only IMAC or 

TiO2 enrichment were performed without prior ERLIC fractionation. Interestingly, if an 

additional enrichment step using either TiO2 on the IMAC flow-through/wash or 

IMAC on the TiO2 flow-through/wash was performed, enrichment of only motifs 

associated with basophilic kinase substrates was observed These data indicate that 

a significant enrichment of motifs associated with acidophilic kinase substrates 

occurs only if ERLIC fractionation is used prior to IMAC/TiO2 tandem enrichment. In 

comparison to a previous study (Gan et al., 2008), ERLIC alone produced better 

coverage of acidophilic kinase substrates compared to SCX/IMAC, but SCX/IMAC 

produced better coverage of basophilic kinase substrates, which is consistent with 

the chemical basis of the separation prior to IMAC. Overall, these findings suggest 

that our method of combining ERLIC with IMAC/TiO2 tandem affinity increases the 

phosphopeptide enrichment efficiency of both acidophilic and basophilic kinase 

substrates. 
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2.4.4 Biological Effects upon PDGF Stimulation Time Course 

To obtain a better understanding of the signaling pathways modulated by PDGF 

stimulation, the Cytoscape plugin, ClueGO, was used to determine the over-

represented KEGG pathways within the total phosphoproteomic dataset (Figure 2.5).  

The pathways of interest, which include the well-characterized MAPK, Ras, and the 

PI3K-Akt pathways, were significantly represented in the dataset. Intriguingly, the 

mTOR pathway, which is known to be involved in crosstalk with the PI3K-Akt and 

Ras pathways (Dunlop and Tee, 2009; Laplante and Sabatini, 2009; Zoncu et al., 

2011), was the most over-represented pathway in the dataset. Other interesting 

over-represented pathways include the cell cycle, focal adhesion signaling, and the 

p53 pathway. Several of the detected phosphorylation sites within proteins involved 

in these pathways are of unknown function (e.g., Ser198 on Rin1) or are completely 

novel sites (e.g.,  Ser1000 on Abl2), suggesting the possibility of novel regulatory 

features within the PDGF signaling network. 
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Figure 2.5 - KEGG pathway analysis of all identified phosphoproteins. The ClueGO plugin within Cytoscape was used to 
determine which KEGG pathways were over-represented in the total dataset. The size of the nodes reflects the statistical 
significance of the terms. The kappa score indicates the relationship between terms according to their overlapping genes 
and was set to the default of 0.4. The most representative term (based on the highest percentage of identified proteins per 
term) in a group is used as the group name. Only protein groups considered relevant are shown. 
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In terms of overall phosphorylation identification (Appendix A, Figure A.5), the 

overlap of phosphopeptides in all three sample sets (0, 15 and 120 min) was 21% 

whereas the phosphoprotein overlap was 45%, indicating that numerous 

phosphorylation events are occurring upon PDGF stimulation. The over-represented 

molecular function GO terms for each PDGF stimulation time point are shown in 

Appendix A, Figure A.6. It is evident that some functions are more prevalent during 

specific PDGF stimulation time points. For example, kinase activity and histone 

binding were over-represented at 15 min whereas cytoskeletal binding and 

phosphatase activity were over-represented at 120 min. Very few phosphoregulated 

functions were over-represented at 0 min, consistent with quiescent cell state. 

To explore the data further, the phosphorylation dynamics of specific 

phosphopeptides corresponding to proteins in the Ras and PI3K signaling pathways 

were calculated (Appendix A, Figure A.7) and compared to previously published 

results. The ERK2 phosphorylation sites pT183 and pY185 and the MEK1/2 

phosphorylation site pS222 both displayed transient phosphorylation kinetics which 

are consistent with previously published immunoblot data (Wang et al., 2009; Cirit et 

al., 2010). Raf-1, which is phosphorylated by ERK1/2 at several residues including 

the identified pS642 site (Dougherty et al., 2005), clearly demonstrated a sustained 

increase in activation over time. A similar trend was previously observed in 

immunoblot analysis of other Raf-1 sites phosphorylated by ERK1/2 (Cirit et al., 
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2010). These results suggest that the multidimensional phosphopeptide enrichment 

method presented here could be a viable approach for future quantitative studies. 

 

2.5 Conclusions 

In this study, a phosphopeptide enrichment strategy that combines ERLIC and 

tandem IMAC-TiO2 enrichment was developed and applied to PDGF-stimulated NIH 

3T3 cells. We determined that phosphopeptide enrichment using IMAC followed by 

TiO2 enrichment was the optimal order of enrichment. When applied to ERLIC 

fractions, the level of phosphopeptide enrichment was consistent between IMAC and 

IMAC-TiO2 across all time points suggesting that this method is reliable even for 

comparisons among unstimulated and stimulated samples. Furthermore, the 

enrichment strategy yielded a wide variety of phosphorylation motifs suggesting that 

IMAC-TiO2 tandem affinity is needed to obtain the full complement of kinase 

substrates. It should be noted that the number of phosphopeptides identified could 

vary greatly depending upon the specific IMAC (e.g., implementing metal ions other 

than Fe3+) and TiO2 materials and protocols used, tissue or cell type, and other 

sample preparation variables required for a particular study. However, the motif 

selectivity displayed should still be observed for other systems using our 

ERLIC/IMAC/TiO2 approach. 

Based on GO annotation, specific molecular functions were over-represented at 

each time point, indicating that PDGF stimulation induces phosphorylation changes 
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in a variety of proteins, not just those in the Ras and PI3K pathways. The 

phosphorylation changes for a few well-characterized proteins were calculated, 

suggesting that quantitative data can be obtained using our current approach. Given 

the importance of protein phosphorylation in cell regulation, the ERLIC and tandem 

IMAC-TiO2 phosphopeptide enrichment approach presented here should be useful 

for future quantitative studies to further improve our understanding of signal 

transduction networks.   
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CHAPTER 3: 

Assessing label-free quantitative phosphoproteomic approaches and 

application to growth factor-stimulated phosphorylation dynamics 

 
A portion of the following work was reprinted with permission from: Herring L.E., 
Grant, K.G., Blackburn, K., Haugh, J.M. and Goshe, M.B. Molecular Systems 
Biology 2014, 10 (1) 718-731. The original publication may be accessed directly via 
the world wide web. 

 

3.1 Introduction 

Extracellular signals are relayed through a network of proteins that produce highly 

specific outcomes, and if these networks become misregulated, cancer cells can 

form (Hunter, 2000; Steelman et al., 2011). Of particular interest is the extracellular 

signal-regulated kinase (ERK) pathway, which is stimulated when a ligand binds to a 

receptor tyrosine kinase inducing dimerization then autophosphorylation within the 

cytoplasmic domain of the receptor. This causes a cascade of events where 

ultimately Ras becomes activated, then activates Raf. Raf phosphorylates MEK, 

which then phosphorylates ERK, and ERK is translocated into the nucleus where it 

activates transcription factors that induce cell growth and proliferation (Kolch, 2000; 

McKay and Morrison, 2007; Roberts and Der, 2007). This pathway is one of the 

most well studied signal transduction pathways with a pubmed search of “ERK” 

resulting in over 34,000 hits (conducted March 2015). The two ERK isoforms, ERK1 

and ERK are similar in their function and regulation in most cases. ERK can become 
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activated by a number of signals such as growth factors, cytokines or stress and 

serves as an effector of hundreds of substrates (Wortzel and Seger, 2011; Roskoski, 

2012a). The activation of ERK has the ability to elicit different effects, sometimes 

within the same cell (Shaul and Seger, 2007). The mechanisms through which this 

specificity is carried out has been studied thoroughly, and includes: duration and 

strength of signals; protein-protein interactions with scaffolds; subcellular 

localization; cross-talk and interplay between the ERK cascade and other signaling 

pathways; and the presence of similar isoforms (Pouysségur et al., 2002; 

Chuderland and Seger, 2005; Ebisuya et al., 2005; Kolch, 2005; Lloyd, 2006; Mor 

and Philips, 2006; Murphy and Blenis, 2006; Hunter, 2007; Chuderland et al., 2008). 

Previous work has shown that platelet derived growth factor (PDGF)-mediated 

activation of ERK the pathway is typically transient, owing this to feedback regulation 

and nucelocytoplamic shuffling of ERK (Cirit et al., 2010; Ahmed et al., 2014).  

Traditional methods to study these signaling mechanisms often involve using 

specific antibodies against total and modified, phosphorylated forms of proteins, then 

quantifying the phosphorylation levels using immunoblot techniques. However, 

antibodies toward specific proteins are limited, and low specificity of some antibodies 

can become problematic. Quantitative mass spectrometry is a current approach to 

study these pathways that overcomes many challenges facing immunoaffinity-based 

approaches (Morandell et al., 2006; Olsen et al., 2006; White, 2008; Macek et al., 

2009; Jünger and Aebersold, 2014). 
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The quantitative proteomic approach using mass spectrometry is achieved by 

comparing peptide intensities across multiple samples. Since the ionization 

efficiencies and detectability are different for each peptide, only the intensity peak in 

a mass spectrum from one sample can be compared to that same peak in another 

sample. In this regard, most quantitative MS experiments are considered relative.  

Label-free quantification is a type of method that requires analyzing each sample by 

LC/MS/MS and uses precursor signal intensity or spectral counting to obtain 

quantitative data (Neilson et al., 2011). Label-free methods have several advantages 

over labeling methods in that it does not require the use of expensive labeling 

reagents and there is no reduced sample loading. In label-free quantitative 

phosphoproteomic studies, two challenges remain: finding a reliable phosphopeptide 

enrichment method and quantifying low levels of these phosphopeptides in all 

samples. For label-free, minimizing error due to sample handling variability is critical; 

for this reason, fractionation methods, for example, strong cation exchange 

chromatography (Beausoleil et al., 2004) that result in multiple fractions per sample 

should not be used. Therefore, typical studies of this kind use only an affinity 

enrichment step, such as IMAC or TiO2 to enrich phosphopeptides prior to 

LC/MS/MS analysis (Huber et al., 2009; Herskowitz et al., 2010; Soderblom et al., 

2011).  

Under non-stimulated or un-treated conditions, the basal level of phosphorylation on 

a peptide, even after enrichment, can be low enough that the mass spectrometer will 
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not detect the phosphopeptide precursor ion; therefore, it will not be targeted for 

MS/MS and will not be sequenced/identified. This becomes an issue in label-free 

quantification studies because each sample is run separately; therefore, each 

precursor ion needs to be interrogated and identified in order to obtain quantitative 

information for a phosphopeptide in each sample. Several label-free programs 

mitigate this problem by extracting precursor areas for each MS1 measurement (i.e., 

the data acquired during the MS survey scan), then uses m/z and retention time 

information to match the peptide across multiple runs.  

In this study, we have optimized a robust label-free quantitative method to examine 

the phosphorylation dynamics in PDGF-responsive NIH3T3 mouse fibroblasts. We 

took a targeted approach to examine ERK dynamics and were able to resolve 

specific phosphoforms of ERK that were previously unobserved. These data were 

used in a mathematical model that explains the dynamics of ERK. We also took a 

global approach to study the phosphoproteome changes over a PDGF time course, 

resulting in quantification of over 2,200 phosphopeptides.  

 

3.2 Experimental 

3.2.1 Materials 

All tissue culture reagents were purchased from Invitrogen (Life Technologies, 

www.lifetechnologies.com). Human recombinant PDGF-BB was purchased from 
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Peprotech (www.peprotech.com). NIH 3T3 mouse fibroblasts were obtained from 

American Type Culture Collection (www.atcc.org). Water was distilled and purified 

using a High-Q 103S water purification system (www.high-q.com). All other reagents 

and chemicals were purchased from Sigma Aldrich or Thermo Fisher unless 

otherwise stated. 

 

3.2.2 Cell Culture and Lysis 

NIH 3T3 fibroblasts were cultured at 37ºC with 5% CO2 in Dulbecco’s modified 

Eagle’s medium supplemented with 10% fetal bovine serum, 2 mM l-glutamine, and 

the antibiotics penicillin (100 units/ml) and streptomycin sulfate (100 µg/ml). Dishes 

to be processed on the same day were plated with equal numbers of cells and 

allowed to reach 90% confluency. Cells were serum-starved for 3 h prior to no 

stimulation or 300 pM PDGF stimulation for 15 or 120 min. Cells were harvested and 

lysed as previously described (Park et al., 2003). A 5-fold volume of ice-cold acetone 

was added to each sample, vortexed, and then incubated at -20ºC overnight. After 

centrifugation, the supernatant was discarded and the dried protein precipitate was 

dissolved in 50 mM ammonium bicarbonate (pH 8.2) containing 8 M urea. The total 

protein concentration was determined by the BCA assay (Pierce, 

www.piercenet.com).   
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3.2.3 Protein Digestion and Phosphopeptide Enrichment 

Equal amounts of lysate were digested with trypsin as previously described (Herring 

et al., 2015) and peptides were stored at -80ºC until further processing. 

The procedure for IMAC was as we previously described (Chien et al., 2011), with a 

few modifications. Prior to IMAC, 4 µg of B-casein standard (Sigma Aldrich) digest 

was spiked in to each sample. Nitriloacetic acid (NTA) resin (Life Technologies, 

www.lifetechnologies.com) charged with 100 mM FeCl3 was packed into a gel 

loading pipet tip made in-house containing a frit, and the resin was washed twice 

with 100 µl of 2% acetic acid. ERLIC fractionated peptides were resolubilized in 2% 

acetic acid, loaded onto the IMAC column, and washed twice with 100 µl of 2% 

acetic acid. A more stringent wash was performed twice with 100 µl of 74/25/1 100 

mM NaCl/ACN/acetic acid (v/v/v), followed by a 100 µl wash with only water. 

Retained peptides were eluted with 100 µl of 5% NH4OH, then immediately acidified 

to pH 3 with formic acid. The eluted peptides were dried using vacuum 

centrifugation, and resuspended in 0.1% formic acid for LC/MS/MS analysis.  

 

3.2.4 LC/MS/MS Data Acquisition 

LC/MS/MS analyses were performed on an Easy nLC 1000 ultra-pressure liquid 

chromatograph coupled to an LTQ Orbitrap Elite mass spectrometer (Thermo 

Scientific, www.thermoscientific.com). Samples were injected onto a PepMap C18, 5 

µm, trapping column (Thermo Scientific) then separated by in-line gradient elution 
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onto a New Objective (www.newobjective.com) Self-Pack PicoFrit column (75 µm id 

x 15 cm) packed in-house with 1.7 µm BEH C18 stationary phase (Waters 

Corporation, www.waters.com). The linear gradient for separation consisted of 5-

40% mobile phase B over 90 min at a 300 nl/min flow rate, where mobile phase A 

was 0.1% formic acid/2% ACN in water and mobile phase B consisted of 0.1% 

formic acid in ACN. The Orbitrap Elite was operated in data-dependent mode where 

the 10 most intense precursors were selected for subsequent fragmentation using 

CID. Resolution for the precursor scan (m/z 400-2000) was set to 60,000 at m/z 400 

with a target value of 1x106 ions. The MS/MS scans were acquired in the linear ion 

trap with a target value of 5000. The normalized collision energy was set to 35%. 

The signal intensity threshold for triggering an MS/MS event was set to 1000. For 

internal mass calibration, the ion of polycyclodimethylsiloxane with m/z 445.120025 

was used as the lock mass (Olsen et al., 2005). Monoisotopic precursor selection 

was enabled, and precursors with unknown charge or a charge state of 1 were 

excluded.  

 

3.2.5 Data Analysis 

Raw data files of the IMAC enriched samples were processed using Proteome 

Discoverer 1.3 (Thermo Scientific). Peak lists were searched against a forward and 

reverse Mus musculus UniProt database (74232 sequences) using both Mascot 

(Matrix Science) and Sequest (Thermo Scientific). The following parameters were 
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used to identify tryptic peptides for protein identification: 10 ppm precursor ion mass 

tolerance; 0.6 Da product ion mass tolerance; up to two missed trypsin cleavage 

sites; carbamidomethylation of Cys was set as a fixed modification; oxidation of Met 

and phosphorylation of Ser, Thr, and Tyr were set as variable modifications. The 

percolator node was used to estimate the number of false positive identifications, 

and a q-value was assigned; a “high confidence” q-value of <0.01 was used to filter 

all results. The phosphoRS algorithm was used to measure the phosphorylation site 

localization probabilities(Taus et al., 2011).  

 

3.2.6 Label-free quantification 

The label-free method that utilizes precursor signal intensities to determine relative 

abundances of peptides was used for quantification. Various programs were used 

throughout and are listed in the Results. 

 

3.3 Results and Discussion 

3.3.1 Development of a robust and reproducible phosphopeptide enrichment 

strategy 

The purpose of this study was to develop a method to quantify phosphorylation 

levels using mass spectrometry. In order to do so, several steps of the process were 

assessed. First, the IMAC phosphopeptide enrichment step was assessed by 
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spiking in a known amount (4 µg) of beta-casein digest into each NIH 3T3 lysate 

digest sample (200 µg) prior to enrichment. Beta-casein contains a large number of 

phosphorylated residues; therefore, it was used as a phosphoproteomic standard. 

After enrichment, LC/MS/MS analysis was conducted using a top 7 data-dependent 

acquisition using CID. Each sample was analyzed in triplicate, so as to assess the 

instrument variation. The label-free quantitation program, Sieve (Thermo Scientific) 

was used to extract the area under the curve (AUC) for each beta-casein 

phosphopeptide. Table 3.1 contains the data for each phosphopeptide at each time 

point. Since the same amount of beta-casein was spiked into each sample, the ratios 

should be 1.00 for each phosphopeptide. The percent error was calculated by 

dividing the expected ratio (1.00) by the average of the measured ratios for each 

phosphopeptide. The average percent error is about 20%, which is considered 

acceptable for label-free quantitative measurements. The coefficient of variance 

(CV) for the technical replicates is 7.4%, which is good for this type of experiment.  
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Table 3.1 - Assessment of the phosphopeptide enrichment variability.  

 

 

3.3.2 Evaluation of label-free software 

After determining the robustness of the phosphopeptide enrichment strategy, we 

evaluated several available label-free programs. An example of a label-free, AUC 

data processing workflow using Progenesis QI (Nonlinear Dyanmics) is shown in 

Figure 3.1. 

Casein	  Phosphopeptide Timepoint Average	  AUC CV Ratio	  (Tx/T0) Percent	  Error
0 229056 6.2

KYKVPQLEIVPNpSAEER 15 185267 3.3 0.81 19
120 309226 2.8 1.35 35
0 1239099 2.2

YKVPQLEIVPNpSAEER 15 980332 5.6 0.79 21
120 1633089 1.6 1.32 32
0 437092 7.1

VPQLEIVPNpSAEER 15 353945 0.5 0.81 19
120 464623 17.2 1.06 6
0 23017 23.0

EQLSTpSEENSKKTVDMEpSTEVFTK 15 28176 1.7 1.22 22
120 19178 12.1 0.83 17
0 2353824 3.3

KTVDMEpSTEVFTK 15 2182732 8.0 0.93 7
120 3444731 18.6 1.46 46
0 131353 2.5

NMAINPpSKENLCSTFCK 15 102687 8.9 0.78 22
120 218034 12.5 1.66 66
0 2037341 4.2

TVDMEpSTEVFTK 15 1904882 2.0 0.93 7
120 2326733 18.8 1.14 14
0 2353825 3.3

TVDMEpSTEVFTKK 15 2182733 8.0 0.93 7
120 3444731 18.6 1.46 46
0 5842792 3.6

FQpSEEQQQTEDELQDK 15 5881179 5.0 1.01 1
120 5226139 6.0 0.89 11
0 550305 4.5

IEKFQpSEEQQQTEDELQDK 15 481992 3.1 0.88 12
120 644147 9.0 1.17 17

AVERAGE 7.4 1.07 21%
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Figure 3.1 - Label-free quantitation workflow using Progenesis. Raw data are imported and aligned. Normalization followed 
by filtering (using retention time, charge state, etc. criteria). Peak peaking of precursors between a control and sample, 
followed by peptide/protein identification using Mascot. The normalization, filtering and peak picking images are from 
www.nonlinear.com. 
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In this example (based on the Progenesis workflow), a feature detection and 

alignment across LC/MS/MS runs is first conducted. The alignment uses retention 

time information from one sample and corresponds it to multiple samples. Feature 

detection extracts peptide signals from the samples based on m/z ratios, charge and 

retention time. Next, a normalization of the data occurs based on the total ion current 

from that run or the total number of runs. The peak areas are then extracted and the 

MS/MS data is used to identify the peptide/protein. At this point, the data can be 

filtered within Progenesis (based on Mascot score, for example) or filtered with an 

external program prior to importing results back into Progenesis. Quantification 

occurs at the peptide and protein level. For protein quantification, Progenesis uses 

the sum of the unique peptide abundances or the top 3 most abundant unique 

peptides for each protein across all samples.  

Several academic labs and private companies have developed label-free programs, 

some of which were evaluated in this study, as shown in Table 3.2. While the order 

of steps or rigor of each step may be different between each program, the majority of 

them use the steps we outlined above. 
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Table 3.2 - Evaluation of several label-free quantitative software. A check indicates that the 
program meets the listed criteria. 

 

 

PD peaks refers to the feature within Proteome Discoverer (Thermo Scientific) that 

extracts peak areas of identified peptides. This is considered a simple extraction and 

does not perform any type of alignment or normalization. Scaffold (Proteome 

Software) is a program that imports searched results (i.e., Proteome Discoverer 

results) of multiple samples and allows for easy comparison of samples to identify 

biological relevance. PD peaks and Scaffold rely on MS/MS identifications for 

quantification. As previously mentioned, it’s important to find a label-free program 

that is able to quantify all precursor ions, even if they are not identified in every 

sample. Of the programs we evaluated, MaxQuant, Sieve, Progenesis and Skyline 

Sieve Progenesis PD	  peaks Scaffold MQ Skyline

Can	  I	  view	  extracted	  ion	  chromatogram	  for	  the	  peak	  
that	  was	  integrated?

Can	  I	  view	  the	  MS/MS	  spectra	  for	  a	  quantified	  
peptide?

Can	  I	  manually	  integrate	  peaks	  if	  needed?

Can	  it	  quantify	  peptides,	  even	  if	  it's	  not	  found	  in	  every	  
sample?

Does	  it	  require	  specific	  raw	  data	  formats?

Can	  it	  handle	  complex	  fractionated	  sample	  sets?

Does	  it	  pull	  in	  identifications	  from	  "independent"	  
search	  results?

Can	  it	  perform	  statistical	  analyses	  (ANOVA,	  PCA,	  etc)?

Is	  it	  user-‐friendly	  (intuitive,	  comes	  with	  manuals,	  etc)?

Is	  it	  free?
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met this criterion. It should be noted that in some studies, this level of detail is not 

needed, such as measurements of total protein amounts where more than one 

peptide is used for quantification; however, peptide-level detail is needed for 

phosphoproteomic studies.  

MaxQuant (MQ) is a free program developed in Matthais Mann’s lab which 

integrates a search engine (Adromeda) into the quantification program (MaxQuant), 

as well as a viewer for inspection of raw data and results (Cox and Mann, 2008); 

however, many steps of this process are not visible. For example, you are not able 

to view the peak that was picked for integration (i.e., the extracted ion 

chromatogram). MaxQuant was initially designed for quantification using SILAC, but 

the label-free feature has been added in recent years (Luber et al., 2010). While 

advantages of MaxQuant include matching between runs, normalization and the 

ability to handle fractionated samples, it is not as user friendly or transparent in its 

processing compared to programs such as Progenesis and Sieve. It also requires 

specific vendor raw data (Thermo Scientific). Skyline is another free program 

developed in Michael MacCoss’s lab and was originally used for SRM-based 

quantitation (MacLean et al., 2010). Later, a label-free quantification application 

using MS1 extracted ion chromatograms was developed (Schilling et al., 2012). 

Skyline allows for inspection of peak integrations and manual integration, if needed. 

This is a huge advantage over other label-free programs; however, Skyline’s peak 

picking is not reliable at the moment. This becomes a problem when the goal is to 
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globally quantify phosphorylation levels between multiple samples because it’s 

impossible to inspect each peak integration. For this reason, Skyline is useful for a 

“targeted” experiment, where there are specific phosphopeptide measurements 

needed. Sieve is a commercially available program from Thermo Scientific that 

aligns based on a fully developed, well-made algorithm called ChromAlign. It assigns 

an alignment score for each sample, which makes it easy to assess and adjust the 

alignment if needed. Because of this, using this program for global quantification of a 

large dataset is feasible. Once the alignment is done, “framing” occurs which 

determines if there is a statistically significant difference in abundances between a 

control and treated sample. In this regard, Sieve incorporates statistical analyses 

within the software, making it very user-friendly. Because phosphopeptides are 

assigned a phosphorylation site localization score, multiple phosphopeptide entries 

for one phosphopeptide are often generated. This becomes a problem when trying to 

import these identifications into Sieve. Progenesis, as mentioned previously, is 

another label-free program that conducts a rigorous alignment and assigns an 

alignment score. It also allows for manual integration, if needed and imports 

phosphopeptide identifications from a variety of sources. Prior to importing 

identifications, you can filter the results based on scores. Progenesis also conducts 

statistical analyses at the peptide and protein level. For these reasons, Progenesis is 

preferred for global phosphoproteomic studies; however, the price of the software 



 

108 

remains its biggest disadvantage. Skyline and Sieve are good for “targeted” 

quantitative studies. 

 

3.3.3 Label-free quantitation of ERK dynamics 

ERK1 and ERK2 are highly homologous isoforms with overlapping functions. 

ERK1/2 is phosphorylated in the TEY signature motif within ERK’s activation loop, 

and phosphorylation of both the Thr and Tyr are required for full activation. This 

activation can be initiated by growth factors, such as platelet derived growth factor 

(PDGF) which induces transient activity of ERK1/2 that reaches its maximal 

activation point around 15 min post-stimulation, followed by a period of adaptation. 

ERK deactivation is thought to be mediated by phosphatases and removal of one 

phosphorylation is enough to render ERK inactivate. Several Ser-Thr, Tyr and dual-

specificity phosphatases (MKPs) are responsible for inactivating ERK and act only 

30-60 min after stimulation (Roskoski, 2012a).  

We set out to quantify phosphorylated ERK dynamics over a PDGF time course 

using label-free mass spectrometry. The phosphopeptides containing the activation 

site within ERK1 (IADPEHDHTGFLTEYVATR) and ERK2 

(VADPDHDHTGFLTEYVATR) were quantified using Skyline. As noted in the 

previous section, Skyline is optimal for “targeted” quantification, such as in this case. 

The doubly phosphorylated, fully activated forms of ERK2 were identified, and the 

extracted ion chromatogram for this phosphopeptide is illustrated in Figure 3.2A. 



 

109 

Additionally, both singly phosphorylated forms of ERK2 were identified with a high 

level of confidence. Figure 3.2B shows the isolation and identification of the two 

singly phosphorylated forms of ERK2 (the pT and pY forms). As evident in the singly 

phosphorylated forms of ERK2 chromatogram, the peptide containing 

phosphotyrosine elutes much earlier compared to that of the same peptide 

containing a phosphothreonine. The phosphate group on the tyrosine has been 

suggested to contribute to an increase in hydrophilicity of the peptide since tyrosine 

makes a longer side chain compared to a phosphate group on the threonine or 

serine, thus causing the peptide to elute earlier (Kim et al., 2007). This is an example 

of the power of LC/MS/MS because this level of detail is not easily obtained by 

quantitative immunoblot analysis. Quantitative data were also obtained for the three 

phosphoforms of ERK1. The MS2 product ion for all three phosphopeptides of both 

ERK1 and ERK2 are shown in Figures 3.3-3.8.  
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Figure 3.2 - Extracted ion chromatograms of (A) pTpY-ERK2 and (B) pY-ERK2 and pT-
ERK2.  
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Figure 3.3 - MS2 product ion spectrum of pY-ERK2. 

 

 
Figure 3.4 - MS2 product ion spectrum of pT-ERK2.  
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Figure 3.5 - MS2 product ion spectrum of pTpY-ERK2.  

 

 

Figure 3.6 - MS2 product ion spectrum of pT-ERK1. 
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Figure 3.7 - MS2 product ion spectrum of pY-ERK1.  

 

 

Figure 3.8 - MS2 product ion spectrum of pTpY-ERK1.  
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The phosphorylation dynamics for both ERK1 and ERK2 over the PDGF-stimulated 

time course are illustrated in Figure 3.9.  

 

 

 

Figure 3.9 - Quantification of the phosphorylated ERK states by LC/MS/MS. The top row 
presents label-free quantitative results, analyzed using Skyline software, showing kinetics of 
mono-phosphorylated (pT181 and pY183) and di-phosphorylated (ppERK2) forms of ERK2 
in NIH 3T3 cells, stimulated with PDGF for the indicated times. The bottom row shows the 
homologous phosphorylation states of ERK1. Values are normalized and reported as mean 
± s.e.m. in arbitrary units (n = 3). This figure was published as Figure S2 in Shoeb, A., et. al., 
Mol. Syst. Biol., 2014. 

 
 
 
The dynamics are highly similar for both doubly phosphorylated ERK1 and ERK2, 

which show a sharp increase in activity at 15 min PDGF stimulation then almost 
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complete adaptation after 120 min. Singly phosphorylated forms of ERK1 and ERK2 

show an increase in levels at 15 min, but then show either no (pT-ERK1) or minimal 

adaptation after 120 min.The phosphorylation dynamics of ERK can be explained by 

either a “processive” or “distributive” mechanism. The processive mechanism is 

where MEK first binds ERK then phosphorylates one site (presumably threonine), 

then slides to the second phosphorylation site (tyrosine), phosphorylating both 

consecutively. The distributive mechanism is where MEK first binds ERK and 

phosphorylates the threonine, then dissociates from ERK. Then the same or a 

different MEK molecule will bind and phosphorylate the tyrosine (Toni et al., 2012). 

Dephosphorylation by phosphatases can occur by the same mechanisms. Both 

mechanisms have been proposed and demonstrated to occur in different contexts; 

nevertheless, the formation of doubly phosphorylated ERK is preferred and occurs 

through switch-like response. Additionally, stable levels of the singly phosphorylated 

forms of ERK have been previously explained by the constant dephosphorylation of 

doubly phosphorylated ERK by phosphatases (Hahn et al., 2013). However, other 

aspects of signaling, such as nucleocytoplasmic shuffling and substrate interactions, 

should also be taken into account.  

 
The ERK1/2 phosphoproteomic data, along with other biochemical and live cell 

imaging data, went into a model explaining ERK dynamics and took into account 

MEK and ERK phosphorylation in the cytosol, nucleocytoplasmic shuffling of ERK as 

well as ERK-substrate interactions in the cytosol and nucleus (Figure 3.10). Based 
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Figure 3.10 - Schematic of a kinetic model including cytosolic and nuclear substrates that bind to and are phosphorylated by 
active ERK. This figure was published as Figure 4A in Shoeb, A., et. al., Mol. Syst. Biol., 2014. 
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on this model, the slow step in the reaction is the liberation of substrate-bound ERK 

followed by rapid dephosphorylation and, in the case of nuclear ERK, export to the 

cytosol (Ahmed et al., 2014).  

 
 

3.3.4 Label-free quantitation of global response to PDGF 

After evaluation of label-free software, Progenesis was selected for untargeted 

quantification of PDGF-responsive phosphorylation levels. Progenesis was chosen 

because it provides transparent data processing, allows for flexible filtering, and 

conducts statistical analysis within the software. After data processing and filtering, 

over 2,200 phosphopeptides were quantified. Among the identified phosphopeptides 

were a number of previously reported sites involved in the Ras and PI3K signaling 

pathways, some of which were validated by our previously published quantitative 

immunoblot results (Wang et al., 2009; Cirit et al., 2010). ERK phosphorylation 

dynamics were similar to those quantified by Skyline. The label-free, quantitative 

results of these phosphorylated proteins, as well as others related to the Ras and 

PI3K pathways, were mapped to a network diagram (Figure 3.11). It is known that 

growth factor stimulation results in activation of ERK1/2 and Akt,(Yoon and Seger, 

2006; Manning and Cantley, 2007) and several phosphorylation sites on Akt1 and 

ERK1/2 substrates were quantified and include PDK1 and GSK3β. For instance, the 

phosphopeptide corresponding to phosphorylation at Ser9 on GSK3β, a site known 

to be phosphorylated by Akt1 that results in inhibition,(McManus et al., 2005) 
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displayed increased levels of phosphorylation after 120 min PDGF stimulation. 

Additionally, some of the detected phosphorylation sites have been reported to be 

constitutively phosphorylated, such as Ser 126 of Akt1(Alessi et al., 1996; Bellacosa 

et al., 1998) and Ser244 of PDK1 (Casamayor et al., 1999). Furthermore, 

phosphorylation sites of unknown function (for example, Ser198 on Rin1) or 

completely novel sites (for example, Thr1122 on Raptor) were also detected. The 

ability of our approach to detect proteins displaying a variety of dynamic 

phosphorylation events using only three time points over a two-hour period of PDGF 

stimulation suggests that the inclusion of additional time points and replicates would 

provide “higher resolution”, more comprehensive mapping along multiple pathways 

which would reveal novel regulatory modes within this signaling network. 
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Figure 3.11 - Phosphorylation dynamics of selected proteins of PDGF-stimulated NIH 3T3 
cells. Phosphorylation sites were mapped onto a network diagram, recompiled from the 
KEGG pathways and Cirit et al (Cirit et al., 2010). Detected proteins are in green and non-
detected proteins are in tan. The identified site of phosphorylation for each protein is 
indicated by the one letter amino acid residue abbreviation followed by the residue number. 
The circles represent the quantification of the identified phosphorylation site, with the left 
and right halves of the circle representing the relative phosphorylation level at 15 min and 
120 min (normalized to the unstimulated NIH 3T3 cells), respectively. Up-regulated, 
unchanged, and down-regulated phosphorylation sites are in red, grey, and blue, 
respectively, and were determined by taking the log2 of the ratio. The purple lines represent 
activation and the red lines represent inhibition.  
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3.4 Conclusions 

In this study, we evaluated several label-free programs and applied a label-free 

quantitation method to study growth factor-mediated dynamics in NIH 3T3 cells. A 

targeted approach was taken to determine ERK dynamics of singly and doubly 

phosphorylated forms of the protein. These data, along with other biochemical and 

live cell imaging data, were used in a model describing ERK kinetics. Specifically, 

the label-free quantitative data were able to provide new parameters for singly 

phosphorylated ERK, of which the dynamics for were previously unknown. In the 

future, data of higher temporal resolution may be needed, so additional, earlier time 

points (between 15 and 120 min) will be necessary. To add to the already 

determined spatiotemporal ERK parameters, compartmental fractionation of the 

cytosol and nucleus prior to processing and phosphopeptide enrichment may also be 

useful. A global approach was also taken to quantify all detectable phosphorylation 

levels over a PDGF time course. In the future, this type of quantitative approach will 

be able to provide more parameters for models of this kind. 
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CHAPTER 4: 

Towards understanding the crosstalk between the Ras/PI3K/mTOR signaling 

networks using quantitative phosphoproteomics 

 

4.1 Introduction 

Cells respond to signals, such as stress, hormones and growth factors, through 

tightly regulated networks of proteins. Signaling via growth factors play critical roles 

in controlling cellular growth, proliferation and differentiation through regulation of 

signal transduction pathways (Schlessinger and Ullrich, 1992; Lemmon and 

Schlessinger, 2010). Cells control the activation of proteins involved in these 

pathways through several mechanisms including regulation of their phosphorylation 

states, eventually leading to response of the growth factor. While in the past, 

activation of signaling pathways was thought to be an ordered series of processes, 

over the last several decades it has become increasingly evident that they rarely act 

as independent pathways. Signaling crosstalk can occur by feedback loops, cross-

phosphorylation between cascades, by combinatorial effects on downstream targets 

or by modulation of activity (Shaul and Seger, 2007; Wortzel and Seger, 2011). The 

notion of crosstalk has been acknowledged, but the details of these interactions on a 

global scale remain largely unknown. 
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Crosstalk between the Ras and PI3K pathways mediated by growth factor receptor 

activation has been studied extensively (Chung et al., 1994; Moelling et al., 2002; 

Kiyatkin et al., 2006; Wang et al., 2009; Aksamitiene et al., 2010). There are several 

nodes where this crosstalk occurs; for example, ERK can be activated by signals 

from both the Ras and, to a greater extent, the PI3K pathway. ERK in turn can 

negatively regulate the Ras and PI3K pathway through feedback inhibition (Wang et 

al., 2009; Aksamitiene et al., 2012). Not only does the PI3K pathway interact with the 

Ras pathway, but it also feeds into the mTOR pathway. PI3K modulates the activity 

of Akt, which then can lead to mTOR activation. Crosstalk between the 

Ras/PI3K/mTOR pathways have been studied; for example, activation of the Ras 

pathway can lead to mTOR activation by ERK and RSK signaling to the TSC 

complex (Mendoza et al., 2011). 

In the past, efforts to understand pathway regulation have been led by quantitative 

immunoblotting, where phosphospecific antibodies are used to determine 

phosphorylation dynamics over a stimulation time course. The availability of these 

types of antibodies is limited to a small number of phosphosites on an overall 

relatively small number of proteins. Additionally, issues arise when trying to examine 

the system as a whole, because only a handful of phosphorylated proteins can be 

examined at a time by quantitative immunoblotting. Phosphoproteomic studies using 

mass spectrometry have become an invaluable method to study pathway regulation 

in depth (Morandell et al., 2006; Olsen et al., 2006; White, 2008; Macek et al., 2009; 
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Jünger and Aebersold, 2014). While it is possible to study this regulation over a 

growth factor stimulated time course using phosphoproteomics, it is difficult 

understand the complexities of network regulation (for example, crosstalk and 

feedback regulation) with just these data. Pathway perturbations introduced by 

sources including siRNA, protein mutants or pharmacological inhibitors have been 

recently used in conjunction with quantitative phosphoproteomics (Pan et al., 2009a; 

Li et al., 2010; Yan et al., 2010; Winter et al., 2012). 

To investigate the notion of crosstalk between the Ras/PI3K/mTOR pathways, we 

used pharmacological inhibitors targeting MEK1/2 activity, PI3K, and mTOR in 

PDGF-responsive NIH3T3 mouse fibroblasts. Next, we used a quantitative 

phosphoproteomic approach to determine the phosphorylation dynamics on a global-

level. Our results revealed the dynamics of over 3,000 phosphopeptides, several of 

which are involved in regulation of the Ras/PI3K/mTOR pathways. Phosphorylation 

dynamics of a few proteins were confirmed by immunoblot analysis. Furthermore, a 

systems-level analysis was conducted, revealing clusters of phosphopeptides that 

were differentially regulated upon inhibitor treatment.  
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4.2 Experimental 

4.2.1 Materials 

All tissue culture reagents were purchased from Invitrogen (Life Technologies, 

www.lifetechnologies.com). Human recombinant PDGF-BB was purchased from 

Peprotech (www.peprotech.com). NIH 3T3 mouse fibroblasts were obtained from 

American Type Culture Collection (www.atcc.org). Rapamycin, ammonium 

bicarbonate, acetic acid, ferric chloride, dithiothreitol and urea were from Sigma-

Aldrich (www.sigmaaldrich.com). Water was distilled and purified using a High-Q 

103S water purification system (www.high-q.com). U0126 and PI3Kα IV inhibitor 

(CAS 1188890-32-5) were purchased from EMD Millipore/Calbiochem (Billerica, 

MA). All other reagents and chemicals were purchased from Thermo Fisher unless 

otherwise stated. 

 

4.2.2 Cell Culture and Lysis 

NIH 3T3 fibroblasts were cultured at 37ºC with 5% CO2 in Dulbecco’s modified 

Eagle’s medium supplemented with 10% fetal bovine serum, 2 mM l-glutamine, and 

the antibiotics penicillin (100 units/ml) and streptomycin sulfate (100 µg/ml). Dishes 

to be processed on the same day were plated with equal numbers of cells and 

allowed to reach 90% confluency. Cells were serum-starved for 4 h prior to pre-

incubation for 30 min with either vehicle (0.2% DMSO), 100 nM rapamycin, 10 µM 
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U0126, or 1 uM PI3Ka inhibitor IV, followed by stimulation with 300 pM PDGF or 

vehicle (PBS) for 15 or 120 min. Cells were harvested and lysed as previously 

described (Park et al., 2003).  

 

4.2.3 Western Blot Analysis  

A portion of each lysate was prepared for immunoblot analysis, which were 

performed using enhanced chemiluminescence, as described previously (Park et al., 

2003). Blots comparing lysates prepared on the same day, representing different 

inhibitor treatments and respective control conditions, were performed in parallel and 

exposed at the same time. Antibodies against total ERK1/2, MEK, Akt, and S6K and 

phosphospecific antibodies against ERK pThr202/pTyr204, MEK pSer217/pSer221, 

Akt pSer473 and S6K pThr389 were from Cell Signaling. Chemiluminescence was 

visualized with SuperSignal West Femto Maximum Sensitivity Substrate (Pierce) and 

imaged using the Syngene G-Box (Syngene).  

 

4.2.4 Protein Digestion and Phosphopeptide Enrichment 

Equal amounts of protein from each sample (200 µg) were digested with trypsin 

using the filter-aided sample preparation (FASP) protocol (Zougman et al., 2009). 

Peptides were dried down via vacuum centrifugation and stored at -80ºC until further 

processing. 
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For phosphopeptide enrichment, IMAC-TiO2 tandem enrichment was used as 

previously described (Herring et al., 2015). Both the IMAC and TiO2 elutions were 

reconstituted in 0.1% formic acid and analyzed by LC/MS/MS. 

 

4.2.5 LC/MS/MS Data Acquisition 

LC/MS/MS analyses were performed on an Easy nLC 1000 ultra-pressure liquid 

chromatograph coupled to an LTQ Orbitrap Elite mass spectrometer (Thermo 

Scientific). Samples were injected onto a PepMap C18, 5 µm, trapping column 

(Thermo Scientific) then separated by in-line gradient elution onto Self-Pack PicoFrit 

column (75 µm id x 15 cm, New Objective) packed in-house with 1.7 µm BEH C18 

stationary phase (Waters Corporation). The linear gradient for separation consisted 

of 5-40% mobile phase B over 90 min at a 300 nl/min flow rate, where mobile phase 

A was 0.1% formic acid/2% ACN in water and mobile phase B consisted of 0.1% 

formic acid in ACN. The Orbitrap Elite was operated in data-dependent mode where 

the 10 most intense precursors were selected for subsequent fragmentation using 

CID. Resolution for the precursor scan (m/z 400-2000) was set to 60,000 at m/z 400 

with a target value of 1x106 ions. The MS/MS scans were acquired in the linear ion 

trap with a target value of 5000. The normalized collision energy was set to 35%. 

The signal intensity threshold for triggering an MS/MS event was set to 1000. For 

internal mass calibration, the ion of polycyclodimethylsiloxane with m/z 445.120025 

was used as the lock mass (Olsen et al., 2005). Monoisotopic precursor selection 



 

132 

was enabled, and precursors with unknown charge or a charge state of 1 were 

excluded.  

 

4.2.6 Data Analysis 

Raw data files of all enriched samples were processed using MaxQuant version 

1.5.2.8, which uses the Andromeda search engine. Peak lists were searched against 

a Mus musculus UniProt database (45,188 sequences). Search parameters include: 

MS tolerance of 7 ppm, MS/MS tolerance of 0.5 Da and full trypsin specificity, 

allowing up to two missed cleavages. Carbamidomethylation of Cys was set as a 

fixed modification; oxidation of Met and phosphorylation of Ser, Thr, and Tyr were 

set as variable modifications. Peptides were required to be six amino acids in length 

and a MaxQuant score > 40, with false discovery rates (FDRs) of 0.01.  

Data analysis was conducted using Perseus version 1.5.1.6. Only phosphopeptides 

with phosphorylation site probabilities above 70% were considered for quantitation. 

Hierarchical clustering was conducted within Perseus. The ClueGo plug-in (Bindea 

et al., 2009) within Cytoscape (Shannon et al., 2003) (version 3.0.2) was used to 

determine over-represented molecular function GO annotations and KEGG 

pathways. Enrichment analysis was based on two-sided minimal-likelihood test on 

the hypergeometric distribution. The Bonferroni step down correction was employed 

to adjust p-values for statistically enriched terms (p-value of 0.01 was considered 

significant). 
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4.3 Results and Discussion 

4.3.1  The effects of MEK, PI3K and mTOR inhibition on PDGF-responsive cells 

U0126 is a potent inhibitor of MEK1/2, which is downstream of Raf in the Ras 

pathway, and exerts its inhibitory effect by binding to inactive MEK1/2 and 

suppressing its activation (Duncia et al., 1998; Davies et al., 2000; Pan et al., 2009). 

The PI3Kα IV inhibitor (referred to as PI3Ki) can inhibit all PI3K isoforms at sub-

micromolar concentrations and successfully suppresses downstream Akt 

phosphorylation (Hayakawa et al., 2006). Rapamycin binds directly to the catalytic 

mTOR subunit, mTOR Complex 1 (mTORC1) and inhibits mTOR activation (Ballou 

and Lin, 2008). A simplified depiction of the proteins inhibited by U0126, PI3Ki and 

rapamycin is illustrated in Fig. 4.1. All three of these inhibitors display anti-tumor 

properties; therefore, it is imperative to understand their effects on pathway 

regulation. Furthermore, these inhibitors can be used as pharmacological probes of 

Ras-,PI3K-, and mTOR-dependent biology. 

 



 

134 

 

Figure 4.1 - A simple overview of the Ras/MEK/ERK, PI3K/Akt/mTOR pathways and sites of 
intervention by small molecule inhibitors used in this study. U0126 inhibits MEK1/2 activity, 
PI3Ki inhibits PI3K, and rapamycin inhibits mTOR. Purple lines indicate activation while red 
lines indicate inhibition. 

 

To understand the interactions between the Ras, PI3K and mTOR pathways, we 

studied the response to U0126, PI3Ki and rapamycin over a 120 min PDGF time 

course followed by a quantitative phosphoproteomic analysis to quantify 

phosphorylation dynamics. First, we incubated NIH 3T3 mouse fibroblasts with each 

inhibitor at levels needed for complete inhibition (>IC50) for 30 min; the IC50 for 

rapamycin, U0126 and PI3Ki are ~0.1 nM, ~0.07 nM (Duncia et al., 1998), and ~2 

*U0126'

*PI3Ki'

*Rapamycin'
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nM (Hayakawa et al., 2006), respectively. Fibroblasts treated with DMSO were used 

as a control. The 15 min PDGF stimulation time point was chosen, as the transient 

activation of these pathways occurs between 0-15 min after PDGF stimulation, 

whereas 120 min is indicative of adaptation. After 0, 15 and 120 min PDGF 

stimulation, we processed the samples and digested with trypsin. We used a tandem 

IMAC-TiO2 phosphopeptide enrichment procedure, to maximize the number of 

phosphopeptides identified without introducing a substantial amount of variability due 

to sample handling error, which occurs with complicated fractionation methods. 

Three biological replicates of each sample were analyzed on an Easy nLC 1000-

Orbitrap Elite, and MaxQuant was used for peptide/protein identification and label-

free quantification (Figure 4.2).  

A key aim of this study was to determine the global effects of inhibitors on 

phosphorylation dynamics. After processing the label-free quantitative data in 

Perseus using stringent criteria we identified 5570 phosphopeptides with a 

localization probability >0.70. Of the 5570 phosphopeptides, we quantified 3000 in at 

least half of the measurements (with an average localization of 0.96) in total and 

used these for further analysis. The ratio of phosphorylations on Serine, Threonine, 

and Tyrosine residues was 86%, 12%, and 2%, respectively; comparable to what 

has been previously observed in phosphoproteomic studies.  
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Figure 4.2 - Quantitative phosphoproteomic workflow to study pathway regulation by using inhibitors of the Ras, PI3K and 
mTOR pathway over a 120 min PDGF time course in conjuction with label-free quantification.
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To validate the phosphoproteomic data, we first determined that inhibitor treatment 

does not skew the overall phosphoproteome. The majority of Log2 fold changes 

within a treatment/control (0 min PDGF) were centered on zero, implying no major 

change (Fig 4.3). 

 

 

 

Figure 4.3 - Overview of the phosphoproteomic data with different sensitivities to inhibitors. 
Graphs show the frequency of phosphopeptide log2 fold change relative to 0 min PDGF 
(control). 
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4.3.2 Classifying the global effects of MEK, PI3K and mTOR inhibition on PDGF-

responsive phosphorylation dynamics 

To obtain a global perspective of the phospho-regulation occurring, a hierarchical 

clustering of the z score-transformed log2 ratios of PDGF/control for all conditions 

was conducted and Figure 4.4 illustrates the 12 clusters that were identified in this 

analysis. The six largest clusters include phosphopeptides: down-regulated by 

U0126, up-regulated by U0126, down-regulated by rapamycin, up-regulated by 

rapamycin, down-regulated by only PI3Ki and U0126, and down-regulated by all 

inhibitors; the phosphorylation dynamics represented in these clusters are shown in 

Figure 4.5. A GO annotation functional analysis of the phosphoproteins represented 

in these clusters was conducted and revealed specific biological processes that are 

over-represented in each cluster and are also listed in Figure 4.5. 
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Figure 4.4 – Hierarchical clustering to examine the global response to the three inhibitors.
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Figure 4.5 – The six largest clusters within the phosphoproteomic data set. Selected over-represented GO terms within 
each cluster are listed beside the corresponding cluster.
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Cluster 1 contains phosphopeptides up-regulated by only rapamycin over the entire 

PDGF time course, and proteins within this cluster are involved in processes such 

as: phosphatase binding, cell differentiation, receptor-mediated endocytosis, RNA 

splicing, and transcription coactivator activity. It has been shown that in certain cell 

types, rapamycin inhibits differentiation, suggesting that the mTOR pathway 

positively regulates this process. However, in other types of cells such as human 

embryonic stem cells, it has been shown that rapamycin actually promotes 

differentiation by inhibiting the mTOR pathway and stimulating the BMP/Smad 

pathway (Lee et al., 2010; Xiang et al., 2011). The TGFβ pathway is responsible for 

activating the BMP/Smad pathway, therefore we examined proteins implicated in 

TGFB signaling, including Smaraca4 and Rbl1 (D’Souza et al., 2014). Smaraca4 

phosphorylation was only up-regulated in the rapamycin-treated samples, while Rbl1 

phosphorylation was slightly up-regulated by rapamycin. These results suggest that 

in our experimental conditions, rapamycin may be stimulating cell differentiation 

through activation of the BMP/Smad pathway. Additionally it has been shown that in 

human mesenchymal stem cells EGF, but not PDGF stimulates cell differentiation; 

however, if PI3K is blocked, PDGF is able to activate this process (Kratchmarova et 

al., 2005). This, in addition to our results, suggests that blocking activation 

downstream of PI3K-dependent mTOR activity can lead to cell differentiation. 

Cluster 2 contains phosphopeptides down-regulated by only PI3Ki over the entire 

PDGF time course, and proteins within this cluster are involved in processes such 
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as: establishment of cell polarity, RNA splicing, GTPase binding, and clathrin-

mediated endocytosis. It is well-established that the PI3K pathway is involved in 

endocytosis (Li et al., 1995) and cell polarity (Liu et al., 2004a; Yoo et al., 2010; Xue 

and Hemmings, 2013), and these processes can be inhibited by PI3K inhibitors, 

which is consistent with our data. 

Cluster 5 contains phosphopeptides down-regulated by only rapamycin over the 

entire PDGF time course, and proteins within this cluster are involved in processes 

such as: negative regulation of organelle organization and protein assembly, 

negative regulation of mRNA processing, negative regulation of cell cycle, Ras 

protein signal transduction, GTPase binding and PKC activity. Interestingly, it is 

already known that mTOR activation through the epidermal growth factor receptor 

(EGFR) is mediated by PKC activation (Fan et al., 2009), so it is plausible that PDGF 

activation of mTOR is occurring through a similar mechanism. 

Cluster 6 contains phosphopeptides down-regulated by all inhibitors over the entire 

PDGF time course compared to the control, and proteins within this cluster are 

involved in processes such as: focal adhesion, mTOR signaling pathway, MAPK 

signaling pathway, nucleocytoplasmic transport and protein complex disassembly, 

and cell cycle phase transition. These results imply that all of these inhibitors are 

blocking a similar cellular event, the nucleocytoplasmic transport of activated 

proteins, thus suppressing transcription of target genes. 
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Cluster 7 contains phosphopeptides significantly down-regulated by U0126, and by 

rapamycin to a lesser extent, over the entire PDGF time course. Phosphoproteins 

within this cluster are involved in processes such as: protein localization to 

membrane, regulation of mTOR signaling, regulation of glucose transport, insulin 

signaling pathway and PKA binding. It has already been established that U0126 can 

inhibit several proteins in the mTOR pathway (Naegele and Morley, 2004). 

Cluster 12 contains phosphopeptides up-regulated by U0126 over the entire PDGF 

time course, and proteins within this cluster are involved in processes such as: 

cytoskeleton organization, cell-cell junction assembly, actin binding, protein complex 

assembly and binding, GTPase binding, and regulation of translation. Many of these 

processes are related to cytoskeletal organization, and some have already been 

reported to be up-regulated upon MEK inhibition. For example, it was shown that 

U0126 can mediate formation of cell-cell contacts through MEK/ERK inhibition-

mediated EGFR phosphorylation (Kang et al., 2007). In another study, it was shown 

that induction of stress fiber formation occurred only after prolonged inhibition of 

MEK (Klein et al., 2008). These previous findings, along with our current data, 

suggest that MEK has an important role in cytoskeleton organization. 

Several phosphopeptides were unaffected by inhibitor treatment (cluster 10) and 

display transient dynamics across all conditions. Phosphoproteins over-represented 

in this cluster include: PDGF receptor signaling pathway, Ras activator activity and 

Rho activator activity.  
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We also determined over-represented, sequence-specific motifs found in kinases or 

binding partners within certain clusters using the overall phosphoproteomic dataset 

as the background. For example, cluster 6 (phosphopeptides down-regulated by all 

inhibitors) contains an over-representation of BARD1 BRCT domain binding motifs, 

which have been implicated DNA damage response (Rodriguez et al., 2003; Leung 

and Glover, 2011). 

Overall, this analysis allowed us to define the biological processes that are regulated 

by the Ras, PI3K and mTOR pathways within our dataset. We determined that the 

majority of the detected phoshopeptides responded to inhibitor treatment on some 

level. Interestingly, U0126 was shown to down-regulate proteins involved in the 

mTOR pathway while rapamycin down-regulates proteins involved in the Ras 

pathway, suggesting that these two pathways are tightly interconnected. U0126 also 

up-regulated a subset of proteins highly involved in cytoskeleton organization, 

suggesting that silencing downstream MEK activity induces cytoskeleton 

organization. The PI3K pathway seems to be involved in cell polarity and 

endocytosis since PI3Ki inhibits phosphorylation of proteins involved in these 

processes. Rapamycin up-regulates proteins involved in endocytosis, suggesting 

that mTOR actually suppresses this function, indicating an inverse role between the 

mTOR and PI3K pathways. 

 



 

145 

4.3.3 Effects of inhibitors on the PI3K-Akt-mTOR pathway 

The PI3K pathway is activated upon PDGF stimulation. First, PDK1, which is 

activated by conversion of PIP2 to PIP3 by PI3K, is phosphorylated at S244 (human 

S241) by autocatalysis (Casamayor et al., 1999). We quantified phosphorylation 

levels of this site and determined that it was suppressed by all of the inhibitors to 

some degree, suggesting that this is a highly regulated protein. Once activated, 

PDK1 is responsible for phosphorylating Akt at T308. This partial activation is 

enough for Akt to activate the mTOR pathway by directly phosphorylating and 

inhibiting PRAS40 and TSC2, which are negative regulators of mTOR. Once able, 

phosphorylation of Akt S473 by mTOR occurs, causing full Akt activity (Hemmings 

and Restuccia, 2012). We quantified phosphorylation site S124 on Akt1 and while it 

is not one of the canonical activation sites, S124 has shown to be constitutively 

phosphorylated upon growth factor stimulation. Previous studies have shown that 

this site is independent of PI3K activity, since the PI3K inhibitor wortmannin does not 

interfere with S124 phosphorylation (Liao and Hung, 2010). In our current study, 

however, the phosphorylation of Akt1 S124 is completely inhibited by PI3Ki, 

suggesting this phosphorylation site is activated through the PI3K pathway. It is 

possible that various PI3K inhibitors can affect the PI3K pathway differently. 

Interestingly, U0126 also inhibits phosphorylation at this site, suggesting the 

Ras/MEK/ERK pathway can also contribute to its activation. Rapamycin causes a 

significant increase in levels of Akt S124 phosphorylation compared to the control, 
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suggesting that by blocking the mTOR pathway, this Akt phosphorylation site can be 

hyper-activated.  

mTOR assembles into two functionally active complexes: mTOR complex 1 

(mTORC1), where mTOR associates with Raptor and mLST8; and mTOR complex 2 

(mTORC2), comprised of mTOR, Rictor, mSIN1, and mLST8. As mentioned above, 

Akt relieves the TSC2- and PRAS40-mediated mTORC1 inhibition by 

phosphorylating these proteins (Huang and Manning, 2009). Akt phosphorylates 

PRAS40 T247, and we determined that only U0126 completely inhibited it. PI3Ki 

inhibits PRAS40 T247, and then activation dramatically increases at 120 min PDGF, 

which are similar to the dynamics we saw for pS6K by western blot. Once PRAS40 

T247 phosphorylation occurs, mTOR is activiated and in turn phosphorylates 

PRAS40 at S184. This site is hyper-phosphorylated by PI3Ki and inhibited by 

rapamycin as well as U0126. TSC2 S939 is phosphorylated by Akt to relive its 

inhibitory effect on mTOR (Inoki et al., 2002). While this site was not identified in our 

study, we did quantify TSC2 S981 and found that PI3Ki and U0126 inhibited 

activation of this site, as well as rapamycin to a lesser degree. TSC1 is in complex 

with TSC2 during activation (Huang and Manning, 2009), so it is also involved in this 

process and we determined U0126, the only inhibitor to have an effect, caused 

hyper-phosphorylation at TSC1 S502, a site that is known to not affect interaction 

with TSC2. Additionally, other mTOR subunits were quantified in this study. Raptor 

activation is unaffected by PI3Ki, whereas rapamycin inhibits its activity at 15 min 
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followed by a drastic increase in phosphorylation at 120 min PDGF stimulation. 

Interestingly, U0126 completely inhibits Raptor S863 phosphorylation. 

Rps6 is a ribosomal protein phosphorylated by S6K, which is downstream of mTOR 

and is activated by phosphorylation at S235 and S236 by RSK (Ruvinsky and 

Meyuhas, 2006; Meyuhas, 2008). The dynamics for these phosphorylation sites 

displayed transient behavior in the control and U0126 treated cells, indicating that 

MEK inhibition has no effect on Rps6 activation (Figure 4.6).  

Rapamycin completely inhibits phosphorylation at S235 & 236, whereas PI3Ki 

shows increased phosphorylation at 120 min, consistent with the S6K immunoblot 

data. However, the phosphorylation levels at 15 min for S6K show inhibition, 

whereas the label-free quantitative data for Rps6 indicate slight activation. 

Interestingly, PI3Ki strongly inhibits Akt activity relative to S6K activity in the  

We were able to quantify four other phosphorylated forms of Rps6: S240, S244, 

S246 and S247. Except for S246, these phosphorylation sites have been previously 

identified and are thought to be phosphorylated in a linear fashion, with S236 as the 

primary phosphorylation site (Ruvinsky and Meyuhas, 2006; Meyuhas, 2008). Both 

rapamycin and PI3Ki inhibited phosphorylation at S240, S244 and S247, while the 

U0126 had no effect compared to the control, which both display an increase in 

phosphorylation over the time course. Rapamycin inhibited S246 and S247 

phosphorylation at both 15 and 120 min, while PI3Ki inhibited phosphorylation of 

these sites at 15 min then increased to varying degrees at 120 min. These data 
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suggests that the PI3K/Akt/mTOR pathway controls S240, S244, and S247 activity. 

The primary activation sites (S235 and S236), as well as S246 appear to be 

regulated by mTOR in a PI3K-independent manner. 

 

 

Figure 4.6 - Label-free quantitative data for the phosphorylated forms of Rps6. 

 

!1.50&

!1.00&

!0.50&

0.00&

0.50&

1.00&

1.50&

2.00&

0& 15& 120&

Z"
sc
or
e(
N
or
m
al
iz
ed

(In
te
ns
i3
es
((

Rps6("(S235(&(S236(

DMSO&

U0126&

Rapa&

PI3Ki&

!1.50&

!1.00&

!0.50&

0.00&

0.50&

1.00&

1.50&

2.00&

0& 15& 120&

Z"
sc
or
e(
N
or
m
al
iz
ed

(In
te
ns
i3
es
((

Rps6("(S240(

DMSO&

U0126&

Rapa&

PI3Ki&

!1.00%

!0.50%

0.00%

0.50%

1.00%

1.50%

2.00%

2.50%

0% 15% 120%

Z"
sc
or
e(
N
or
m
al
iz
ed

(In
te
ns
i3
es
((

Rps6("(S244(

DMSO%

U0126%

Rapa%

PI3Ki%

!1.50&

!1.00&

!0.50&

0.00&

0.50&

1.00&

1.50&

2.00&

0& 15& 120&

Z"
sc
or
e(
N
or
m
al
iz
ed

(In
te
ns
i3
es
((

Rps6("(S246(

DMSO&

U0126&

Rapa&

PI3Ki&

!1.00%

!0.50%

0.00%

0.50%

1.00%

1.50%

0% 15% 120%

Z"
sc
or
e(
N
or
m
al
iz
ed

(In
te
ns
i3
es
((

Rps6("(S247(

DMSO%

U0126%

Rapa%

PI3Ki%



 

149 

Interestingly, both PI3Ki and rapamycin inhibited phosphorylation of the translation 

initiation factor, EI4B, which is also a substrate of S6K. EI4BP has been shown to be 

activated by growth factors around 30 min, and in agreement with this, we did not 

quantify any amounts of this phosphorylated protein in the control as well as in the 

PI3Ki and rapamycin treated cells. We did, however, notice a substantial increase in 

activation of EI4BF in the U0126 treated samples which has been previously 

observed by western blot analysis (Naegele and Morley, 2004).  

In addition to mTOR, Akt has several other substrates including BAD and GSK3α, 

which were detected in this study. BAD is a regulator of cell death and is 

phosphorylated by Akt on several sites including, S112. This phosphorylation site is 

unaffected by rapamycin compared to the DMSO control, yet is inhibited by PI3Ki. 

GSK3α was originally identified as a key regulator in glycogen metabolism, but has 

also been implicated in cell proliferation, differentiation and apoptosis. 

Phosphorylation at Y279 activates GSK3α, while phosphorylation on S21 by Akt 

inactivates the protein (Xu et al., 2009). Rapamycin, U0126 and PI3Ki inhibit Y279 

phosphorylation on GSK3α compared to the control, which shows transient 

activation of this phosphorylation site, suggesting this site can be modulated by 

multiple pathways.  
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4.3.4 Effects of inhibitors on the Ras-MEK-ERK pathway 

 
One of the major proteins in the Ras pathway is ERK, and the ERK1 and ERK2 

phosphorylation dynamics across the different treatments were quantified, as shown 

in Figure 4.7. Only U0126 was successful at inhibiting the doubly phosphorylated 

forms of ERK1 and ERK2, as well as the singly phosphorylated form of pY-ERK2, 

which is consistent with previous findings (Pan et al., 2009a). The dynamics of pY-

ERK2 in the control are consistent with previously published results (Ahmed et al., 

2014) in that it does not display adaptation after 120 min as with activated, doubly 

phosphorylated ERK2. However, pY-ERK2 dynamics in the rapamycin and PI3Ki 

treated cells show adaptation after 120 min, suggesting a possible effect on ERK 

phosphorylation in response to these inhibitors. The dynamics of pY-ERK2 in the 

U0126 treated cells show complete inhibition, as expected. 
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Figure 4.7 - Label-free quantitative data for the phosphorylated forms of ERK1/2. 

 

ERK has about 200 known substrates (Carlson et al., 2011), some of which were 

identified in the current study. For example, ERK can physically associate with the 

!1.50&

!1.00&

!0.50&

0.00&

0.50&

1.00&

1.50&

0& 15& 120&
Z"
sc
or
e(
N
or
m
al
iz
ed

(In
te
ns
i3
es
((

ERK2("(T183&Y185(

DMSO&

U0126&

Rapa&

PI3Ki&

!1.50&

!1.00&

!0.50&

0.00&

0.50&

1.00&

1.50&

0& 15& 120&

Z"
sc
or
e(
N
or
m
al
iz
ed

(In
te
ns
i3
es
((

ERK2("(Y185(

DMSO&

U0126&

Rapa&

PI3Ki&

!1.50&

!1.00&

!0.50&

0.00&

0.50&

1.00&

1.50&

0& 15& 120&

Z"
sc
or
e(
N
or
m
al
iz
ed

(In
te
ns
i3
es
((

ERK1("(T203&Y205(

DMSO&

U0126&

Rapa&

PI3Ki&



 

152 

transcriptional repressor ERF upon mitogenic stimulation, which is believed to be 

involved in cell proliferation. Once bound, ERK phosphorylates ERF on multiple sites 

including T526 (le Gallic et al., 1999). We quantified T526 phosphorylation levels 

and found that activity at this site is completely inhibited by U0126 and substantially 

decreased in response to PI3Ki compared to the control.  

The growth factor receptor-bound protein 10 (Grb10) is phosphorylated at S503 and 

activity can be inhibited upon rapamycin treatment in insulin or serum stimulated 

cells (Yu et al., 2011), suggesting that Grb10 phosphorylation is regulated by mTOR 

signaling. However, this site on Grb10 can also be phosphorylated by ERK (Langlais 

et al., 2005). We found that rapamycin does abolish phosphorylation of Grb10 S503, 

and that U0126 inhibits this phosphorylation at 15 min, but then substantially 

increases after 120 min PDGF stimulation. These results suggest that the Ras 

pathway, and to a greater extent, the mTOR pathway regulate Grb10 activation, and 

that the Ras pathway might be compensated by the mTOR pathway if inhibited. 

Previously it was shown that the MEK inhibitor AZD6244 had no effect on Grb10 

S503 phosphorylation in response to insulin or serum (Yu et al., 2011), yet our 

results suggest that phosphorylation is effected by U0126-induced MEK inhibition 

over the PDGF time course. The inconsistency between Grb10 phosphorylation 

dynamics could be due to differences in inhibitor or growth factor response and 

duration.  
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MSK is a kinase that is activated by ERK in response to various stimulants including 

growth factors, hormones and cytokines (Hauge and Frödin, 2006). Once activated, 

MSK can regulate gene expression by phosphorylating transcription factors including 

CREB and ATF1. We quantified phosphorylation dynamics of ERK-activated MSK2 

S343 and determined that U0126 completely inhibits MSK2 phosphorylation, 

whereas Rapa and PI3Ki reduced MSK2 phosphorylation levels compared to the 

control. These data along with a previous observation that mTOR inhibitors can 

inhibit MSK2 activity (Liu et al., 2012) suggesting crosstalk between the Ras-PI3K-

mTOR pathways through MSK2. Additionally, an MSK inhibitor was previously 

shown to block S6K activity (Naqvi et al., 2011).  

 

4.3.5 Validation of the phosphoproteomic data 

In parallel with the MS analysis, we validated the dynamics of several proteins within 

the pathways of interest by immunoblot analysis, as exemplified in Figure 4.8. 

U0126 inhibits ERK1/2 phosphorylation, which is in agreement with our MS analysis, 

and because of this inhibition, feedback loops upstream of ERK initiated by ERK1/2 

activation are no longer in effect; therefore, a slight increase in MEK1/2 

phosphorylation is measured, as previously observed. Rapamycin inhibited 

downstream S6K phosphorylation, but not Akt, MEK or ERK phosphorylation. While 

S6K phosphorylation dynamics were not quantified in the phosphoproteomic dataset, 

downstream targets of S6K, including Rps6 and EI4B, were quantified and inhibited 
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by rapamycin. Using PI3Ki caused inhibition of downstream Akt activation at 15 min; 

however, its activity appears to increase after 120 min. PI3Ki was also successful at 

inhibiting S6K activation at 15 min, but showed an even greater increase in 

phosphorylation after 120 min. This increase in phosphorylation after 120 min is 

consistent with Rps6 activity as quantified in the phosphoproteomic study. 

 

 

 

Figure 4.8 - Immunoblot analysis of NIH 3T3 mouse fibroblasts following inhibitor treatment 
over a PDGF time course for proteins known to belong to the Ras, PI3K and mTOR 
pathways. 
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4.4 Conclusions 

Since phosphorylation is a key regulatory mechanism of signal transduction, it is 

useful to determine how inhibitor compounds globally affect a system. In this study, 

we quantified the effects of three inhibitors on a global PDGF network using a label-

free quantitative phosphoproteomic method. By focusing on proteins that are known 

to be involved in either the Ras/MEK/ERK or PI3K/Akt/mTOR pathway, we were able 

to determine site-specific differences in phosphorylation levels on several key 

proteins. First, we confirmed that the MEK inhibitor, U0126, inhibited downstream 

ERK activation, as well as activation of several ERK substrates including ERF, 

Grb10 and MSK2. The ERK phosphorylation dynamics are also consistent with our 

immunoblot data. Since PI3Ki and rapamycin can both inhibit the mTOR pathway, 

we set out to determine how these two inhibitors affected downstream mTOR 

activity. mTOR ! S6K activates Rps6 on a specific phosphorylation site; this site is 

inhibited by rapamycin across the 120 min PDGF time course, but only slightly 

down-regulated by PI3Ki at 15 min, then drastically increases at 120 min. These 

dynamics are very similar to S6K phosphorylation dynamics as determined by 

immunoblot analysis. Other proteins in the mTOR pathway displayed this delayed 

activation upon PI3Ki treatment including PRAS40 on T247, which is the site that Akt 

phosphorylates. BAD is activated by PI3K ! Akt and is completely inhibited by 

PI3Ki; therefore, the delayed activation by PI3Ki as seen with mTOR-dependent 

proteins does not occur with BAD, suggesting that the delayed activation is due to a 
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regulatory mechanism at play between the PI3K and mTOR pathways, and is not 

due to decreased inhibitor activity. Furthermore, our results suggest that the 

Ras/MEK/ERK pathway affects the mTOR pathway at specific nodes, since U0126 

inhibited phosphorylation of several mTOR-related proteins. For example, previous 

results show that U0126 can inhibit TSC2 activation (Naegele and Morley, 2004), 

consistent with our data.  

Overall, these results have shed light on potentially new regulatory mechanisms 

governing the Ras, PI3K and mTOR pathways. Considering some of our data 

conflict with previous data where different inhbitors were used, it would be of interest 

to use different inhibitors targeting the same protein to determine if they illicit similar 

phosphoproteomic changes. Additionally, one or more inhibitors affected other 

pathways including Erb and Wnt signaling; therefore, it would be of interest to use 

inhibitors that target those pathways to identify if they have any affect on the 

Ras/PI3K/mTOR pathway. Future quantitative phosphoproteomic studies that 

incorporate different stimulation conditions, as well as more stimulation time points 

will also provide more insights into regulation of these pathways.  
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CHAPTER 5: 

Optimization of an affinity purification-mass spectrometry method to define 

the dynamic MEK1 interactome 

 
 

5.1 Abstract 

MEK1 is a protein kinase that plays a prominent role in the Ras signaling pathway. 

This pathway is known to be involved in several regulatory processes including cell 

proliferation and growth, and if misregulated, can contribute to the progression of 

cancer. MEK1 phosphorylates downstream effector ERK1/2, and its activity is 

mediated by formation of a Raf-MEK-ERK protein complex bound to the scaffold 

protein, KSR. It is thought that several regulatory mechanisms, including protein-

protein interactions can contribute to the outcomes of this signaling pathway. In this 

study, we optimized an affinity purification-mass spectrometry method to 

characterize dynamic protein-protein interactions of MEK1 after growth factor 

stimulation. This study confirmed known, as well as identified novel MEK1 protein 

partners. 

 

5.2 Introduction 

Cell growth and proliferation depends on tightly regulated protein kinase networks 

that respond to a diverse array of signal inputs (Hunter, 2000). Of particular interest 
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is the Ras pathway, which is activated by signals that stimulate receptor tyrosine 

kinases (RTKs), such as the platelet-dervied growth factor (PDGF) receptor (Yu et 

al., 2003). Once the RTK is activated, a series of events occur which ultimately lead 

to activation of Ras ! Raf ! MEK ! ERK, and is known to play a prominent role in 

cell growth and proliferation (McKay and Morrison, 2007). MEK1 is a major 

regulatory kinase in this pathway that mediates the phosphorylation of downstream 

target proteins, ERK1 and ERK2, which is its only known substrates (Roskoski, 

2012b). The scaffolding protein, kinase suppressor of Ras (KSR), also plays an 

important role in this cascade by coordinating the assembly of the Raf-MEK-ERK 

complexes. This coordination is responsible for promoting MEK1 phosphorylation by 

B-Raf. KSR also serves as a signal attenuator by aiding in ERK-dependent feedback 

phosphorylation of B-Raf on sites that promote their dissociation (Morrison, 1999; 

Stewart et al., 1999; McKay et al., 2009). Other scaffolds are known to play a role in 

this pathway, including MP1 and IQGAP, and binding to different scaffolds can 

influence the localization of these binding components as well as modulate their 

downstream effects (Kolch, 2005; Sacks, 2006).  

Affinity purification-mass spectrometry (AP-MS) is an invaluable tool that has aided 

in defining protein-protein interactions (PPIs) on a systems level. With this tool, 

protein complexes are isolated by using one or more AP steps, then the “pulled-

down” proteins are identified by MS (Ho et al., 2002). Unlike other techniques used 

to study PPIs such as yeast-two hybrid (Ito et al., 2000), AP-MS can be performed 
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under near physiological conditions (Dunham et al., 2012). Another benefit of AP-MS 

is its ability to identify dynamically regulated interactions, such as interactions 

established by phosphorylation, by using quantitative MS approaches (Bisson et al., 

2011). While there are several advantages, most AP-MS protocols require a large 

amount of cell lysate per one experiment, which may be unfeasible to obtain. 

 We investigated the dynamics of MEK1 protein-protein interactions that are induced 

by activation. First we generated an NIH3T3 cell line stably expressing a FLAG 

tagged MEK1 protein, then isolated MEK1 protein complexes in quiescent and 

PDGF-stimulated cells. The MEK1 complexes were then analyzed by LC/MS/MS. 

We confirmed several known MEK1 interactors with our method while reducing the 

amount of cell lysate per AP-MS experiment by >10-fold compared to most AP-MS 

methods. Since the list of total interactors is relatively small (196 total) and the fact 

that they were identified from a relatively small amount of cell lysate, we argue that 

these are most likely strong MEK1 interactors.  

 

5.3 Experimental 

5.3.1 Materials 

All tissue culture reagents were purchased from Life Technologies 

(www.lifetechnologies.com). Human recombinant PDGF-BB was purchased from 

Peprotech (www.peprotech.com). NIH 3T3 mouse fibroblasts were obtained from 
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American Type Culture Collection (www.atcc.org). Water was distilled and purified 

using a High-Q 103S water purification system (www.high-q.com). All other reagents 

and chemicals were purchased from Sigma Aldrich or Thermo Fisher unless 

otherwise stated. 

5.3.2 Cell Culture 

NIH 3T3 fibroblasts were cultured at 37ºC with 5% CO2 in Dulbecco’s modified 

Eagle’s medium supplemented with 10% fetal bovine serum, 2 mM l-glutamine, and 

the antibiotics penicillin (100 units/ml) and streptomycin sulfate (100 µg/ml). Where 

applicable, NIH 3T3 cells were infected with lentivirus bearing FLAG-MEK1 and 

selected using puromycin prior to each experiment. Dishes to be processed on the 

same day were plated with equal numbers of cells and allowed to reach 90% 

confluency. Control (NIH 3T3) and FLAG-MEK1 cells were serum-starved for 3 h 

prior to no stimulation or 300 pM PDGF stimulation. Seven 10 cm plates were used 

for each biological triplicate immunoprecipitation. Protein amount was determined 

using the BCA assay (Pierce). 

 

5.3.3 Immunoprecipitation 

Protein extracts from the control and FLAG-MEK1 cell lines were prepared by 

washing twice with PBS then adding lysis buffer containing 0.5% NP-40, 10 mM Tris-

HCl, pH 7.4, 150 mM NaCl, and 1 mM EDTA. Insoluble material was removed by 
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centrifugation and cleared lysate was incubated with gentle agitation for 2 hr at 4°C 

with 25 µl packed FLAG M2 agarose beads (Sigma) pre-washed 3 times with lysis 

buffer. After incubation, beads were pelleted by centrifugation (1 min at 1000 rpm), 

and an aliquot of this (flow-through) was taken for western blot analysis. Supernatant 

was aspirated and the beads were washed 3 times with lysis buffer then twice with 

PBS, with centrifugation for 1 min at 1000 rpm after each wash. After the last wash 

was aspirated, bound proteins were eluted with 100 µl of 2x Laemmli buffer at 56°C 

for 5 min. Eluates were centrifuged and supernatant was transferred to a clean tube. 

 

5.3.4 Immunoblotting analysis 

Antibodies against total actin, ERK1/2, MEK1/2, and KSR and the phosphospecific 

antibody against ERK pThr202/pTyr204 (Cell Signaling) were used for western 

blotting. Lysates were subjected to SDS-PAGE using standard techniques. After gel 

electrophoresis, proteins were transferred to PVDF membrane (Millipore) and 

probed with the indicated antibodies. Chemiluminescence was visualized with 

SuperSignal West Femto Maximum Sensitivity Substrate (Pierce) and imaged using 

the Syngene G-Box (Syngene). 
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5.3.5 Protein Digestion 

Immunoprecipitated proteins were separated on an SDS-PAGE gel, stained with 

SYPRO Ruby (Life Technologies) and visualized using a blue-light transilluminator. 

Protein bands were excised from the gel and subjected to in-gel digestion as 

previously described. Trypsin digestions were carried out overnight at 37°C. 

Peptides were extracted with 2% acetonitrile containing 1% formic acid, dried down 

via vacuum centrifugation and stored at 80°C until LC/MS/MS analysis. 

 

5.3.6 LC/MS/MS Data Acquisition 

LC/MS/MS analyses were performed on an Easy nLC 1000 ultra-pressure liquid 

chromatograph coupled to an LTQ Orbitrap Elite mass spectrometer (Thermo 

Scientific, www.thermoscientific.com). Samples were injected onto a PepMap C18, 5 

µm, trapping column (Thermo Scientific) then separated by in-line gradient elution 

onto a New Objective (www.newobjective.com) Self-Pack PicoFrit column (75 µm id 

x 15 cm) packed in-house with 1.7 µm BEH C18 stationary phase (Waters 

Corporation, www.waters.com). The linear gradient for separation consisted of 5-

40% mobile phase B over 60 min at a 300 nl/min flow rate, where mobile phase A 

was 0.1% formic acid/2% ACN in water and mobile phase B consisted of 0.1% 

formic acid in ACN. The Orbitrap Elite was operated in data-dependent mode where 

the 10 most intense precursors were selected for subsequent fragmentation using 

CID. Resolution for the precursor scan (m/z 400-2000) was set to 60,000 at m/z 400 
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with a target value of 1x106 ions. The MS/MS scans were acquired in the linear ion 

trap with a target value of 5000. The normalized collision energy was set to 35%. 

The signal intensity threshold for triggering an MS/MS event was set to 1000. For 

internal mass calibration, the ion of polycyclodimethylsiloxane with m/z 445.120025 

was used as the lock mass (Olsen et al., 2005). Monoisotopic precursor selection 

was enabled, and precursors with unknown charge or a charge state of 1 were 

excluded.  

 

5.3.7 Data Analysis 

Raw data files were processed using Proteome Discoverer (Thermo Scientific). Peak 

lists were searched against a forward and reverse Mus musculus UniProt database 

(44,628 sequences) using Mascot (Matrix Science). The following parameters were 

used to identify tryptic peptides for protein identification: 10 ppm precursor ion mass 

tolerance; 0.6 Da product ion mass tolerance; up to two missed trypsin cleavage 

sites; carbamidomethylation of Cys was set as a fixed modification; oxidation of Met 

and phosphorylation of Ser, Thr, and Tyr were set as variable modifications. Scaffold 

(Proteome Software) was used to filter the data, quantify (using spectral counting) 

peptides/proteins, and to perform statistical analysis. A minimum of 2 peptides per 

proteins at a peptide and protein FDR of 1% was required. A Fisher’s Exact Test 

was performed comparing the proteins identified in each replicate MEK1 

immunoprecipitation to its individual specific control group. Only proteins with p 
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values < 0.05 were considered. DAVID bioinformatics (Huang et al., 2009) was used 

to determine over-represented GO annotations within the dataset.  

 

5.4 Results and Discussion 

5.4.1 Purification of MEK1 complexes 

 
 

 

Figure 5.1 - Characterizing the FLAG-MEK1 cell line. Immunoblot analysis of NIH 3T3 
mouse fibroblasts compared to the cell line containing FLAG tagged MEK1 following over a 
PDGF time course for MEK1 as well as downstream phosphorylation of ERK1/2. 

 

Each step of the AP-MS workflow contributes to the overall performance of the 

process; therefore, each step must be taken into consideration. First, we 
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characterized the FLAG-MEK1 cell line to confirm that the FLAG tag did not 

contribute to any perturbations in downstream MEK1 signaling. For this, we 

compared the control cell line (naïve NIH-3T3s) with the FLAG-MEK1 cell line over a 

PDGF time course and blotted for FLAG, MEK1, doubly phosphorylated ERK1/2 

(ppERK1/2), total ERK1/2 (tERK1/2) and actin (loading control) as seen in Figure 

5.1. 

The presence of FLAG-MEK1 causes slight MEK1 over-expression (about four-fold 

as determined by quantitative immunoblotting); however, this overexpression does 

not affect downstream ERK1/2 signaling over the PDGF time course. After 

characterizing the tagged cell line, we optimized various steps of the AP-MS method, 

and an overview of these steps is show in Fig. 5.2.  
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Figure 5.2 - Affinity purification-mass spectrometry workflow to identify MEK1 interactors.
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Each step of the immunoprecipitation including amount of cell lysate, FLAG bead 

volume, washing conditions and elution conditions, were optimized as shown in 

Supplemental Information (Appendix B, Figure B.1). We focused on minimizing the 

amount of cell lysate, as large amounts can be difficult to obtain. The following were 

used as criteria for our AP-MS protocol: at least 50% MEK1 protein coverage, 

validation of MEK1-known interactor complex formation by western blot analysis, 

and successful LC/MS/MS identification of known MEK1 interactors (Fig. 5.3). After 

meeting these criteria, we determined that the minimal cell lysate amount required 

was 7-10 mg per immunoprecipitation.  

 

 

Figure 5.3 - Determination of the optimal cell lysate amount used for AP-MS by meeting the 
following criteria: A) At least 50% MEK1 protein coverage, B) validation of MEK1-KSR 
complex formation in quiescent cells by western blot, and C) identification of known MEK1 
interactors (with overall protein coverage listed) by LC/MS/MS. 
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Another step critical to AP-MS is the digestion step prior to LC/MS/MS analysis. Two 

methods were tested, in-gel digestion and FASP digestion, and in-gel digestion was 

determined to be optimal for our purpose. Since we are using an SDS-based elution 

buffer, in-gel digestion not only aids in sample clean up, but it also separates 

contaminants (ie, IgG heavy and light chains) typically found in this type of elution 

from proteins of interest. After samples were run on an SDS-PAGE gel and stained 

with SYPRO Ruby stain (Fig 5.4), 10 excised bands per sample, including the 

control IP samples, were in-gel digested with trypsin and peptides were analyzed by 

LC/MS/MS.  

 

 

 

Figure 5.4 - SYPRO Ruby stained SDS-PAGE gel of the Control (NIH 3T3) and FLAG-
MEK1 IP eluates. 
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5.4.2 Characterization of the MEK1 interactome by LC/MS/MS 

Rigorous filtering (2 peptide per protein minimum with 1% peptide FDR) and 

statistical analysis (p-value < 0.05) was conducted in Scaffold to assure identification 

of true MEK1 interactors from contaminants. Contaminants were removed from the 

list and a total of 196 proteins were confidently identified in the total dataset 

(Appendix B, Table B.1). As shown in Fig 5.5, 122 were only identified in the 

unstimulated MEK1 IP samples while 36 were only identified in the PDGF stimulated 

samples. A total of 38 proteins were identified in both unstimulated and PDGF 

stimulated samples. A label-free quantitative approach was used to determine the 

protein abundance of these 38 proteins before and after PDGF stimulation. The fact 

that a general decrease in the number of proteins bound to MEK1 is observed upon 

PDGF stimulation suggests that protein assembly is reduced once MEK1 becomes 

activated. 

 

 

Figure 5.5 - Venn diagram for the number of proteins identified in the unstimulated (-PDGF) 
and stimulated (+PDGF) MEK1 IP eluate samples. 
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5.4.3 Identifying known MEK1 interactors 

The overall MEK1 coverage (determined by combining peptide data from multiple 

samples) was 58%. Known MEK1 interactors including 14-3-3, KSR1, B-Raf, were 

confirmed in both -/+ PDGF samples.  

14-3-3 proteins, consisting of seven family members, are considered scaffolds that 

form complexes with hundreds of proteins in the cell. They bind phosphorylated 

residues on proteins containing a unique 14-3-3 sequence motif (Muslin et al., 1996; 

Fu et al., 2000). A previous AP-MS study of the 14-3-3 interactome has identified 

MEK, KSR and Raf as 14-3-3 interactors (Collins et al., 2013). Our results show that 

several 14-3-3 isoforms are bound to MEK1, in support of the previous findings. 

Several 14-3-3 isoforms are only bound to MEK1 in quiescent cells, including β, ε, δ, 

and τ. Only one isoform, 14-3-3γ, was identified in quiescent and PDGF stimulated 

cells, albeit to a higher degree in quiescent cells, suggesting that 14-3-3γ may be 

acting as a preferential binding partner over the other 14-3-3 isoforms. 14-3-3 

isoform specificity within this scaffold has been previously observed; KSR1 interacts 

preferentially with 14-3-3γ to regulate its ability to translocate to the plasma 

membrane and to facilitate ERK activation (Pérez-rivas et al., 2010). The level of 14-

3-3γ bound to MEK1 is greatly reduced after PDGF stimulation, while KSR levels are 

also reduced, but to a lesser extent. Overall, our results suggest that the KSR/14-3-

3γ interaction could be facilitating 14-3-3/MEK1 interactions. 
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The Raf family proteins include three isoforms: A-Raf, B-Raf, and Raf-1 (also 

referred to as C-Raf). B-Raf is considered the archetypal MEK1 and plays a 

dominant role in signaling to the ERK pathway. This is corroborated by the fact that 

only B-Raf-deficient cells display a decrease in ERK activation, whereas A-Raf or 

Raf-1-deficient cells do not (Cseh et al., 2014). It has been reported that protein 

expression level play a critical role in determining what isoform binds to MEK1. B-

Raf is the only isoform that is bound to MEK1 under endogenous conditions, 

whereas MEK1 is only bound to Raf-1 if Raf-1 is over-expressed in the cell (McKay 

et al., 2009). Since we only identified B-Raf in our MEK1 IP, our results suggest that 

our cells are expressing these proteins at endogenous levels. This is not only an 

interesting observation, but it also raises concerns regarding results obtained by 

overexpressing a protein and how it can be misinterpreted.  

In quiescent cells, KSR is bound to B-Raf which is thought to prevent Raf-1 binding 

to B-Raf, preventing premature activation (McKay et al., 2011). It has also been 

proposed that KSR is bound to MEK1 in quiescent cells to prevent premature 

activation (McKay et al., 2009). While a recent study has demonstrated that B-Raf 

and MEK1 are in complex in quiescent cells (Haling et al., 2014), it did not address 

the status of KSR. Another study has also confirmed that MEK1 and B-Raf are 

indeed interactors (Gloeckner et al., 2007). Previously, it has been thought that KSR 

only binds Raf upon Ras activation and KSR1 translocation to the plasma membrane 

(Pérez-rivas et al., 2010). Our AP-MS results suggest that both B-Raf and KSR1 
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immunoprecipitated with MEK1 during no PDGF stimulation, suggesting the 

possibility that all three proteins are in complex, or that there are subpopulations of 

KSR1 bound to MEK1 and of B-Raf bound to MEK1 in quiescent cells.  

Once the Ras pathway is activated, Raf activation occurs via a complex, yet the 

exact mechanism is unknown. Some studies suggest that B-Raf forms a heterodimer 

with Raf-1 upon activation (Haling et al., 2014). Our results show that the MEK1/B-

Raf complex is disrupted after PDGF stimulation; however, low levels of this complex 

are still detected. Previous studies have shown KSR and MEK1 remain in complex 

after growth factor stimulation (McKay et al., 2009). We also show that KSR and 

MEK1 remain in complex after PDGF stimulation; however, the level of KSR in 

complex with MEK1 slightly decreases upon stimulation. Overall, the KSR/MEK1/B-

Raf complex appears to be disrupted to some extent upon PDGF stimulation. The 

fact ERK was not identified as part of this complex suggests that its interaction is 

highly transient. 

Another MEK1-associated scaffold protein, IQGAP, was also identified in this study. 

IQGAP was first discovered as an ERK2 scaffold, mediating its downstream activity 

including cell-cell adhesion, transcription, and cytoskeletal architecture (Roy et al., 

2005). It has been proposed that IQGAP1 preferentially binds to MEK1 over MEK2 

(Sacks, 2006). Since it is thought that activation of MEK1 promotes proliferation 

while activation of MEK2 promotoes differentiation, it has been suggested that 

IQGAP influences these differential outcomes (Ussar and Voss, 2004). Previously, 
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EGF was shown to promote MEK1 binding to IQGAP (Roy et al., 2005). However, in 

our study, IQGAP bound to MEK decreases upon PDGF stimulation. This finding 

suggests that different growth factors could have an effect on the binding dynamics 

of certain scaffold proteins. 

 

5.4.4 Defining the MEK1 dynamic interactome on a systems level 

DAVID was used to determine the over-represented biological functions within the 

dataset, and results from this analysis are illustrated in Fig 5.6. Of the proteins only 

identified in the unstimulated samples were several involved in chaperone, protein 

folding and protein complex assembly activities, as well as nucleotide binding and 

intracellular transport. The results suggest that in quiescent cells, proteins involved 

in chaperone functions help to prevent the risk of unspecific interactions with MEK1.  

Interestingly, the most over-represented function in the PDGF-stimulated samples 

was the regulation of transcription, implying that MEK1 may have a role in this. This 

list includes several transcription factors such as ATF2, known to be activated by the 

downstream MEK1 effector, ERK (Ouwens et al., 2002).  

Novel interactors that are involved in DNA binding such as transcription factors 

FOSL2 and TFE3 were identified in both -/+ PDGF samples; however these proteins 

were more abundant upon PDGF stimulation. This strongly suggests that MEK1, like 

ERK, translocates to the nucleus upon PDGF stimulation, which has already been 

proposed (Jaaro et al., 1997; Zehorai et al., 2010).
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Figure 5.6 - The MEK1 interactome. Classes of proteins were determined by GO annotation analysis using DAVID. The 
numbers within each box indicate the total number of proteins that fall within each class, with all or some of the proteins 
(gene abbreviations) listed inside the box. Proteins in purple were only identified in unstimulated samples, while proteins in 
pink were only identified in stimulated samples. The proteins in blue were identified in both conditions, and quantitative data 
comparing the stimulated/unstimulated ratios were determined using spectral counting. The colored node within each blue 
circle represents the quantitative value, where green indicates a higher level in unstimulated samples and red indicates a 
higher level in stimulated samples.
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5.5 Conclusions 

In this study, we optimized an AP-MS protocol to minimize the protein amount 

required for each experiment. Several known MEK1 interactors were identified, 

implying that even when using a relatively small amount of protein, we can verify 

strong interactors, suggesting that the novel interactors identified in this study are 

also strong interactors. We determined the dynamic interactome of MEK1 upon 

PDGF stimulation, and found that an overall decrease in proteins bound to MEK1 

occur once its activated. Interestingly, we determined that the KSR/MEK1/B-Raf 

complex remains intact post-PDGF stimulation, but that the level of KSR and B-Raf 

bound to MEK1 decreases. The same is true for 14-3-3 bound to MEK1. These 

results indicate that complex disassembly occurs to a certain degree. Once 

activated, MEK1 binds to several transcription factors and proteins involved in DNA 

binding, indicating that MEK1 plays a role in transcription. This strongly suggests 

that MEK1, like ERK, translocates to the nucleus upon PDGF stimulation. To truly 

resolve the mechanism and function of MEK1, more experiments need to be 

conducted; for example, determining the localization of MEK1 will be important in 

determining if it is being translocated. 

Overall these results have shed light on the protein-protein interactions governing 

MEK1 activation. In the future, the dynamic interactome of other proteins involved in 

this cascade will help us to understand the involvement that protein-protein 

interactions plays on regulating the outcomes of activation. 
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CHAPTER 6: 

Other applications of MS – A quantitative systems approach to understand 

differences in geminivirus-induced changes in Arabidopsis thaliana 

 

6.1 Abstract  

Geminiviruses are small ssDNA viruses replicated by the nuclear host machinery. 

Previous microarray analysis of the Arabidopsis thaliana transcriptome in response 

to the Cabbage leaf curl virus (CaLCuV) showed an induction of genes involved in 

natural senescence. CaLCuV and Beet curly top virus (BCTV) infections cause 

severe symptoms in Arabidopsis. However, plants infected with these viruses differ 

in symptom timing and development. We used tubulin::GFP fusions to study how 

tubulin is affected during geminiviral infections. Gene expression for all tubulin genes 

was assessed by quantitative RT-PCR in both infections with a concomitant 

comparison of the behaviour of several proteins involved in senescence. Results 

showed a down-regulation of tubulin genes in CaLCuV infection while an up-

regulation during BCTV infection. Also, different expression was found with other 

senescence markers, indicating that both geminiviruses impinge on different 

pathways during infection. Proteomic data revealed that many pathways are altered 

during infection with geminiviruses, and that senescence is induced by CaLCuV and 

not by BCTV. 
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6.2 Introduction 

Geminiviruses belong to a large, diverse family of plant-infecting viruses that are the 

culprits of serious crop losses around the globe, especially in tropical and sub-

tropical areas but more recently even in temperate areas (Rojas et al., 2005). They 

are single stranded viruses that depend on the host's DNA replication machinery for 

their replication. Geminiviruses induce many changes in the host, including the 

expected responses to pathogens.  Changes in the transcriptome of geminivirus-

infected cells or plants have been shown before (Marathe et al., 2004; Ascencio-

Ibáñez et al., 2008; Lozano-Durán et al., 2011; Medina-Hernández et al., 2013; 

Pierce and Rey, 2013; Yadav and Chattopadhyay, 2014). Earlier studies showed 

that Cabbage leaf curl virus (CaLCuV) infection in Arabidopsis induces natural 

senescence in mature leaves (Ascencio-Ibáñez et al, 2008). However, most of these 

attempts are focused on transcriptional changes and very little has been done to 

assess the fate of host proteins during infection.  

Senescence is an active process used by plants to recruit and recycle materials 

before the onset of the death of a leaf. It is a highly regulated process that has been 

extensively studied in Arabidopsis (Gepstein, 2004).  One of the hallmarks of 

senescence is the yellowing of the leaves, mostly due to the breakdown of the 

photosynthesis machinery with the degradation of chloroplast related proteins. 

Together with the noticeable yellowing, there are many other metabolic pathways 

affected (Gepstein, 2004; Guiboileau et al., 2010; Breeze et al., 2011). The study of 
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senescence as a whole can become a massive task due to the number of processes 

and genes involved. To facilitate the study of senescence, specific markers, such as 

tubulin, are tracked during the processes of senescence in the leaf and not only at 

the later stages when the plasma membrane integrity is already compromised (Lim 

et al., 2007; Keech et al., 2010). 

Several interactions between geminiviral proteins and host proteins have been 

characterized, but mostly in the cell cycle and pathogen response context. No clear 

information of the impact of geminiviruses on senescence has been reported to date. 

The binding of a Replication Enhancer (REn) from Tomato golden mosaic virus to a 

NAC transcription factor induces viral DNA replication, and while it is known that 

NAC proteins are involved in senescence, it is not clear if that interaction induces 

senescence (Selth et al., 2005; Breeze et al., 2011).  

In this study, we used a variety of biochemical techniques to address the influence of 

infection by two different geminiviruses, Cabbage leaf curl virus (CaLCuV) and Beet 

curly top virus (BCTV), have on senescence in Arabidopsis. Being that senescence 

is a systemic event, tubulin fused to GFP was tracked to understand the changes the 

leaves undertake during geminivirus infection. We showed that CaLCuV infection 

greatly degrades tubulin in microtubules, confirming our prediction that natural 

senescence is induced by this virus, while other viruses may use a different 

approach. Our data suggests that BCTV actually represses the onset of senescence. 

Other markers of senescence were monitored using western blot analysis. 
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Additionally, we used LC/MS/MS to determine the impact of these two geminiviruses 

on a proteomic level and found that CaLCuV and BCTV cause differential changes in 

hundreds of proteins. 

 

6.3 Experimental 

6.3.1 Materials 

Sequencing-grade modified trypsin was from Promega. Acetonitrile (HPLC grade) 

and formic acid (ACS reagent grade) were from Sigma-Aldrich. Water was distilled 

and purified using a High-Q 103S water purification system. All other reagents and 

chemicals were purchased from Thermo Scientific or Sigma-Aldrich-Fluka unless 

otherwise noted. 

6.3.2 Plant growth and inoculation Conditions 

Arabidopsis thaliana Col-0 plants and A. thaliana lines CS6550 and CS6551 

(background Col-0) were grown as previously reported (Ascencio-Ibáñez et al, 

2008). Inoculations with CaLCuV and BCTV were also performed as reported for 

CaLCuV (Ascencio-Ibáñez et al., 2008). Samples were collected at different times 

post inoculation since BCTV and CaLCuV present a different time line for the 

appearance of symptoms. 
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6.3.3 Microtubule detection by GFP imaging 

A. thaliana CS6550 and CS6551 present a GFP fusion to the N terminus of the 

Arabidopsis Tubulin β-6 and Tubulin α-6, respectively. The transgene is a fusion of 

the smRS-GFP with tubulin under the 35S promoter from CaMV (Nakamura et al., 

2004). Both lines were shown to be reliable for incorporation of tubulin onto 

microtubules. The incorporation of GFP labeled β-tubulin subunits is 20% to 30% of 

the endogenous tubulin levels (Abe and Hashimoto, 2005). The detection of the GFP 

signal was done by visualization in a fluorescent microscope (Nikon Eclipse E800) or 

a confocal microscope (Zeiss 710).  

 

6.3.4 RNA isolation, cDNA production and qPCR analysis 

Leaves 6 to 10 or equivalent were collected from mock and infected plants, pooled 

and flash frozen in liquid nitrogen. Total RNA isolation was performed with a Plant 

RNeasy Mini kit (Qiagen). cDNA production from total RNA was performed following 

standard protocols for M-MuLV Reverse Transcriptase (New England Biolabs) using 

1 to 5µg of total RNA as a template and an oligo dT 15 primer (Promega). cDNA 

production was measured and normalized to 100 ng/µl for the qPCR reactions. Each 

qPCR reaction contained 100ng of cDNA and 10pM of primer pairs, which were 

diluted to use 10µl per reaction to diminish variation. Each reaction was performed 

with three technical replicates and three independent biological replicates were used 
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to generate the data. The analysis of the data was performed by the relative gene 

expression delta-delta Ct method. 

 

6.3.5 Protein purification and Western blotting 

Protein purification from plant tissue was performed as previously described (Shen 

and Hanley-Bowdoin, 2006). Total protein was subjected to electrophoresis using 

the NuPAGE 4-12% Bis-Tris Gels from Life Technologies. Proteins were transferred 

to PVDF membranes and subjected to regular Western Blot methodologies. 

Antibodies used for detection were COXII, cytochrome oxidase subunit II, product 

AS04 053A, GLN1 GLN2, glutamine synthetase global antibody, product AS08 295, 

Rubisco, 557 kDa hexadecamer, product AS07 218, all from Agrisera. CAB (aN-20) 

from Santa Cruz. 

 

6.3.6 Anthocyanin and Chlorophyll determination 

Plant tissue was collected from mock and symptomatic leaves at 42 dpi. 

Anthocyanin purification was performed in methanol 1% HCl (Neff and Chory, 1998) 

and chlorophyll levels were determined by dimethyl formamide extraction (Porra et 

al., 1989). Templates for analyzing the data were used and are available at 

www.csulb.edu/~bruss. 
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6.3.7 Protein digestion and LC/MS/MS analysis 

Crude nuclear lysates of mock-, CaLCuV- and BCTV-infected plants (3 biological 

replicates each) were used for LC/MS/MS analysis. A portion (10%) of each sample 

was analyzed by SDS-PAGE to estimate protein amount. After estimation, equal 

amounts (100 µg) of sample were digested following the filter aided sample 

preparation (FASP) method protocol (Zougman et al., 2009). The peptide samples 

were dried using vacuum centrifugation and solubilized in 0.1% formic acid for 

LC/MS/MS analysis.   

LC/MS/MS analyses were performed using an Easy nLC 1000 liquid chromatograph 

coupled to an LTQ Orbitrap Elite mass spectrometer (Thermo Scientific). Samples 

were injected onto a PepMap C18 5 μm trapping column (Thermo Scientific) then 

separated by in-line gradient elution onto a 75 μm id × 15 cm New Objective Self-

Pack PicoFrit capillary in-house packed with 1.7 μm Magic C18 stationary phase 

(Michrom). For peptide separation a linear gradient was achieved from 5 to 40% 

mobile phase B over 60 min at a flow rate of 300 μl/min flow, where mobile phase A 

was 0.1% formic acid in 2% acetonitrile and mobile phase B was 0.1% formic acid in 

acetonitrile. The Orbitrap Elite was operated in data-dependent mode where the ten 

most intense precursors were selected for subsequent fragmentation using collision 

induced dissociation (CID). Resolution for the precursor scan (m/z 400-2000) was 

set to 60,000 at m/z 400 with a target value of 1×106 ions. The normalized collision 

energy was set to 35% for CID. The MS/MS scans were acquired in the linear ion 
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trap with a target value of 5000 ions. For internal mass calibration, the ion of 

polycyclodimethylsiloxane (m/z 445.120025) was used as the lock mass (Olsen et 

al., 2005). Monoisotopic precursor selection was enabled, and precursors with 

unknown charge or a charge state of +1 were excluded. Fragmented precursor 

masses were excluded from further selection for 60 s. 

 

6.3.8 Data analysis 

A label-free approach relying on extracted peptide intensities was used for protein 

quantification. Thermo raw files were processed and analyzed by Progenesis LC-MS 

software (Nonlinear Dynamics).  The LC-MS runs were automatically aligned using 

an auto-selected run as a reference.  Peak picking was conducted using default 

settings and filtered to include only peaks with a charge state between +2 and +6.  

Peptide intensities were normalized against the BSA internal standard peptide 

intensities.  Spectral data were converted to an MGF file and exported for peptide 

identification using Mascot (Matrix Science). The data was searched against the 

TAIR10 database, appended with standards as well as CaLCuV and BCTV viral 

proteins.  The following parameters were selected to identify tryptic peptides for 

protein identification: 10 ppm precursor ion mass tolerance; 0.6 Da product ion mass 

tolerance; a maximum of two missed cleavages; carbamidomethylation of Cys was 

set as a fixed modification; oxidation of Met and phosphorylation of Ser, Thr, and Tyr 

were set as variable modifications. Searched results were imported into Progenesis 
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LC-MS and were further filtered using a Mascot Score cut-off of 15. Pathway 

analysis was conducted using the ClueGO plugin (Bindea et al., 2009) within 

Cytoscape (Shannon et al., 2003). 

 

6.4 Results and Discussion 

6.4.1 Symptoms of CaLCuV and BCTV are different in A. Thaliana 

Geminivirus inoculation of Col-0 with CaLCuV and BCTV shows a stark difference in 

appearance and timing of symptoms. CaLCuV presents symptoms around 10-12 

days post inoculation; a yellowing that is intensified with time, curling of leaves, 

mottling or reticulated mosaic starting at the base of the leaves. Newer leaves are 

smaller and not as flexible as mock leaves. Plants also present stunting and usually 

no floral development if the inoculation is done at the 16-18 leaves stage. The plants 

tend to die after four to five weeks (Ascencio-Ibáñez et al., 2008). BCTV symptom 

development is slower (up to 21 dpi) and symptoms include darkening of upper leaf 

surface and purpleing of the abaxial area. There is also curling but is phenotypically 

different than the CaLCuV. New leaves are smaller and the plant tends to look 

flatter. However, the plants survive the infection and produce floral stems, flowers, 

pods and seeds. A comparison of the symptoms in Col-0 can be seen in Fig 6.1. 
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Figure 6.1 - Phenotypic differences between CaLCuV and BCTV infection in Arabidopsis 
compared to the control. 

 

6.4.2 CaLCuV infection depletes tubulin transcripts while BCTV induces them 

Although tubulin transcripts were mostly down-regulated as determined by previous 

microarray analysis (Ascencio-Ibáñez et al., 2008), no information regarding BCTV 

was available so we compared both infected tissues for the presence of all tubulin 

transcripts by. A total of 15 primer pairs were used to test for the presence of tubulin 

transcripts by using relative gene expression quantitative PCR and Arabidopsis Col-

0 was used for these inoculations. Results show a clear tendency of the CaLCuV to 

deplete the transcripts while the opposite is shown for BCTV (Fig 6.2).  

 

 

Mock% CaLCuV% BCTV%
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Figure 6.2 - Relative gene expression levels of 15 tubulin isoforms upon CaLCuV- and 
BCTV infection. 

 

Tubulin isoforms α1, α2, α3, β1, β2, β3, β5, β6, β7, β8, β9 and γ1, γ2 appear to be 

up-regulated during BCTV infection while α4, α5 and β3 either show no change or a 

putative down regulation. Results of CaLCuV infection are in stark contrast to BCTV 

infection; tubulin α1, α2, α4, α6, β1, β2, β3, β4, β5, β6, β8, β9 and γ2 show no 

change or a tendency towards down-regulation. Transcripts for tubulin α3, α5, β1, 

β7, and γ1 are clearly down-regulated. 
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6.4.3 Transgenic lines displaying tubulin fused to GFP are readily infected with 

CaLCuV and BCTV 

We inoculated two transgenic lines obtained from TAIR; CS6550, containing tubulin 

β6 fused to GFP and CS6551, containing tubulin β6 fused to GFP, both developed 

by (Nakamura et al., 2004). Both lines appear to be unaffected by the GFP-fusion 

proteins, as their growth and development are normal. CS6551 has a phenotype 

(lack of trychomes). Several studies have been performed with these lines and it has 

been shown that 20-30% of the GFP fused tubulin is incorporated onto the 

microtubules (Abe and Hashimoto, 2005; Keech et al., 2010). Both transgenic lines 

were inoculated with either CaLCuV or BCTV and symptoms were assessed at 12, 

15 and 21 days post inoculation (dpi). The phenotypes of both transgenic lines were 

similar to those obtained with the Col-0 wild type. 

 

6.4.4 Tubulin degradation is different between CaLCuV and BCTV 

Fluorescent microscopy was performed on unfixed 100µm Vibratome sections from 

Arabidopsis plants (lines CS6550 or CS6551 indistinctly) infected with either 

CaLCuV or BCTV. Samples were collected at 12, 14 or 21 dpi. Similar patterns were 

found in all cases showing disappearance of the GFP signal for the infection with 

CaLCuV while the BCTV infection showed not only the presence of GFP signal but 

also an intensification of the signal (attributed to a higher presence of tubulin). Figure 
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6.3 shows a comparison between mock-inoculated, CaLCuV and BCTV infected 

sections.  

 

 

Figure 6.3 - Microscopy of GFP-tubulin transgenic lines upon CaLCuV and BCTV infection 
in Arabidopsis. 

 

At this magnification, GFP presence is highly reduced in the CaLCuV infection while 

BCTV is showing intensity that seems even higher than the mock inoculated. The 

difference between both viruses is even more obvious at higher magnification 

(Appendix C, Fig C.1). The GFP embedded in the microtubules in the BCTV sections 

show a very high intensity when compared to the almost lack of signal on the 

CaLCuV infected tissue.  
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6.4.5 Proteins involved in senescence are differentially affected by CaLCuV or 

BCTV infection 

Several proteins have been shown to change during senescence. Among them, the 

chloroplastic isoform of Gln synthetase (GS2) is degraded as senescence 

progresses while the cytosolic isoform (GS1) is increased (Kawakami and 

Watanabe, 1988; Masclaux et al., 2000; Keech et al., 2010). The mitochondrial 

cytochrome c oxidase subunit 2 (COX-II) appears to remain stable through 

senescence suggesting degradation of mitochondria is slower than degradation of 

chloroplast in senescing leaves (Keech et al., 2010). The large subunit of Rubisco 

and the chlorophyll A binding protein are also degraded through the progression of 

senescence (Feller and Fischer, 1994; Yoshida and Minamikawa, 1996; 

Hortensteiner and Feller, 2002). We examined the protein levels of several of these 

proteins during geminivirus infection and found that both CAB and Rubisco are 

reduced during the infection with CaLCuV but not with BCTV (Fig 6.4). Furthermore, 

GS1 is increased in the CaLCuV infection while GS2 is degraded, suggesting that 

natural senescence is occurring. A decrease in COX-II is seen during CaLCuV 

infection, suggesting that mitochondrial function is affected at the same time as 

chloroplast function (Fig 6.4). 
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Figure 6.4 - Protein levels of several senescence markers in CaLCuV and BCTV infected 
tissue compared to mock. 

 

6.4.6 Chlorophyll is depleted during CaLCuV infection and anthocyanin production 

is induced in BCTV infection 

To determine if chlorophyll was directly affected during geminivirus infection, we 

estimated its levels and found that CaLCuV reduces the amount of chlorophyll in 

infected tissue while BCTV increases the presence of chlorophyll. These results 

correlate well with the leaves’ phenotype during infection; leaves are yellow in color 

upon CaLCuV infection while they appear darker green upon BCTV infection. It is 

known that BCTV viral protein C4 plays a role in symptom development including 

anthocyanin production (Latham et al., 1997). We found that BCTV infection does 

produce anthocyanin in Arabidopsis, while CaLCuV has no effect. This finding may 

contribute to the observed darker leaves during BCTV infection. Furthermore, we 
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also found that BCTV C4 is involved in the induction of anthocyanin production since 

a mutant lacking the C4 gene doesn’t induce the production of anthocyanin to the 

same extent as the wild type BCTV (Fig 6.5). 

 

 

 

Figure 6.5 - Chlorophyll and anthocyanin levels in CaLCuV, BCTV, and BCTV C4- infected 
tissue. 
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6.4.7 Proteomic analysis of CaLCuV and BCTV infection 

To identify proteins affected by geminivirus infection, we performed a quantitative 

proteomics experiment to measure the protein levels in mock, CaLCuV and BCTV 

infected Arabidopsis leafs. Three biological replicates per condition were processed 

as illustrated in Appendix C, Fig C.2. Leaf samples were taken 12 days post 

inoculation for the proteomic analysis. A portion (10%) of each sample was run on 

an SDS-PAGE gel in order to determine the amount of protein in each sample. After 

estimation, we processed equal amounts (10 µg) of sample using the FASP protocol 

for sample clean-up and trypsin digestion.  It has been suggested that compared to 

other methods, FASP helps minimize error that may be introduced during sample 

handling, which is important to avoid for quantitative studies. To further minimize 

error, we did not fractionate the samples post-digestion.  

A label-free quantitative approach using Progenesis QI software was taken. Raw 

data was searched against the TAIR10 database (appended with the BCTV and 

CaLCuV virus proteins as well as the BSA standard) using Mascot and then 

imported back into Progenesis. Overall, 3477 peptides corresponding to 794 proteins 

were quantified in all samples.  We described differential protein expression as a 2-

fold change or higher, and the number of proteins regulated by both of these viruses 

can be seen in Table 6.1.  
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Table 6.1 - The number of proteins determined in the LC/MS/MS analysis as regulated by 
CaLCuV and BCTV compared to control. 

 

 

6.4.7.1 Proteins involved in pathogenic response 

To confirm that CaLCuV or BCTV infection is present in the treated leaves, we 

measured the levels of the BCTV and CaLCuV proteins.  As expected, we observed 

high levels of BCTV coat protein in only the BCTV infected tissue and high levels of 

CaLCuV coat protein in only the CaLCuV infected tissue. Additionally, we observed 

high levels of BCTV C4 and movement proteins in only the BCTV infected tissue (Fig 

6.6).  

#"Proteins" CaLCuV:Mock" BCTV:Mock"

Up8regulated" 144# 60#

Down8regulated" 343# 289#

Unchanged" 307# 445#
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Figure 6.6 - Viral protein levels quantified in mock, CaLCuV and BCTV infected tissue. 

 

AGO1, a key player in RNA silencing and known to be involved in pathogenic 

response (Baumberger and Baulcombe, 2005; Zvereva and Pooggin, 2012), was up-

regulated in BCTV and even more so in CaLCuV infected tissue. ADK1, an enzyme 

associated with the methyl transferase cycle and is known to be inhibited during 

geminiviral infection (Raja et al., 2008), was down-regulated in BCTV and even more 

so in CaLCuV infected tissue. SAHH1 is a methyl cycle enzyme required for 

transcriptional gene silencing and interacts with BC1, which suppresses the methyl 

cycle and facilitates geminivirus replication by reducing viral DNA methylation (Yang 

et al., 2011).  SAHH1 was down-regulated in BCTV and even more so in CaLCuV 

infected tissue. 



 

204 

Myrosinases are enzymes that are believed to be involved in plant defense against 

insects, but possibly also against pathogens (Rask et al., 2000). Several 

myrosinases were quantified and most showed upregulation in CaLCuV infected 

tissue, while only half were upregulated in BCTV (the other half did not change in 

BCTV).  The only two down-regulated myrosinases, TGG1 and TGG2, have been 

proposed to function in ABA and methyl JA signaling (Islam et al., 2009; Old et al., 

2009). 

 

6.4.7.2 Proteins involved in hormone pathways 

Plant pathogenic response is mediated by the SA, JA and ET pathways (Whitham et 

al., 2006). The protein levels of PR1, PR2 and PR5, all markers for the SA response 

(Pieterse and Van Loon, 2004), were elevated in BCTV infected tissue, and even 

more elevated in CaLCuV infected tissue, consistent with previous findings 

(Ascencio-Ibáñez et al., 2008). The same previous study showed that several 

developmental senescence-enhanced genes, including leucine-rich repeat receptor 

like kinases (LRR-RLKs) dependent on the SA pathway are up-regulated during 

natural senescence, but not during dark or starvation-induced senescence. All 5/7 

LRR-RLKs that were quantified in our study showed no change in CaLCuV infected 

tissue, while 2 of them were down-regulated. In BCTV, all 7 LRR-RLKs showed no 

changed. Interestingly, 5/7 of these also showed no change in previous CaLCuV 

profiling (Ascencio-Ibáñez et al., 2008); the other two showed up-regulation.  
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A JA/ET marker, JR1 levels increased in BCTV infected tissue but showed no 

change in CaLCuV tissue. Previous microarray data showed JR1 levels decreased 

in CaLCuV infected tissue.  A marker of the JA and ET pathway, ERF (Lorenzo and 

Solano, 2005), showed decreased protein levels in CaLCuV infected tissue, with a 

slight increase in BCTV infected tissue. AOS, a component of the JA pathway 

showed a slight decrease in BCTV infected tissue only (no change in CaLCuV). 

Previous microarray data have shown that AOS is up-regulated during senescence 

(Buchanan-Wollaston et al., 2005), while another study showed AOS transcript 

down-regulated upon CaLCuV infection  (Ascencio-Ibáñez et al., 2008).  

Geminiviruses also interact with the auxin pathway; however, the involvement of this 

pathway in senescence is less understood. NIT1, an IAA nitrilase, has been 

accepted as an enzyme functioning in detoxification and nitrogen recycling with a 

less important role in auxin biosynthesis (Doskočilová et al., 2013). In our current 

study, NIT1 is up-regulated in CaLCuV infected tissue, but not in BCTV.  In a 

previous microarray analysis (Breeze et al., 2011) NIT1 transcript was up-regulated 

during senescence, and recently it has been implicated in processes regulating cell 

proliferation and differentiation (Doskočilová et al., 2013). This finding suggests that 

auxin pathway may be induced during CaLCuV infection and is related to 

senescence.  

The brassinosteroid pathway plays an important role in plant growth and 

development, and it has been found that Ca2+/calmodulin is critical for 
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brassinosteroid biosynthesis (Du and Poovaiah, 2005). A brassinosteroid related 

protein, DWF1 was down-regulated in BCTV and to a greater extent in CaLCuV 

infected tissue, which is consistent with previous CaLCuV data (Ascencio-Ibáñez et 

al., 2008).  Additionally, the calmodulin protein, CAM5, as well as other calcium-

related proteins was down-regulated in both infected tissues. These results suggest 

that brassinosteroid pathway may be affected during a variety of geminivirus 

infection. 

 

6.4.7.3 Transcription factors are differentially affected by geminiviral infection 

While the mRNA levels of many transcription factors were affected during CaLCuV 

infection (Ascencio-Ibáñez et al., 2008), the proteomic results generated less 

information for transcription factors on a protein level. Our analysis found only four 

transcription factors differentially affected by CaLCuV or BCTV infection. ERF, which 

was previously mentioned as a being involved in the JA and ET pathways, is a 

transcription factor. It is induced by virulent or avirulent strains of bacteria in 

Arabidopsis (together with other transcription factors from the same family). 

At5g43410 is related to AtERF14 (Oñate-Sánchez and Singh, 2002), but its 

regulation is much less exquisite and its transcripts more stable than other members 

of the family, leading to suggest this may be the reason for the presence of the 

protein in the geminivirus infected tissue. When compared to mock, there is no 

apparent difference, however, when we compared both viruses, BCTV has more 



 

207 

presence of the protein, suggesting that the specificities of the response to 

pathogens in this group of transcription factors can be studied using these viruses. 

At4g25210 is a member of the GeBP family (GL1 enhancer binding protein). GeBP 

is a nuclear protein that seems to be controlled by the Knotted-like class 1 gene 

KNAT1 and potentially act as a repressor of leaf cell fate (Curaba et al., 2003). While 

the function of At4g25210 is still under debate, our results show that it is down-

regulated upon CaLCuV and BCTV infection, suggesting that early leaf death may 

be occurring.  

A transcription factor that belongs to the RING-finger domain family (At5g19430), 

and is classified under the RING-HC category, was up-regulated in CaLCuV but not 

in BCTV infection. While it is known to respond to biotic stress, no clear function has 

been assigned to it (Kosarev et al., 2002). Additionally, it has been shown to be 

expressed more in senescing leaves, which correlates well with our results. 

FAMA, a transcription factor that binds to RETINOBLASTOMA-RELATED (RBR) 

through the canonical motif LxCxE (Matos et al., 2014) was also found to be 

differentially regulated. FAMA is a master regulator of guard cell identity and is a 

repressor of cell division, which may explain its up-regulation in CaLCuV infection 

since geminiviruses want to push for maintaining DNA replication but not the 

transition to mitosis (Ascencio-Ibañez et al, 2008). We didn’t find a change in 

abundance during BCTV infection, but that may be due to a much smaller number of 

cells infected by BCTV versus CaLCuV in Arabidopsis.  



 

208 

 

6.4.7.4 Proteins involved in degradation  

Degradation of macromolecules is a hallmark of senescence (Gepstein, 2004). Over 

90 proteins were found to be involved in protein synthesis, most of which were 

down-regulated in CaLCuV tissue and either unchanged or slightly down-regulated in 

BCTV tissue. Degradation of the cytoskeleton is another indication of senescence. 

We compared the proteomic data of four tubulin proteins to the previous biochemical 

data collected on tubulin in order to assess the reliability of the proteomic data (Fig 

6.7).  In CaLCuV infected tissue, most of the tubulin levels were decreased 

compared to tubulin levels in BCTV infected tissue. Levels of tubulin α4 and β4 were 

decreased in both CaLCuV and BCTV compared to mock infected tissue, which is 

consistent with the qPCR results.  
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Figure 6. 7 - Tubulin protein levels quantified in mock, CaLCuV and BCTV infected tissue. 

 

Several proteins involved in chlorophyll degradation are down-regulated in both 

CaLCuV and BCTV infected tissue.  Rubisco activase levels were decreased in 

CaLCuV infected tissue, consistent with geminiviral infection (Ascencio-Ibáñez et al., 

2008) and senescence (Wilson et al., 2002; Buchanan-Wollaston et al., 2005); 

however, rubisco activase is slightly increased in BCTV infected tissue. RBC levels 

are decreased in CaLCuV infected tissue, as well as in BCTV infected tissue, but to 

a lesser degree. Levels of CAB1 (Chlorophyll A/B binding protein 1) show no change 

in either CaLCuV or BCTV. Some of these results are inconsistent with our western 

blot analysis, especially for BCTV where evidence points to an increase in 

cholorphyll, thus the proteomic results indicate that these proteins may undergo 

post-transcriptional control. 
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Protein degradation occurs through protease and carboxypeptidase activity, as well 

as ubiquitin binding, vacuolar processing and F-box & RING finger protein activity 

(Buchanan-Wollaston et al., 2005). Out of the 10 proteases quantified, only 2 were 

up-regulated (FTSH8 and RD21) in the CaLCuV samples, whereas 6 showed no 

change and 4 showed a decrease in levels, including 2 aspartyl proteases which 

have been previously shown to be decreased in the CaLCuV microarray study 

(Ascencio-Ibáñez et al., 2008).  In the BCTV samples, 6 of the protease protein 

levels showed no change, and 4 showed a decrease – all 4 of which are FTSH 

proteases. 

Several peptidases were represented in the data, most of which were up-regulated 

in CaLCuV and showed no change in BCTV. Proteins involved in degradation of 

amino acids were also represented in the proteomic data; for example, a prolyl 

oligopeptidase family protein showed increased levels in CaLCuV but no change in 

BCTV. One acid phosphatase protein, purple acid phosphatase 27, which may be 

important for phosphate acquisition (Duff et al., 1994) was upregulated in BCTV 

infected tissue, as well as in CaLCuV infected tissue which is consistent with 

Buchanan’s results.  Two other phosphatases involved in nucleic acid degradation 

(of the HAD superfamily) showed no change in either group. A total of four F-box 

proteins were represented in the data; 2 up-regulated 2 no change in CaLCuV (they 

are up-reg in Buchanan-Wollaston et al., 2005); all were down-regulated in BCTV. 
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These proteins play a role in ubiquitination, thus indicating 26S proteosomal 

degradation may be occurring in CaLCuV, but not in BCTV.   

Lipid degradation is known to be associated with senescence. Eleven out of the 

fourteen identified proteins that promote lipid degradation were upregulated in 

CaLCuV. For example, lipoxygenases PLAT 1, PLAT 2 and LOX2 are elevated in 

CaLCuV, but not in BCTV infected tissue. These proteins mediate lipid peroxidation 

and have a long standing role in membrane degradation observed during 

senescence (Siedow, 1991). Overall these results indicate that macromolecule 

degradation is occurring in CaLCuV infected tissue, but not in BCTV infected tissue. 

 

6.4.7.5 Proteins involved in transport  

The transport of nutrients in a senescing leaf occurs as it becomes a source tissue, 

providing nutrients to other parts of the plant (Buchanan-Wollaston et al., 2005). On 

average the levels of the transport proteins quantified in the proteomic study are 

higher in CaLCuV compared to BCTV infected tissue. For example, three voltage-

dependent anion-selective channel proteins, or porins, are up-regulated in CaLCuV, 

but not in BCTV. Two proteins, related to metabolite transfer at the envelope 

membrane and mitochondrial membrane (AT1G06470 and AT5G14040) were both 

up-regulated in CaLCuV, but not in BCTV. All of these data suggest that transport of 

nutrients is not occurring upon BCTV infection, therefore senescence is not 

occurring in BCTV infected tissue. 



 

212 

6.4.7.6 Proteins involved in stress response 

Glutathione S-transferases (GSTs) are induced by a variety of stresses and are 

important for plant protection against oxidative damage (Sappl et al., 2009). GSTs 

were generally up-regulated in both CaLCuV and BCTV infected tissue, consistent 

with both previous CaLCuV (Ascencio-Ibáñez et al., 2008) and senescence 

microarray data (Wilson et al., 2002; Buchanan-Wollaston et al., 2005). Additionally, 

the senescence-associated protein 21 (SAG21), which is elevated during 

senescence and other biotic stresses, was up-regulated in CaLCuV, but not in BCTV 

infected tissue (Salleh et al., 2012). Interestingly, the SAG21 peptide that was used 

for quantitation was phosphorylated, suggesting the importance of post-translational 

modifications. Additional proteins that are related to biotic stress are up-regulated in 

CaLCuV and BCTV, whereas most categorized as abiotic stress-related proteins are 

down-regulated or remain unchanged in both groups. These results indicate that 

stress-related proteins are influenced by geminiviral infection. 

 

6.4.7.7 Differential responses between the two geminiviruses 

We used the ClueGO plugin within Cytoscape to gain a global perspective on the 

biological processes that are differentially affected by CaLCuV and BCTV (Fig 6.8). 

As mentioned earlier, transport of nutrients is a signature of senescence and 

proteins involved in this transport are up-regulated in CaLCuV tissue compared to 

BCTV. Other pathways that show up-regulation in CaLCuV compared to BCTV 
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Figure 6.8 - Bioinformatics analysis of the over-represented proteins up-regulated by either CaLCuV relative to BCTV 
(green) or by BCTV relative to CaLCuV (purple).  
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include: nucleotide metabolic processes, proteasome core assembly, cellular 

respiration, JA process, amino acid catabolic process, ROS response and MAPK 

cascade. On the other hand, several pathways are up-regulated in BCTV when 

compared to CaLCuV which include: endomembrane organization, protein targeting 

chloroplast, polysaccharide catabolic process, RNA methylation, carotenoid 

biosynthetic process and the phenylpropanoid biosynthetic process. 

 

6.5 Conclusions 

In this study, we utilized several biochemical approaches to examine the impact of 

geminivirus infection on senescence. We determined that tubulin degradation, which 

is induced during senescence, is induced upon CaLCuV infection as determined by 

microscopy and qPCR analyses. The general trend of the tubulin proteins identified 

in the proteomic study are in agreement with the microscopy and qPCR data, 

indicating that tubulin is being degraded during CaLCuV, and could be due to 

senescence. In contrast, BCTV, which is another geminivirus, did not induce 

degradation of tubulin. In fact, in the microscopy and qPCR data, it appears that 

tubulin is up-regulated upon BCTV infection. Other markers of senescence were 

assessed by western blot analysis, showing that in general CaLCuV infection 

induces senescence while BCTV does not. Proteomic analysis gives a broader 

perspective of the proteins being affected by these two geminiviruses. Functional 

categories previously determined to be involved in senescence, including 
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macromolecule degradation and transport are up-regulated during CaLCuV infection. 

Other categories such as biotic stress response are up-regulated in both CaLCuV 

and BCTV infected tissue, indicating that both geminiviruses can affect the same 

biological functions. Proteins involved in signaling pathways gave mixed response to 

CaLCuV and BCTV infection, indicating that multiple factors, albeit pathogen 

response, senescence, etc., are at play. Overall, several indicators show that 

senescence is being induced by CaLCuV, but not BCTV. Response to BCTV 

infection induces changes in the plants phenotype and darkens the pigment of the 

infected leafs. While the mechanism is currently unknown, it is possible that this is a 

defense mechanism induced by BCTV infection. Overall, these results show the 

differential response to two different families of geminiviruses. Knowing how each 

geminivirus affects plants will help to design strategies to control or alleviate their 

damage in the future. 
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Appendix A 

Supporting Information to Chapter 2: 

 

Development of a Tandem Affinity Phosphoproteomic Method with Motif 

Selectivity and its Application in Analysis of Signal Transduction Networks 

 

 

 

 

 

Figure A.1 - Schematic representation of the data-dependent decision tree method used in 
our study. 
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Figure A.2 - Phosphopeptide identification from unstimulated NIH 3T3 cells using tandem 
phosphopeptide enrichment. (A) The table lists the number of unique phosphopeptides and 
non-phosphorylated peptides for the IMAC and the IMAC-TiO2 and for the TiO2 and the 
TiO2-IMAC enriched samples as identified by LC/MS/MS analysis using the CID/ETD DT 
acquisition. The enrichment percentage (% enrichment = number of phosphorylated 
peptides/total number of peptides x 100) and the total number of unique phosphopeptides 
identified by each tandem approach is also reported. (B) The Venn diagram for the IMAC 
and the IMAC-TiO2 enriched samples. (C) The Venn diagram for the TiO2 and the TiO2-
IMAC enriched samples. “IMAC” refers to the sample of unstimulated lysate digest that was 
enriched using IMAC, and “IMAC-TiO2” refers to the sample generated by enriching the 
IMAC flow-through/wash using TiO2. “TiO2” refers to the sample of unstimulated lysate 
digest that was enriched using TiO2, and “TiO2-IMAC” refers to the sample generated by 
enriching the TiO2 flow-through/wash using IMAC. 

 

19%

Sample #	  phosphopeptides Total #	  of	  peptides % enrichment

IMAC 836 1854 45%

IMAC-‐TiO2 497 985 50%

TiO2 899 1130 80%

TiO2-‐IMAC 214 705 30%

TiO2
777

TiO2-‐IMAC
92

IMAC-‐TiO2
306

IMAC
645

191 122

A

B C

Total	  unique	  phosphopeptides	  in	  the	  IMAC	  and	  IMAC-‐TiO2 samples=	  1142	  
Total	  unique	  phosphopeptides	  in	  the	  TiO2 and	  TiO2-‐IMAC	  samples	  =	  991
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Figure A.3 - Evaluation of the data-dependent decision tree acquisition method. (A) The 
Venn diagram displays the number of unique phosphopeptides between CID, ETD, or DT 
LC/MS/MS analysis for an IMAC-enriched fraction from 200 µg of unstimulated NIH 3T3 cell 
lysate tryptic digest. (B) The histograms of the pRS probability distribution of identified 
unique phosphopeptides using CID and ETD for analyzing the ERLIC/IMAC/TiO2 fractioned 
cell lysate tryptic digests of the PDGF-stimulated NIH 3T3 cells across all time points. For 
each phosphopeptide identified, a pRS probability was generated. The pRS probability is a 
confidence measure of the phosphorylation site localization assignment, where the value of 
“1” means that the confidence of the phosphorylation site localization is 100%, whereas a 
value of “0” means 0% confidence. (C) The Venn diagram for the number of unique 
phosphopeptides identified in the ERLIC/IMAC/TiO2 fractions analyzed by CID or ETD 
LC/MS/MS analysis. 
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Figure A.4 - Phosphorylation motif analysis of phosphopeptides identified in unstimulated 
NIH 3T3 cells by tandem phosphopeptide enrichment using motif-x. Phosphopeptides with 
at least a 70% site localization confidence score (pRS of 0.7) were used for motif-x analysis. 
A list of phosphorylation motifs was generated for phosphoserine (pS) motifs for (A) IMAC 
and IMAC-TiO2 fractions and (B) TiO2 and TiO2-IMAC fractions (rank decreases from top to 
bottom). Motif-x analyses were conducted for phosphothreonine (pT) and phosphotyrosine 
(pY), but the low number of phosphopeptides used in the search precluded the identification 
of any motifs. “IMAC” refers to the sample of unstimulated lysate digest that was enriched 
using IMAC, and “IMAC-TiO2” refers to the sample generated by enriching the IMAC flow-
through/wash using TiO2. “TiO2” refers to the sample of unstimulated lysate digest that was 
enriched using TiO2, and “TiO2-IMAC” refers to the sample generated by enriching the TiO2 
flow-through/wash using IMAC. 
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Figure A.5 - Venn diagram comparison of identified phosphopeptides and phosphoproteins 
of unstimulated and PGDF-stimulated NIH 3T3 cells. Phosphopeptides and phosphoproteins 
identified by ERLIC/IMAC/TiO2 CID/ETD DT LC/MS/MS analysis for each time point: 0 min 
(unstimulated) and 300 pM of PDGF for 15 min and 120 min.  
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Figure A.6 - Over-representation of GO molecular functions at each time point using the 
ClueGO plugin within Cytoscape. Red, green and blue nodes are GO terms that were over-
represented in the 0 min, 15 min and 120 min samples, respectively. Grey nodes were 
equally represented in all three sample sets. The size of the nodes reflects the statistical 
significance of the terms: the larger the node, the more significant the term. The “edges” 
represent the connection between the terms and is denoted by a kappa score which was set 
to the default value of 0.4. The most representative term (based on the highest percentage 
of identified proteins per term) in a group was used as the group name. 
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Figure A. 7 - Phosphorylation dynamics of well-characterized proteins identified in PDGF-
stimulated NIH 3T3 cells. Phosphorylation sites were mapped onto a network diagram, 
recompiled from Cirit et al. (Cirit et al., 2010) Detected proteins are in green and non-
detected proteins are in tan. The identified site of phosphorylation for each protein is 
indicated by the one letter amino acid residue abbreviation followed by the residue number. 
The peak areas for each phosphopeptide at each time point was extracted using the peak 
area node in Proteome Discoverer. The circles represent the quantification of the identified 
phosphorylation site, with the left and right halves of the circle representing the relative 
phosphorylation level at 15 min  and 120 min (normalized to the unstimulated NIH 3T3 
cells), respectively. The values were converted to log2 scale and up-regulated, unchanged, 
and down-regulated phosphorylation sites are in red, grey, and blue, respectively. The 
purple lines represent activation and the red lines represent inhibition.  

 

 

 

 



 

229 

Appendix B 

Supplemental information to Chapter 5:  

Optimization of an affinity purification-mass spectrometry method to define 
the dynamic MEK1 interactome 

 

Table B.1 - The list of proteins identified in the FLAG-MEK1 IP with a p-value<0.05. Proteins 
unique to only the unstimulated (T0) FLAG-MEK1 IP samples are highlighted in green. 
Proteins unique to only the PDGF-stimulated (T5) FLAG-MEK1 IP samples are highlighted in 
red. Proteins found in both conditions, along with the quantitative value (spectral counts) in 
each the unstimulated (T0) and PDGF-stimulated (T5) sample, as well as the T5:T0 ratio are 
highlighted in blue. 

 
Proteins	  	  
Unique	  T0	  

Proteins	  
Unique	  T5	  

Proteins	  	  
Unique	  Both	  

Quant	  
T0	  

Quant	  	  
T5	   Ratio	  T5/T0	  

1433B_MOUSE	   ANM5_MOUSE	   1433G_MOUSE	   9 2 0.3 
1433E_MOUSE	   ARC1B_MOUSE	   ANFY1_MOUSE	   3	   4	   1.6 
1433S_MOUSE	   ATF2_MOUSE	   BRAF_MOUSE	   6	   4	   0.6 
1433T_MOUSE	   BEND3_MOUSE	   C1TM_MOUSE	   44	   37	   0.8 
1433Z_MOUSE	   CHM4B_MOUSE	   CEBPB_MOUSE	   3	   5	   1.8 
ACTN1_MOUSE	   CREB1_MOUSE	   CKAP5_MOUSE	   12	   9	   0.8 
ACTN4_MOUSE	   DDX17_MOUSE	   CO1A1_MOUSE	   6	   9	   1.6 
ADT2_MOUSE	   DDX3X_MOUSE	   CO1A2_MOUSE	   5	   4	   0.8 
ANXA1_MOUSE	   DDX5_MOUSE	   CUX1_MOUSE	   7	   19	   2.6 
ANXA2_MOUSE	   GRP75_MOUSE	   DESP_MOUSE	   27	   13	   0.5 
ANXA5_MOUSE	   HNRPM_MOUSE	   EF1A1_MOUSE	   18	   20	   1.1 
AT1A1_MOUSE	   IF4A3_MOUSE	   FINC_MOUSE	   57	   62	   1.1 
AT2A2_MOUSE	   IF4B_MOUSE	   FLNC_MOUSE	   12	   6	   0.5 
ATPB_MOUSE	   IMMT_MOUSE	   FOSL2_MOUSE	   3	   8	   2.3 
ATPG_MOUSE	   JUND_MOUSE	   G3P_MOUSE	   8	   8	   1.0 
BASP1_MOUSE	   LAP2B_MOUSE	   HS90A_MOUSE	   11	   6	   0.5 
CAN2_MOUSE	   LMNB1_MOUSE	   IF2B3_MOUSE	   8	   5	   0.6 
CAND2_MOUSE	   MITF_MOUSE	   IF4A1_MOUSE	   7	   3	   0.4 
CAPR1_MOUSE	   NFAC1_MOUSE	   JUN_MOUSE	   3	   5	   2.0 
CD109_MOUSE	   P66B_MOUSE	   KSR1_MOUSE	   16	   9	   0.6 
CLH1_MOUSE	   PBX1_MOUSE	   KV2A7_MOUSE	   206	   254	   1.2 
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CO3_MOUSE	   PGBM_MOUSE	   LAP2A_MOUSE	   16	   22	   1.4 
CPSF6_MOUSE	   PLAK_MOUSE	   LMNA_MOUSE	   17	   15	   0.9 
CUL7_MOUSE	   PRRX1_MOUSE	   MP2K1_MOUSE	   222	   249	   1.1 
DX39B_MOUSE	   PSMD1_MOUSE	   MYH9_MOUSE	   318	   153	   0.5 
DYHC1_MOUSE	   PSMD2_MOUSE	   MYO1E_MOUSE	   20	   15	   0.8 
ECHA_MOUSE	   RGAP1_MOUSE	   NFAT5_MOUSE	   3	   10	   3.6 
EF2_MOUSE	   SQRD_MOUSE	   NS1BP_MOUSE	   5	   4	   0.9 
ELAV1_MOUSE	   SSRP1_MOUSE	   PCNA_MOUSE	   5	   3	   0.5 
ENOA_MOUSE	   ST38L_MOUSE	   PPM1A_MOUSE	   8	   3	   0.4 
EZRI_MOUSE	   TEAD3_MOUSE	   RANB9_MOUSE	   4	   2	   0.6 
FBLN2_MOUSE	   TGM2_MOUSE	   RFA1_MOUSE	   2	   6	   2.8 
FIBB_MOUSE	   TRPS1_MOUSE	   RLA0_MOUSE	   8	   6	   0.8 
FLOT1_MOUSE	   UBP15_MOUSE	   RS3A_MOUSE	   3	   3	   0.9 
GBB2_MOUSE	   VIME_MOUSE	   SLAI2_MOUSE	   3	   3	   0.9 
GNA13_MOUSE	   ZFHX4_MOUSE	   TBB2A_MOUSE	   13	   10	   0.7 
GNAI3_MOUSE	  

	  
TFE3_MOUSE	   4	   11	   3.0 

GNAO_MOUSE	  
	  

TPM3_MOUSE	   8	   3	   0.4 
GNAS1_MOUSE	  

	   	   	   	  
 

GRP78_MOUSE	  
	   	   	   	  

 
GT251_MOUSE	  

	   	   	   	  
 

H15_MOUSE	  
	   	   	   	  

 
H2B1B_MOUSE	  

	   	   	   	  
 

H4_MOUSE	  
	   	   	   	  

 
HNRPQ_MOUSE	  

	   	   	   	  
 

HS105_MOUSE	  
	   	   	   	  

 
HS71A_MOUSE	  

	   	   	   	  
 

HS90B_MOUSE	  
	   	   	   	  

 
HSP7C_MOUSE	  

	   	   	   	  
 

HVM17_MOUSE	  
	   	   	   	  

 
IF2A_MOUSE	  

	   	   	   	  
 

IF2B1_MOUSE	  
	   	   	   	  

 
IF2B2_MOUSE	  

	   	   	   	  
 

IGKC_MOUSE	  
	   	   	   	  

 
IQGA1_MOUSE	  

	   	   	   	  
 

JAK1_MOUSE	  
	   	   	   	  

 
KPRA_MOUSE	  

	   	   	   	  
 

KV3A1_MOUSE	  
	   	   	   	  

 
KV3A7_MOUSE	  
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KV3AA_MOUSE	  
	   	   	   	  

 
LDHA_MOUSE	  

	   	   	   	  
 

LRP1_MOUSE	  
	   	   	   	  

 
MAP1B_MOUSE	  

	   	   	   	  
 

MCCA_MOUSE	  
	   	   	   	  

 
MKLN1_MOUSE	  

	   	   	   	  
 

ML12B_MOUSE	  
	   	   	   	  

 
MPRIP_MOUSE	  

	   	   	   	  
 

MYH10_MOUSE	  
	   	   	   	  

 
MYO5A_MOUSE	  

	   	   	   	  
 

MYPT1_MOUSE	  
	   	   	   	  

 
NPM_MOUSE	  

	   	   	   	  
 

OTUD4_MOUSE	  
	   	   	   	  

 
PALM_MOUSE	  

	   	   	   	  
 

PDIA1_MOUSE	  
	   	   	   	  

 
PDIA3_MOUSE	  

	   	   	   	  
 

PGAM5_MOUSE	  
	   	   	   	  

 
PHB2_MOUSE	  

	   	   	   	  
 

PKP1_MOUSE	  
	   	   	   	  

 
PLEC_MOUSE	  

	   	   	   	  
 

PLSL_MOUSE	  
	   	   	   	  

 
PLST_MOUSE	  

	   	   	   	  
 

PPIA_MOUSE	  
	   	   	   	  

 
PRPS1_MOUSE	  

	   	   	   	  
 

PRS7_MOUSE	  
	   	   	   	  

 
PRS8_MOUSE	  

	   	   	   	  
 

PSD11_MOUSE	  
	   	   	   	  

 
PSD13_MOUSE	  

	   	   	   	  
 

RAI14_MOUSE	  
	   	   	   	  

 
RBMX_MOUSE	  

	   	   	   	  
 

RENT1_MOUSE	  
	   	   	   	  

 
RL6_MOUSE	  

	   	   	   	  
 

RL7_MOUSE	  
	   	   	   	  

 
ROA2_MOUSE	  

	   	   	   	  
 

RPN1_MOUSE	  
	   	   	   	  

 
RRBP1_MOUSE	  

	   	   	   	  
 

RS18_MOUSE	  
	   	   	   	  

 
RS2_MOUSE	  
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RS8_MOUSE	  
	   	   	   	  

 
SERA_MOUSE	  

	   	   	   	  
 

SPIN1_MOUSE	  
	   	   	   	  

 
SPTB2_MOUSE	  

	   	   	   	  
 

SRRM2_MOUSE	  
	   	   	   	  

 
STOM_MOUSE	  

	   	   	   	  
 

SYIC_MOUSE	  
	   	   	   	  

 
SYRC_MOUSE	  

	   	   	   	  
 

TBA4A_MOUSE	  
	   	   	   	  

 
TBB3_MOUSE	  

	   	   	   	  
 

TBB4B_MOUSE	  
	   	   	   	  

 
TBB5_MOUSE	  

	   	   	   	  
 

TCPB_MOUSE	  
	   	   	   	  

 
TCPD_MOUSE	  

	   	   	   	  
 

TCPG_MOUSE	  
	   	   	   	  

 
TCPZ_MOUSE	  

	   	   	   	  
 

TERA_MOUSE	  
	   	   	   	  

 
THY1_MOUSE	  

	   	   	   	  
 

TIM50_MOUSE	  
	   	   	   	  

 
TNR6B_MOUSE	  

	   	   	   	  
 

TPM1_MOUSE	  
	   	   	   	  

 
TPM2_MOUSE	  

	   	   	   	  
 

TPM4_MOUSE	  
	   	   	   	  

 
TRAP1_MOUSE	  

	   	   	   	  
 

UBC_MOUSE	  
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Figure B.1- Optimization of the FLAG-MEK1 immunoprecipitation.  
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Appendix C 

Supplemental information to Chapter 6:  

Other applications of MS – A quantitative systems approach to understand 

differences in geminivirus-induced changes in Arabidopsis thaliana 
 

Figure C.1 - 20x and 40x magnified image of GFP-tubulin in Arabidopsis infected with BCTV 
and CaLCuV. 

 
 

 
 
 
 
 
 
 
 
 

 
 
 



 

235 

Figure C.2 - Quantitative proteomic workflow to determine protein levels upon CaLCuV and 
BCTV infection using LC/MS/MS. 

 

 


