
ABSTRACT 

CHIEN, KO-YI. Development and Application of Liquid Chromatography-Tandem Mass 

Spectrometry Methods for Phosphoproteome Analysis of Marek’s Disease Virus Infection. 

(Under the direction of Michael B. Goshe.) 

           Marek’s Disease (MD) is an avian lymphomatous disease caused by Marek’s Disease 

Virus (MDV), a double-strand DNA virus belonging to Alphaherpesviranae.  MDV-induced 

pathogenesis includes productive and nonproductive viral replication cycles, where the 

productive replication results in rapid replication of virus progeny released through cell 

destructive mechanisms, while during the nonproductive cycle, the virus enters the latent 

state and becomes quiescent in the host cells before reactivation is induced. In susceptible 

birds, MDV infection can induce T-cell lymphoma and cause infiltrations of the nervous 

system and visceral organs, and, ultimately, the paralysis and death of infected birds. 

Vaccination is the only strategy to prevent the massive damage caused by MDV infection. 

The vaccines used currently are mostly from attenuated serotype 1 or non-oncogenic serotype 

2 and 3 strains of MDV. However, the evolution of virus virulence decreases the efficacy of 

vaccination, and thus new disease prevention or therapeutic strategies are urgently needed.  

           Proteomic analysis using mass spectrometry has emerged as a powerful tool to 

investigate large-scale protein profile changes during biological perturbations. With the 

development of advanced instruments and maturation in sample preparation approaches, 

variations of cellular protein abundance as well as phosphorylation events that occur under 

different treatments can be detected and analyzed. In this thesis, a combined approach 

including data-independent acquisition (DIA) and data-dependent acquisition (DDA) analysis 

was developed and utilized to explore the proteome and phosphoproteome changes caused by 

MDV-induced biological responses in cultured chicken cells. Initially, an approach was 



developed using electrostatic repulsion-hydrophilic interaction chromatography (ERLIC) to 

fractionate peptides from chicken embryo fibroblast (CEF) digests and incorporating a 

subsequent immobilized metal affinity chromatography (IMAC) enrichment step to 

specifically target phosphorylated peptides for DDA LC/MS/MS analysis. To monitor the 

multidimensional separation between mock- and MDV-infected CEF samples, a casein 

phosphopeptide mixture was used as an internal standard. Next, a set of CEF cells infected 

with 4 different MDV strains spanning a range of virulence were analyzed using label-free 

DIA GeLC/MS
E
 to measure the proteome abundance changes and the developed 

ERLIC/IMAC/LC/MS/MS analysis for the changes in the phosphoproteome. Finally, the 

same approach for phosphoproteome analysis was applied to analyze the phosphorylation 

events induced by the reactivation of MDV-transformed cell lines RP2 and MSB1. The 

results of these investigations indicate that CEF cells in the lytic stage and the transformed 

lymphoblastoid cells in the latent-to-lytic phase exhibit pathway fluctuations in RNA 

processing networks, but to a different extent. In addition, the transformed cell lines 

reactivated by butyrate treatment also involve pathway changes in cell cycle progression 

which may be through the variations that occur in the phosphorylation status of several 

transcription factors including the MDV Meq protein. Overall, the studies included in this 

thesis have provided insightful information regarding MDV-induced proteome and 

phosphoproteome changes during different stages of the virus life cycle where several 

proteins serve as potential candidates for more detailed biochemical investigations to assess 

their role as future therapeutic targets.  
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CHAPTER 1 

 

Advances in Mass Spectrometry and an Introduction to the 

Pathogenesis of Marek’s Disease Virus 
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1.1  Update of Quantitative Proteomics from 2008 to Present 

           This section contains an update on quantitative mass spectrometry that has occurred 

since the previously published review article we wrote in 2008 and published in 2009. 
1
      

1.1.1 Advances in Mass Spectrometry Instrumentation 

           Newer instruments are released every year with more advanced technologies 

implemented to overcome the caveats unveiled during analysis of different samples.  For 

example, electron-capture dissociation (ECD) or electron-transfer dissociation (ETD) 

methods were developed to complement the limitation of collision-induced dissociation (CID) 

in which post-translational modifications (PTMs) are usually lost during fragmentation, and 

high energy collisional dissociation (HCD) which has been implemented in the Orbitrap 

system to improve the detection of the low-mass region of tandem mass spectrometry 

(MS/MS) fragment ions that normal CID misses in an ion trap instrument. In the meantime, 

ion-mobility has been gaining attention where the gas-phase separation of proteins/peptides 

enables PTM sites or isomers to be better characterized. In this chapter, more details will be 

provided on these advanced mass spectrometry technologies and some of the interesting 

proteomic studies using these new technologies will also be discussed.    

1.1.1.1 Electron-Transfer Dissociation (ETD) 

           The conventional CID method usually results in incomplete sequence information due 

to the redistribution of internal energy which mainly causes the weakest bonds in a peptide to 

be cleaved, no matter if it is a peptide bond or a side chain group, to promote the neutral loss 

of a product ion as opposed to a more widely distributed fragmentation phenomenon. The 
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development of ECD by McLafferty et al. on a Fourier transform-ion cyclotron resonance-

mass spectrometry (FT-ICR-MS) instrument by introducing a thermal electron to induce the 

reduction of charge state of cations and thus release energy to cause the specific cleavage of 

amine bonds on a protein or peptide provides enhanced sequence information 
23

. In 2004 

Hunt and colleagues developed an analogous fragmentation technique, ETD 
4,5

.  ETD is a 

fragmentation method by transferring electrons from radical anions to the cations through 

separated ion sources.   

           Instead of generating b- and y-ions after CID, which is not equally distributed along 

the peptide backbone and favors fragmenting certain residues such as Asp, Glu and Pro, ECD 

or ETD tends to generate comprehensive c- and z-ion series in which fragmentation occurs at 

the N-Cα bond and is able to retain labile PTMs on the side chain.  The downside of ETD is 

the decreased efficiency in fragmenting lower charge-state analytes 
5
. To obtain the most 

extensive sequence coverage of various peptide species, a complementary application of CID 

and ETD was suggested to provide a greater peptide sequence coverage of proteins ranging 

from peptides carrying lower charges (≤ 2) to higher charges 
6-9

.   

           The implementation of ETD on a hybrid mass spectrometer with a linear ion trap and 

Orbitrap mass analyzer emerged in 2007 by Coon’s group in collaborating with Thermo 

Fisher Scientific 
10

 further improved the mass accuracy and resolving power to facilitate 

peptide detection and PTM assignment 
11

. Later, a decision tree (DT) algorithm coupled with 

the ETD-enabled Orbitrap system was exploited as a probability-based, real-time selection 

between collision-activated dissociation (CAD, same as CID) and ETD methods 
6
 and also 
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implemented in commercialized ETD-enabled Orbitrap systems. This DT logic was applied 

on yeast proteome samples and exhibited a 21.4% and 46.9% increase over CID-only and 

ETD-only datasets, respectively, where a netted 92.6% of the total unique peptides was 

identified while only requiring half the acquisition time and half the amount of sample 
6
.  The 

same approach was also applied to study phosphoproteomics in human embryonic stem cells 

and a 118% and 27% increase of phosphopeptide identification over the CID- and ETD-only 

method was observed 
6
. 

           For quantitative proteomics, more complementary dissociation methods, such as HCD 

coupled with ETD and/or CID, were applied to facilitate detection of multiplex labeling 

agents such as iTRAQ 
12,1313

 . Details of this approach will be discussed in Section 1.1.3.  

1.1.1.2 Higher Energy Collision Dissociation (HCD) 

           A hybrid mass spectrometer consisting of a linear ion trap and an Orbitrap analyzer 

termed LTQ-Orbitrap has been popularly utilized in the field of proteomics. The application 

of high mass measurement accuracy (MMA) for precursor ion scanning in the Orbitrap and 

the low MMA for the fragment ion scanning in the linear ion trap has gained popularity in 

terms of the combined advantages of the high MMA in precursor ion measurement and the 

rapid scanning speed during data-dependent fragmentation. However, as mentioned in 

Section 1.1.1.1, the analysis of phosphopeptides using CID in the ion trap usually results in 

the neutral loss of the phosphate group for phosphoseryl (pSer) and phosphothreonyl (pThr) 

residues. In addition, the fragmentation in the ion trap precludes the detection of low 
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molecular weight ions that may represent the immonium ion of phosphotyrosine (pTyr) (m/z 

of 214.0426) or reporter ions fragmented from isobaric tags such as iTRAQ.  

           The initial design of the LTQ-Orbitrap is to use the c-trap to store ions on the way 

from the ion trap to the Orbitrap (Figure 1.1). Later it was proposed to be utilized as a 

collision chamber to induce triple quadrupole-like fragmentation by raising the 

radiofrequency voltages up to 2,500 V in the c-trap in order to retain maximal numbers of 

fragment ions. This unique way of fragmentation is called HCD. In order to capture more 

ions in the low molecular weight mass region, which are missed due to the instability caused 

by the high RF application in the c-trap, Olsen et al. built an octopole collision cell in the far 

side of the c-trap where the ions can be fragmented and re-directed back to the c-trap to be 

readily analyzed in the Orbitrap for high resolution and high MMA scanning 
14

. The high-

high strategy (high MMA in both precursor and fragment ions) has the advantages of 

improving the quality of fragmentation data thus lowering the false discovery rate (FDR) for 

peptide assignment and PTM site localization.    

           In spite of the slower measuring cycle of the high-high strategy of HCD, Nagaraj et al. 

still showed significantly better performance of HCD over CID on HeLa cell phosphopeptide 

identification and PTM site localization with or without pre-fractionation and enrichment 

under comparable parameters 
15

.  Recently, Frese et al. performed a comprehensive 

comparison of different fragmentation techniques including CID, HCD and ETD on an LTQ-

Orbitrap instrument demonstrating that different ions (i.e., different precursor charge states or 
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PTM types) may prefer different fragmentation methods in order to cover a comprehensive 

range for peptide identification 
16

. 

1.1.1.3 Ion Mobility Spectrometry-Mass Spectrometry (IMS-MS) 

           Other than the alternative fragmentation techniques, coupling ion mobility 

spectrometer implementation within a mass spectrometer provides an extra dimension for ion 

separation to reduce spectral congestion. Ion mobility has been utilized for studying protein 

complexes for decades, but until recently, by integrating with MALDI and ESI ion sources, it 

has become more popular for peptide identification. Ions in the drift tube are separated based 

on their mobilities, which are determined by their individual collision cross-sections (i.e., 

ions with more compact structures possess higher mobilities) as well as charge states (i.e., 

ions with higher charge states will have higher mobilities due to the large drift force in the 

voltage applied tube). Therefore, ions that co-elute from LC but contain different sequences 

or optical conformations (i.e., isomers) 
17

 will be arriving at different times for MS/MS 

analysis due to the additional gas-phase separation prior to the fragmentation. The first ion 

mobility instrument was simply a drift-time instrument, in which the ion mobility cell is 

filled with collision gas, mostly nitrogen, helium or argon, so that the time an ion takes to 

travel through the cell depends on the average collision cross-section that interacts with the 

collision gas. Later, IMS-MS evolved into two different types: differential mobility analyzers 

(also called high-field asymmetric ion mobility spectrometers, FAIMS) and travelling-wave 

instruments 
18,19

. 
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           Even though the instrumentation has seen great improvements regarding sensitivity 

and resolution compared to other well developed techniques, ion mobility, especially the 

newer FAIMS and traveling-wave IMS-MS, is still not well optimized at this point in terms 

of the data processing and automation of ion calibration and identification for large-scale 

proteomic analysis. However, several groups are developing different methods to improve 

peptide identification such as incorporating amino acid size parameters 
20

 or peptide ion drift 

time prediction 
21

 as well as phosphopeptide collision cross-section estimation which is 

known to usually be smaller than the unphosphorylated counterparts 
22

. Regardless, several 

proteomic studies have been utilizing the advantages of the additional resolving power 

provided by ion mobility to show great success in protein/peptide coverage and the enhanced 

dynamic range of plasma samples without abundant proteins being depleted 
23,24

.  As 

advances occur in the development of technology, IMS-MS will continue to be utilized in 

more and more studies with broader and diverse applications.  

           The versatility of IMS-MS in analyzing large biomolecules has led to the development 

of commercialized instruments. A commercially available instrument equipped with a 

traveling-wave ion mobility cell in between a quadrupole and a TOF analyzer has been 

recently released (Figure 1.2) 
19

. Although the relationship between the drift time and ion 

collision cross-section is still not well established, some reliable models have been provided 

17,22
 and will be refined as more progresses is made in the field. One of the potential benefits 

from the integration of ion mobility with the Q-Tof system is that the additional gas-phase 

separation of injected ions relieves ion congestion during fragmentation and facilitates 
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peptide identification accuracy and PTM localization for LC/MS
E
 analysis, a data-

independent LC/MS/MS acquisition approach 
25-27

. 

           In addition to large scale proteomic applications, IMS-MS coupled with MALDI even 

enhances the MS capability for surface ion detection. The advantage of ion mobility 

incorporation for on-tissue biomolecule detection and identification is that the sample 

complexity can be greatly reduced since ions possess different arrival times for detection. 

There have been many publications demonstrating the surface molecule detection of different 

materials and biomolecules including lipids 
28,29

, proteins 
30,31

, peptides 
32-34

 and metabolites 

35
.  

1.1.2 Sample processing and fractionation 

          Even though the instruments have evolved to enable high speed and high sensitivity 

detection, sample preparation is still pivotal. In fact, it becomes even more important since 

researchers are not only pursuing the increase in the number of total proteins or peptides 

being identified, but demanding more specificity in targets which are usually in low 

abundancy and thus difficult to identify. In this section, a couple of sample preparation 

strategies introduced recently that have shown to enhance analyte detection in several 

different categories will be discussed.      

1.1.2.1 Membrane protein preparation 

          The most efficient way of extracting membrane proteins still includes the use of  

ultracentrifugation to sediment microsomal fractions and thus the plasma proteins, with 
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advanced two-phase extractions 
36-39

. However, the methods for solubilization of membrane 

proteins and the subsequent digestion for bottom-up procedures have been suggested and 

evaluated. A traditional as well as perhaps the most popular way is to resuspend the resulting 

membrane protein fractions with a sample loading buffer containing detergents such as SDS 

or Triton-X100 and subject the sample to 1D- or 2D-PAGE separations. A couple of volatile, 

acid-labile surfactants have been employed to increase the solubility of proteins and 

eliminate additional removal of excess salt and detergent for in solution digestion and mass 

spectrometry analysis. The comparisons of several acid-labile surfactants including RapiGest 

(sodium-3-[(2-methyl-2-undecyl-1,3-dioxolan-4-yl)-methoxyl]-1-propanesulfonate) and PPS 

(3-[3-(1,1-bisalkyloxyethyl)pyridin-1-yl]propane-1-sulfonate) was performed 
40,41

 and, not 

surprisingly, different peptide/protein coverage with different surfactants usage was revealed. 

Recently, a new surfactant called PFOA (perfluorooctanoic acid) was also described and 

applied to bottom-up proteomic studies 
42

. In addition, organic solvents and/or detergent-

assisted peptide proteolysis were also examined 
41,43

. 

           From the studies mentioned above, the presence of a surfactant seems to be essential 

for complete protein solubilization and denaturation and thus favors protease digestion. The 

removal of the surfactant to accommodate downstream liquid chromatography-tandem mass 

spectrometry (LC/MS/MS) analysis has also been described. Acetone or acid precipitation is 

widely used in proteomic studies; however, some proteins may suffer from difficulties of 

resolubilization before proteolysis can be performed. Because of this, an on-pellet digestion 

procedure was introduced and evaluated for completeness of protein digestion 
44

. In addition, 
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Liang’s group demonstrated an easy removal method for one of the commonly used 

surfactants: sodium deoxycholate (DOC) 
45,46

. DOC can be precipitated under acidic 

conditions and removed from samples after enzymatic digestion, and most of the tryptic 

activity can be preserved in 10% DOC 
46

. Other than using DOC, Yeung et al. also 

introduced a rapid detergent removal method by using ethyl actate, which they demonstrated 

was applicable to other kinds of detergents 
47

. To examine the residual detergent in samples, 

Chen et al. developed a visual indicator for detecting surfactants in samples for proteome 

analysis 
48

. 

1.1.2.2  Phosphopeptides 

           The phosphoproteome has caught great attention in recent years due to the important 

but versatile roles that phosphoproteins play in diverse physiological responses. Currently, 

researchers are still focusing on the fractionation and enrichment of complex proteome 

samples to enhance the ionization efficiency as well as to increase the physical abundance of 

phosphopeptides to be detected. Coupling with more sensitive mass spectrometers capable of 

faster duty cycle, along with alternative fragmentation techniques as mentioned in Section 

1.1.1, the accuracy of phosphopepitde identification as well as phosphorylation site 

assignment has greatly improved, while the reduced data acquisition time has also facilitated 

larger-scale sample analysis to be achieved. However, the complexity of samples combined 

with the low stoicheometry of phosphopeptides and the lower ionization efficiency relative to 

their unphosphorylated counterparts minimizes phosphopeptide detection. In addition, the 

sequential analysis of MS precursor ions associated with DDA analysis relies on adequate 
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sample simplification prior to mass spectrometry analysis. Other than the popular strong 

cation exchange (SCX) fractionation 
9,49,50

, hydrophilic chromatography (HILIC) 
51

 and 

strong anion exchange (SAX) 
52

 fractionation have been utilized by different research groups 

to enhance phosphopeptide detection. A new fractionation mode combining HILIC and SAX 

functionalities called electrostatic repulsion hydrophilic interaction chromatography (ERLIC) 

was also developed and applied to proteome samples recently 
53-56

. The detailed utilization of 

ERLIC will be discussed in Chapter 2. 

           For phosphopeptide enrichment, IMAC and TiO2 are still widely used. Recently, some 

investigations were conducted to evaluate alternative materials to enable more stringent 

washes or automation. A polymer-based metal ion affinity capture reagent called PolyMAC 

was introduced for the highly efficient isolation of phosphopepitdes 
57

. Another enrichment 

strategy (Ti
4+

)-IMAC using polymers containing phosphate groups that can chelate with 

titanium ions was also described 
58

. In fact, different materials used for enrichment usually 

result in complementary coverage of phosphopeptide species among the entire 

phosphoproteome 
54,59

. Overall, the most comprehensive way to discover phosphorylation 

changes under biological perturbations will probably be to utilize 2 or more 

fraction/enrichment approaches, in spite of the fact that it is labor intensive and time 

consuming, in conjunction with high MMA mass spectrometers featuring high resolving 

power and fast duty cycles.    

           One issue that is worth noting for these types of enrichment is that, in some cases, 

highly deamidated peptides along with acidic peptides can also be enriched due to the residue 
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conversions of Asn to Asp and Gln to Glu. Even though some deamidation may represent 

biological significance under certain conditions such as deglycosylation 
55

 or spontaneous 

physiological reactions 
60,61

, sample handling process can also result in deamidation 
62

 and 

may be the majority of the cases. Therefore, by carefully evaluating the distribution of 

deamidated peptides in enriched fractions, deamidation may be able to serve as an indicator 

for condition optimization, including minimization of enzymatic digestion time or adjusting 

buffer pH at neutral to acidic conditions to preserve the nature of samples to be analyzed. On 

the other hand, disease related deamidation may be another interesting aspect that may be 

revealed by these approaches 
63-66

. 

1.1.2.3 Glycosylation 

           Instead of studying glycans attached on glycoproteins, glycoproteomics focuses on the 

profile of glycosylated proteins. Compared to other PTMs, glycosylation is generally more 

complicated due to the diverse structure of the covalently bonded glycans. Moreover, a 

disease-associated glycosylation form can be altered in two ways: (1) quantitative differences 

of glycosylated proteins, which can be either increased or decreased in abundance or be 

deglycosylated, and (2) alterations of sugar moieties. There has been a lot of research 

demonstrating that the alterations of glycan compositions can be a sign for disease 

progression 
67-70

. Therefore, glycoproteins can serve as targets for biomarker discovery and 

have emerged to be a very active area in the field of proteomics. 

          Like phosphopeptides, glycopeptides also suffer similar problems in detection by mass 

spectrometry due to low stoichiometry and poor ionization efficiency. However, the diversity 
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of glycan structures makes the enrichment of glycopeptides more complicated. For N-linked 

glycopeptides, the situation is more straightforward due to the utility of PNGase F. After 

removal of glycosidic groups with PNGase F, which causes a net mass increase of 0.9840 Da 

because of the Asn/Gln to Asp/Glu conversion, the deglycosylated peptides can be identified 

and the glycosylation sites can also be easily localized by high resolution instruments 
71-73

. In 

addition, strategies for glycopeptide enrichment have demonstrated more consistent results 

on N-linked glycopeptides and are prevalently applied including lectin-affinity based 

enrichment 
74-79

 and hydrazide chemistry-based solid-phase extraction methods 
73,80

. Owing 

to the fact that there is still no universal solution for the variety of carbohydrate compositions, 

tandem enrichments using multiple affinity stationary phases 
77

 combined with other 

fractionation steps such as HILIC (B. L. Parker et al., 2011) may be required in order to 

obtain complementary glycopepetide coverage. Due to the lack of a common core, consensus 

sequence and an enzyme that can specifically recognize the structure, the analysis of O-

linked glycopeptides has been proven to be more prohibited for large-scale identification 

even though several methods have been introduced in the past few years  

           Although it is more difficult to isolate O-linked glycopeptides, the importance of 

characterizing O-linked glycans cannot be overlooked. For instance, O-linked N-

acetylglucosamine is upregulated in diabetic tissues and plays a role in insulin resistance and 

glucose toxicity 
81

 and O-linked glycoproteins may cross-talk with phosphoproteins under the 

control of different signals 
82,83

. Therefore, methods for O-linked glycopeptide enrichment 

were developed and introduced in combination with quantitative methods like iTRAQ or 
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multiple reaction monitoring (MRM) to study the dynamics of glycoproteins. Opposed to N-

linked glycopeptides, where their glycans can be removed by PNGase F, the identification of 

O-linked glycopeptides usually require strategies for intact glycopeptides to be enriched and 

fragmented for site localization. The best established approaches to purify O-linked 

glycopeptides focus on O-GlcNacylated peptidies using a chemoenzymatic strategy to 

modify the terminal sugar on a glycan such as transferring an azide-funtionalized sugar to O-

GlcNAc using an engineered β-1,4-galactosyltransferase (GalT), followed by a second 

conjugation with PEG derivatives with biotin for later purification 
84

. Similar methods were 

utilized by different groups and adapted for different detection purposes. For example, the 

second step can be modified for in-gel visualization or cell imaging by conjugating with 

fluorescence chromophores 
85,86

 or for photo-cleavage after appropriate peptide purification 

84
. The commercialization of ECD and ETD instruments also facilitate intact glycopeptide 

identification and glycan localization because the fragmentation process can preserve the 

modified side chains without neutral loss and has gradually  become a major tool for 

glycoproteomics 
8784,86

. 

1.1.3 Quantitative Proteomics 

           Unlike described previously in our review article 
1
, where many of the approaches for 

stable isotope-coded or label-free quantification emerged were being replaced very 

frequently, the quantitative techniques that are still utilized today are relatively well-

established, and in general, robustly efficient for large-scale quantitative proteomics. For 

example, metabolically stable isotope labeled samples coupled with sophisticated 
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fractionation or enrichment makes the global proteomic comparison between two or more 

distinct samples and animals straightforward and relatively unbiased since experimental and 

human error occurring during sample processing can be equally shared between samples 
49,50

. 

The drawback of metabolic labeling is the inherent limitation of being applied only to 

cultured cells or growing organisms. The utilization of iTRAQ as multiplexed isobaric tags 

(Fig 1.3A) for proteomic expressional quantification is also practical for various sample 

types and experimental designs 
72,78,82,88,89

 although the dilution of samples for each state may 

preclude identification of low abundant proteins.  The remaining task that needs to be 

addressed in the near future should be the development of algorithms that can more 

accurately interpret these complicated comparison data generated from the high 

accuracy/resolution instruments in a reasonable processing time while providing reliable, 

statistically satisfactory quantitative results. Only a few programs currently existed possess 

these features. For example, programs like MaxQuant (Cox & Mann, 2008) and UNiquant 
91

 

both claim to have high sensitivity for isotopic pair identification and accurate quantification 

abilities for metabolic isotope-coded experimental samples.  

1.1.3.1 Isotope Coding Approaches 

             The utilization of isotope coding approaches for quantitative measurements has 

encountered some problems associated with the use instrument types. For example, the loss 

of low mass ions due to the low mass cutoff during resonant excitation, ion trap CID is not 

compatible with iTRAQ labeling. Therefore, ETD fragmentation was examined for 

suitability as a fragmentation method for these isobaric tags used on ion traps. Because of 



16 

different fragmentation mechanisms between CID and ETD, the four mass tags produced by 

CID only result in three different mass tags after ETD fragmentation as shown in Fig. 1.3B 
12

. 

Even though Phanstiel et al. showed that the three mass tags still enabled correct 

quantification results with known amounts of standard proteins, most subsequent studies tend 

to only use ETD as a peptide identification tool and use HCD for quantification on a ETD-

enabled Orbitrap instrument 
13,92

. 

           Strategies such as SILAC or iTRAQ labeling are mostly utilized for discovery-phase 

studies. It is necessary to perform an independent validation before the identified 

differentially abundant proteins can be biologically characterized. In the wet lab, 

immunoaffinity-based validation can be carried out if an antibody is available for the protein 

of interest; site-directed mutagenesis is usually applied for measureing the effect of specific 

PTM sites. In the analytical lab, on the other hand, further targeted analysis using mass 

spectrometry can be achieved by isotope-dilution mass spectrometry (ID-MS) as described in 

our review article 
1
. A reagent called mTRAQ, introduced in 2008, is another option for 

targeted peptide quantification using MRM analysis 
93,94

. Briefly, from pilot studies, a 

signature peptide from a protein of interest is selected and synthesized. Light and heavy 

versions of mTRAQ reagents are applied to digested samples containing the selected peptide 

and a known amount of the synthetic peptide, respectively. The isotopically labeled peptides 

will co-elut for MS analysis (Figure 1.4). A similar approach can be applied to different 

samples along with inverse labeling to offset any biases. First LC/MS/MS analysis using CID 

fragmentation is employed and the most intense and consistent fragment ions carrying the 
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labeled tag are selected for MRM analysis. The area of the chromatographic peaks 

corresponding to the reaction can be recorded and an absolute value of peptide concentration 

can be obtained by comparing with the spiked synthetic peptide. Recently, several groups 

used the same mTRAQ reagent as an amine-reactive MS tag to study quantitative changes 

between two different samples. The light- and heavy-labeled peptides co-elut and were 

reported to have an increased number of fragment ions possibly due to the enhancement of b-

ion formation 
95,96

. The drawback of this reagent, just like ICAT and iTRAQ, is that the 

samples to be compared can only be pooled after labeling, which is after enzymatic 

proteolysis, and thus subject the samples to additional experimental error before they are 

combined. 

           The aforementioned approaches can be applied to global proteomic samples as well as 

to specific protein enrichment, but some strategies were developed specifically for desired 

targets. For instance, a method using 
18

O-labeling combined with trypsin and PNGase F 

hydrolysis can not only be used to quantify peptides but also to identify deglycosylated sites 

on N-linked peptides 
71

. Moreover, the enrichment method for O-GlcNAcylated 

glycopeptides discussed in Section 1.1.2.3 using GalT and a biotin tag 
97,98

 can further 

incorporate formaldehyde/NaCNBH3 or deuterated formaldehyde/NaCNBD3 labeling of 

amine groups to make the so called QUIC-Tag unique for quantification of O-GlcNAc-

containing peptides 
98

. 
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1.1.3.2  Label-free approaches 

           The attractiveness of label-free quantification is straightforward sample processing 

without any labeling-mediated sample losses. However, to enable samples to be comparable, 

the quantification of starting materials, usually cell lysates or organ tissues, needs to be 

performed carefuly and unbiased. In addition, to deal with the inevitable errors that may not 

be controlled by sample handling, such as slight deviations from the Bradford protein assay 

measurements or mass analyzer drift during long runs for large datasets, bioinformatics and 

statistical theories are widely applied for different aspects to help normalize and correlate 

data composed of hundreds of thousands of data points. In our review paper 
1
, we have 

discussed several tools for data normalization and quantification strategies like the accurate 

mass and time tag (AMT) approach, exact mass retention time (EMRT) designed for MS
E
 

data, and spectral counting. Currently, these approaches are widely utilized with diverse 

sample types. Even though data acquiring and processing methods have not changed much 

over three years, for example, we still acquire data in data-dependent or data-independent 

acquisition modes despite the different types of fragmentation techniques that may be used, 

the method of data interpretation has evolved several generations to promote reliable results 

to be disclosed for follow-up investigations. In fact, many articles addressing peptide 

identification and quantification have been published in the past decade, however, most of 

them have not been maintained and updated to adapt novel features implemented in new 

generation instruments.  
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           The strategies of label-free quantification mainly focus on two aspects: spectral 

counting and area under the curve (AUC) for precursor ion intensity measurements. Even 

though there are debates about the use of spectral counting since (1) for data-dependent 

acquisitions, a certain period of exclusion time is usually applied and (2) peptide 

compositions during elution may affect its selection for fragmentation, it is still popularly 

utilized as a quantification tool. Hence, many algorithms have been developed and reported 

regarding the “stringent control” for quantification by spectral counting 
99

, while taking 

peptide peak attributes 
100

 and protein size 
101

 into account to deal with the peptide-protein 

roll-up issues (the way to match identified peptides to the corresponding proteins). The 

application of spectral counting has even inspired algorithms for interactome research, which 

utilized statistical models and known prey-bait standard complexes to establish scoring 

principles for given experimental spectral counting data 
101-104

.    

           As to AUC methods, retention time alignment usually accounts for additional MS 

precursor identification between runs even though the corresponding product ion spectra are 

not present in every injection for each sample. This kind of algorithm also needs strong data 

normalization and statistical models that are capable of considering all sorts of variations 

between sample complexities as well as instrumental conditions. Thus far, commercialized 

Rosetta Elucidator® 
105-107

, expression analysis via ProteinLynx Global Server (PLGS) 
25,108

, 

and the free open-source IDEAL-Q 
109-111

 claim to have the aforementioned features and are 

well-adapted to data obtained from most brands of instruments except for the MS
E
 data 

generated from Q-Tof systems (Waters), which currently can only be used for quantification 
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by Elucidator and PLGS. Moreover, all of them also are able to handle biological and 

technical replicates as well as multidimensional protein identification technology (MudPIT) 

experiments. More recently , MaxQuant has been used as a quantitative tool for label-free 

proteomic analysis 
112,113

. MaxQuant was initially developed for SILAC-based quantification 

90
 and the exploited peak identification logic appears to be compatible with label-free 

analysis although the technical paper describing this algorithm has yet to be published.  

           For PTM enriched samples, additional care needs to be taken in terms of label-free 

quantification. Since the enriched peptides are actually a subset from a peptide pool in the 

system, it is not accurate to compare protein levels by comparing enriched peptide levels. 

However, for certain modified peptides, the comparison between states may reveal some 

information about the PTM events that occur at certain time points. Therefore, the 

explanation of quantitative data derived from enriched samples needs to be more carefully 

analyzed based on the sample processing standpoint and the possible event cascades that can 

cause the changes of the data that we are observing.  

 

1.2 Introduction to Marek’s Disease Virus  

           Marek’s disease (MD) is a common contagious disease that occurs primarily in 

chickens caused by Marek’s Disease Virus (MDV), which is a member of Herpesviridae 

family and belongs to the subfamily of Alphaherpisvirinae.  The infection of MDV on birds 

firstly attacks B-lymphocytes to impair the adaptive immunity before T-lymphocytes are 
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damaged and eventually leads to permanent immune suppression and cell transformation if 

the birds are genetically susceptible and not properly vaccinated. Infected birds usually 

develop progressive paralysis due to the infiltratration of the proliferating lymphoid cells in 

the nervous system, while in some cases, their eyes can be affected and result in blindness. 

For the individuals that the transformed cells attack mainly in the visceral systems, 

tumorogenesis in internal organs such as spleen, kidney, heart and liver can be observed, and 

some typical cancer onset symptoms will be manifest in the infected birds including anorexia, 

anemia, pallor and more severe skin lesions and lymphoma in various organs. Most of the 

infected birds will die, whereas some of them die without any appearing symptoms.   

           So far there is no treatment for MD.  The only way to prevent the outbreak of the 

disease is to remove and destroy the infected birds.  The most effective way to prevent the 

disease is to apply vaccines in unhatched eggs or newborn chicks.  However, the breaks of 

the efficacy of vaccine immunization caused by various factors have provoked the war of 

vaccination policies against natural selections of virus pathogenicity. To minimize the 

damage with the evolution of the virus to more virulent strains, studies of MDV infection in 

transcriptome, proteome, and even the phosphoproteome may be able to shed light to provide 

useful information for epidemic control. 

1.2.1 Virus Classification 

           MDV belongs to the genus Mardivirus in which three closely related species are 

known and grouped, including serotype 1 (MDV1; gallid herpesvirus 2, GaHV-2), which is 

an oncogenic strain causing MD, serotype 2 (MDV2; GaHV-3) 
114

 and serotype 3 (MDV3; 



22 

turkey herpesvirus 1, HVT; meleagrid herpesvirus type 1, MeHV-1) 
115

 where the latter two 

strains are considered non-oncogenic and have been used to produce vaccines. For the 

oncogenic MDV1, isolates can be grouped into four pathotypes according to their 

pathogenicity: mild, virulent (v), very virulent (vv) and very vilulent+ (vv+) 
116

. 

1.2.2 Viral Pathogenecity 

           MDV, like most herpesviruses, has a complicated life cycle. They have two types of 

replication for different stages of infection: productive and non-productive (Figure 1.5). 

Productive replication involves taking over the translational machinery of the host to amplify 

their living substances required for propagation, which causes the cytolytic phase of infection. 

For non-productive interaction with host cells, the viral genome is present and integrated into 

the host genome but not expressed or expressed in very limited quantity in order to stably 

live with the host without being destroyed by the immune system. The non-productive cycle 

also comprises two stages of infection: latent phase and cell transformation.  

1.2.2.1 The early cytolytic phase of MDV infection 

           The first step of the MDV life cycle is virus inhalation. MDV is ubiquitously present 

in the environment and every bird faces the challenge of infection from the first day of life. It 

was proposed that the phagocytic cells like macrophages or dentritic cells in the respiratory 

tract of an infected chicken are loaded with virus either directly or immediately after the first 

round of viral replication is spread from nearby epithelial cells. These cells with high 

mobility will carry the virus around the circulation system. The virus is detectable in various 

organs such as spleen, thymus and other lymphoid tissues from 2-7 days post infection (dpi). 



23 

In these organs, the virus encounters B and CD4
+
 T lymphocytes, the primary targets for 

early phase cytolytic replication.  

           The characteristics of this stage is the downregulation of major histocompatiblity 

complex (MHC) class I molecules on the surface of infected cells 
117

, which is regulated by 

early genes to facilitate virus-infected cells escaping from host immune responses. It was 

postulated pUL49.5 may be responsible for blocking MHC molecule transport 
118

, but recent 

studies showed that the effect is very small and may require more than one protein to execute 

the mission 
119

. 

           In the early cytolytic phase, immediate early (IE) genes such as ICP0 and ICP4 are 

expressed to regulate early (E) and late (L) genes. In a better studied analog, herpes simplex 

virus type 1 (HSV-1), gene product of ICP0 is known to block the inhibition of viral gene 

expression by interferon and the silencing of early viral genes to induce IE to E transition of 

gene expression 
120-122

. ICP4 protein mediates transcriptional activation/repression by 

promoting transcriptional complex formation on the promoter of various viral genes 
123-125

.  

1.2.2.2 The latent phase of MDV infection 

           At approximately 7 dpi, latency can start to be observed in infected cells, which is 

mainly restricted to CD4
+
 T cells although other B and T cells have also been found to 

possess latent MDV. Due to the difficulties of isolating pure MDV latent cells without the 

contamination of the cells containing spontaneous reactivated virus and the virus-transformed 

lymphoma, little is known about this stage. In this phase, no virus progeny is produced and 
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only a few genes are transcribed in order to maintain the virus in latent state. In infected 

CD4
+
 T cells, latency-associated transcripts (LATs) are detectable only from 6 dpi onwards. 

MDV LATs include two MDV small RNAs (MSRs) and a 10-kb RNA, all of which produces 

ICP4 antisence transcrips covering different regions of the ICP4 encoding genes 
126-129

. The 

presence of antisence ICP4 RNA indicates that the modulation of MDV latency is at least 

partly controlled by expression of one or more IE genes. In addition, a 1.8-kb family of 

transcripts originating from the bidirectional promoter located in the MDV origin of 

replication (Figure 1.6) 
130

, in which the opposite strand encodes proteins largely detected 

only in the lytic phase, is also detected and can encode two proteins that were determined to 

be involved in the induction and maintenance of MDV latency by a series of RNAi 

experiments.   

           In latent-to-late cytolytic stage, the gene product of the meq region in the EcoRI Q 

fragment of the MDV genome is found to play important roles. Meq protein is responsible 

for maintaining latency by blocking apoptosis of the infected CD4
+
 T cells and transactivates 

latent gene expression. More detailed information about Meq will be discussed below and in 

Chapter 4. 

1.2.2.3 The late cytolytic phase of MDV infection and tumerogenesis 

           By about two weeks dpi, MDV reactivates from latently infected cells at peripheral 

sites, such as kidney, adrenal gland and feather follical epithelium (FFE). Virus is carried by 

latent infected peripheral blood cells to the skin, and virus replication becomes fully active 

resulting in the release of infectious, enveloped and cell-free virus by lysing the host cells 
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from about 13 dpi. FFE becomes a perfect site for virus to transmit horizontally, and the cell-

free virus is shed throughout the life of the infected birds. 

           The gene expression regulating the transition of the latent-to-late lytic state seems to 

be associated with the genes located in the repeated sequence (IRL) flanking the unique long 

region (UL) of the genome (Figure 1.7). Proteins encoded in this region, like Meq and the 

MDV-encoded interleukin-8 homologue (vIL-8) from the MDV origin of replication (Ori), 

are all indicated as MDV specific genes and indispensible for cell transformation 
129

. As 

briefly described in Section 1.2.2.2, the regulation of the transcription in Ori is bidirectional: 

with transcripts expressed toward the UL region, the encoded proteins are found abundant in 

cytolytic phase, while transcripts toward the other side are encoding those proteins associated 

with oncogenicity (Figure 1.6).   

           Meq is a basic leucine-zipper protein (b-ZIP) sharing homology with cellular 

oncoproteins Fos and Jun 
131

. The characteristic function of Meq is to transactivate manifold 

genes through binding to the promoter regions in a form of a homodimer or a heterodimer 

with proteins such as c-Jun, JunB, Fos and CDK2 via the leucine-zipper domain 
131-133

.  Meq 

is localized to the nucleus and can bind to the regulatory region of various proteins such as 

p53 and Rb genes to regulate cell-cycle progression. A recent study even pointed out the 

interaction of Meq with p53 to inhibit its transcriptional and apoptotic activities 
134

. The 

importance of Meq to cell transformation is unquestionable 
135

, however, the collaboration 

with other cellular or viral proteins is also essential 
136-138

 and is still under investigation. 
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           A hallmark of the molecular characteristics for lymphoma is the overexpression of 

Hodgkin’s disease antigen CD30 (CD30
hi

), a tumor necrosis factor receptor (TNFR) II family 

member which can promote cellular proliferation and malignant transformation 
139,140

. CD30 

was shown to be overexpressed on the surface of MDV-transformed T cells as well as in the 

plasma, and thus MD can serve as a natural occurring model for CD30
hi

 lymphoma 
141

. Since 

the RNA and protein expression of Meq in CD30
hi

 MD lymphoma positively correlates with 

the intensity of CD30 immunostaining, and that the chicken CD30 gene contains 15 predicted 

homologous AP-1 transcription factor binding sites, Burgess et al. proposed the possibility 

that the MDV AP-1 trasncription factor homologue Meq may pirate the regulation of CD30 

expression by binding to the AP-1 site resulting in overexpression of CD30 in MD.      

           Although the direct evidence of Meq-nducing cell transformation is still weak, 

according to recent data, it is reasonable to speculate that the transformation occurs only after 

the increase of Meq protein in latent cells reaches a certain level so that the gene regulator 

switches to the direction in favor of initializing transformation. To better understand the 

mechanism, genomics and proteomics studies are useful for unknown factor discoveries as 

well as gene pattern profiling to investigate the dynamics involving key factors during the 

turning point of transformation. 
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1.3 MDV Vaccination and Proteomic Studies 

           Other sections discussing about chicken vaccination against MDV infection and the 

MDV-related proteomics studies will be covered with more detail in Chapter 3 and 4 in this 

thesis. 

 

1.4 Aim of the project 

          The goal for this thesis was to develop a reliable and consistent strategy to enrich for 

phosphopeptides extracted from cells infected with MDV in order to examine the changes of 

phosphorylation events that occur during different stages of MDV pathogenesis. A label-free 

GeLC/MS
E
 approach was also used to examine the protein abundance changes that occur 

during MDV infection in order to provide complementary information for identifying 

candidates of future therapeutic targets for MD.  
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Figure 1.1 Higher energy c-trap dissociation carried out in a LTQ Orbitrap instrument. 

(A) LTQ Orbitrap with the first generation c-trap built in between the ion trap and the 

Orbitrap. (B) A newer generation of the LTQ Orbitrap with an octopole collision cell 

built in the far side of the c-trap.  (C) The 2011 Orbitrap Elite from Thermo Fisher 

Scientific. Figures A and B are from Olsen et al., Nat. Methods, 2007 
14

 and figure C is 

from Thermo Fisher Scientific. 
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Figure 1.2 A diagram of the Synapt HDMS system from Waters Corporation. A schematic illustration of a hybrid traveling-wave 

IMS-MS system with three traveling wave-enabled stacked ring ion guides (the section with an arrow labeled 3) embedded in 

between the quadrupole and the Tof analyzer. The figure is from Prinkles et al., Int. J. Mass Spectrom., 2007. 
19
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Figure 1.3 Fragmentation of the iTRAQ reagent. (A). Characteristic features of the isobaric 

tag during CID. Relative quantification is accomplished by comparing the intensities of the 

distinct reporter ions produced at m/z 114, 115, 116, and 117 during CID. (B) Proposed 

iTRAQ reporter ions generated by ETD. Bonds cleaved by CID are indicated by solid arrows 

while bonds cleaved by ETD are indicated by dotted arrows. Possible structures for ETD 

fragment product are shown in the top left and top right. Panels (a)-(h) show the mass spectra 

of fragmented products of an iTRAQ labeled peptide generated by ETD with the measured 

mass and error indicated. Figure A is from Chien and Goshe, 2009 
1
, and figure B is from 

Phanstiel et al., J. Am. Soc. Mass Spectrom., 2006. 
12
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Figure 1.4 MRM extracted ion chromatograms for one set of transitions for two model 

peptides. PK1, transition 639.7/524.5 (light coded reference peptide, blue) and 642.4/528.5 

(heavy coded endogenous peptide, green); PK2, 669.4/597.4 (light coded reference peptide, 

red) and 671.4/601.4 (heavy coded endogenous peptide, gray). Isotopic peak pairs co-elute 

during the LC separation while the two peptides are distinctly separated 
93

. The absolute 

amount of endogenous peptides can be calculated based on the reference isotopic counterpart 

while the relative intensity between two peptides can also be compared. The figure is from 

DeSouza et al., J. Proteome Res., 2008. 
93

 

 



47 

 

 

Figure 1.5 The pathogenesis of Marek’s desease virus contains productive and non-productive replication cycles.  
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Figure 1.6 Illustration of the MDV origin of replication. The double arrow indicates that 

bidirectional transcription occurs depending on the stage of infection. The figure is from 

Parcells et al., Poult. Sci. 2003. 
129
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Figure 1.7 Genome structure of Marek’s disease virus serotype 1. The figure is from 

Osterrieder et al., Nat. Rev Microbiol., 2006. 
142
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CHAPTER 2 

 

Development and Application of a Phosphoproteomic Method Using Electrostatic 

Repulsion-Hydrophilic Interaction Chromatography (ERLIC), IMAC, and LC/MS/MS 

Analysis to Study Marek’s Disease Virus Infection 

 

 

 

 

This chapter has been modified and published in the Journal of Proteome Research 

(ePub July 2011) 
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2.1 Abstract 

Marek’s Disease (MD) is an avian neoplastic disease caused by Marek’s Disease 

Virus (MDV).   The mechanism of virus transition between the lytic and latent cycle is still 

being investigated, however post-translational modifications, especially phosphorylation, 

have been thought to play an important role.  Previously our group has used strong cation 

exchange chromatography in conjunction with reversed-phase liquid chromatography-

tandem mass spectrometry (LC/MS/MS) to study the changes in global proteomic expression 

upon MDV infection (Ramaroson et al. J. Proteome Res. 2008, 7, 4346-58).  Here we extend 

our study by developing an effective separation and enrichment approach to investigate the 

changes occurring in the phosphoproteome using electrostatic repulsion-hydrophilic 

interaction chromatography (ERLIC) to fractionate peptides from chicken embryo fibroblast 

(CEF) digests and incorporating a subsequent IMAC enrichment step to specifically target 

phosphorylated peptides for LC/MS/MS analysis.  To monitor the multidimensional 

separation between mock- and MDV-infected CEF samples, a casein phosphopeptide 

mixture was used as an internal standard.  With LC/MS/MS analysis alone, no CEF 

phosphopeptides were detected, while with ERLIC fractionation only 1.2% of all identified 

peptides were phosphorylated.  However, the incorporation of IMAC enrichment with 

ERLIC fractionation provided a 50-fold increase in the percentage of identified 

phosphopeptides.  Overall, a total of 581 unique phosphopeptides were identified (p<0.05) 

with those of the MDV-infected CEF sample containing nearly twice as many as the mock-

infected control of which 11% were unique to MDV proteins.  The changes in the 
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phosphoproteome are discussed including the role that microtubule-associated proteins may 

play in MDV infection mechanisms. 

 

2.2 Introduction 

Marek’s Disease Virus (MDV), a double-stranded DNA virus belonging to 

Alphaherpesvirinae, is an oncogenic herpesvirus that can induce T-cell lymphoma in 

susceptible chickens, and in turn, cause infiltrations of the nerve system, which ultimately 

leads to paralysis and death of infected birds 
1
.  MDV has long been regarded as a viable 

model for virus-induced diseases in human, especially in the aspect of its pathogenesis of 

virus infection and resulting lymphomagenesis, due to the genetic similarity with human 

herpesvirus 1 (HSV-1) and human herpesvirus 3 (varicella-zoster virus, VZV) 
2,3

.  Even 

though the development of immunization against MDV has greatly reduced the incidence of 

Marek’s Disease (MD) by 99% 
1
, the virulence of new strains can still evolve to break the 

immune protection achieved by prevalent vaccine applications, thus driving the development 

of new vaccine therapies.  In fact, more comprehensive investigations of the viral pathogenic 

mechanism that cause the breakdown of the host defense system to developMD would be 

necessary to prevent a future epidemic burst of MDV propagation and may also be used as 

references for human viral lymphomas.   

Among the overall changes in cellular protein expression upon virus infection, the 

dynamics of protein phosphorylation within virus-infected cells have been shown to play an 

important role.  Due to our limited knowledge regarding MDV infection-induced proteome 
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changes, information obtained from other viruses can be considered as references for MDV 

investigations.  Studies in the past decade have revealed that not only is protein 

phosphorylation essential for a virus to propagate within host cells during both cytolytic or 

latent life cycles 
4-8

, but have presumed that specific residues need to be modified in a 

temporal fashion 
5,6,9-11

.  One of the most well studied examples is the phosphorylation of the 

host translation factor eIF2α after HSV-1 infection through a dsRNA-dependent protein 

kinase (PKR) to shut off host protein synthesis 
7,12

 .  To properly execute their mission in 

susceptible cells, phosphorylation on viral proteins was also required 
5,6,13-16

.  In fact, the 

function of several viral tegument proteins have been identified as protein kinases, such as 

pUS3
6,17

 and pUL13 
18,19

in HSV-1 and MDV.  The US3 protein was shown to mediate anti-

apoptotic activities in HSV-1-infected cells
20,21

 while the UL13 protein was determined to be 

regulating some other proteins via post-translational modifications (PTMs) 
22,23

 and may also 

be involved in MDV horizontal transmission 
19,24

. 

In our previous investigation using offline strong cation exchange chromatography 

(SCXC) and reversed-phase liquid chromatography-tandem mass spectrometry (LC/MS/MS), 

many phosphopeptides were identified exhibiting expression changes upon MDV infection 
25

.  

In that study, microcapillary LC coupled with an LCQ ion trap mass spectrometer was used 

to analyze 60 SCXC factions from each sample, but the lack of high mass measurement 

accuracy and the difficulties associated with CID of phosphopeptides in a quadrupole ion 

trap limited the confidence in assessing a global change in phosphorylation events.  To 

address these issues, we developed a phosphopeptide-specific strategy for separation and 
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enrichment of phosphorylated peptides combined with LC/MS/MS analysis using both high 

mass measurement accuracy and high resolving power in order to more comprehensively 

identify phosphopeptides and determine the site-specific residue modifications with more 

analytical rigor and thus derive more meaningful information regarding phosphorylation 

changes upon MDV infection. 

In this report, a cell culture-attenuated MDV strain MD11/75C 
26,27

 was used to 

inoculate CEF cells and the resulting phosphoproteome changes were monitored by 

developing a three-dimensional approach using electrostatic repulsion-hydrophilic interaction 

chromatography (ERLIC), immobilized metal affinity chromatography (IMAC), and 

reversed-phase LC/MS/MS that was used to compare the protein phosphorylation changes 

upon virus infection.  Our results successfully demonstrated that the identification of 

phosphopeptides improved 50-fold over a two dimensional approach and revealed some 

interesting findings regarding the MDV infection-induced changes occurring in CEF cells.  

 

2.3 Material and Methods 

2.3.1 Cells, Virus, and Materials  

 CEF (chicken embryonic fibroblast) cells were cultured and infected as previously 

described 
2829

. MDV serotype 1 strain Md11/75C virus stock was obtained from Avian 

Disease and Oncology Laboratory (East Lansing, Michigan).  Sequencing grade-modified 

trypsin was purchased from Promega (www.promega.com).  β-casein (at least 95% β-casein 
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and containing αS1- and αS2-casein) was from Sigma (www.sigmaaldrich.com). Acetonitrile 

(HPLC grade) and formic acid (ACS reagent grade) were from Sigma-Aldrich 

(www.sigmaaldrich.com).  Acetone was purchased from Fisher Scientific 

(www.fishersci.com).  Ammonium bicarbonate and guanidinium chloride (GdmCl) 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. 

2.3.2 Protein Extraction and Trypsin Digestion   

Mock- or MDV-infected CEF cells (10
6
) were harvested and lysed using lysis buffer 

containing 5 mM magnesium chloride, 10 mM HEPES (pH7.5), 1 mM EGTA, 0.2% NP-40 

and 25 mM PMSF.  After sonication, cell debris was removed by centrifuging at 10,000 × g, 

and the supernatant was collected.  A 5-fold volume of ice-cold acetone was added to each 

sample, which was vortexed and incubated at -20⁰C overnight.  After centrifugation at 14,000 

× g, the supernatant was discarded and the precipitate was dissolved in 50 mM bicarbonate 

buffer (pH 8.2) containing 6 M GdmCl.  Total protein concentration was determined by the 

BCA assay (www.piercenet.com).  Equal amounts of protein from each sample were 

thermally denatured in a boiling water bath for 5 min followed by reduction with 8 mM 

tris(2-carboxyethyl)phosphine (TCEP, www.piercenet.com) and alkylation with 10 mM 

iodoacetamide (www.sigmaaldrich.com).  Trypsin digestion was performed at 37⁰C 

overnight using a 1:50 trypsin-to-protein ratio. Peptides were desalted using a Prevail C18 
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solid-phase extraction (SPE) cartridge (Alltech) and the solvent was evaporated via vacuum 

centrifugation.  Peptides were stored at -80⁰C until further fractionation could be performed. 

2.3.3 Electrostatic Repulsion-Hydrophilic Interaction Chromatography (ERLIC) 

Fractionation   

Each peptide sample (~ 5 mg) was separated by ERLIC using 800-850 μg per 

injection.  For every 800 μg peptide aliquot, 20 μg of a casein peptide mixture was added as 

an internal standard.  Each ERLIC separation was performed using a 2.1 × 200 mm, 5 μm 

particle size, 300 Å pore size PolyWAX LP column (www.polylc.com) and an Agilent 1100 

series HPLC system (www.agilent.com).  The mobile phases consisted of (A) 20 mM 

ammonium formate, pH 2.0/ 75% acetonitrile and (B) 250 mM ammonium formate, pH 2.0/ 

20% acetonitrile.  Peptides for each injection were solubilized in 100 μl of mobile phase A 

and injected on the column, which was pre-equilibrated with mobile phase A.  A multi-step 

gradient was used for peptide elution: 100% mobile phase A wash for 15 min followed by 0-

50% B linear gradient over 10 min, 50 to 95% B linear gradient over 20 min, which was then 

held at 95% B for 15 min. Peptides were monitored at 215, 260 and 280 nm with spectra 

from 190-400 nm acquired every second using a diode array detector.  Fractions were 

collected every minute from 10 to 46 min and every 2 min during the first 10 min and last 15 

min of the separation.  Each sample was dried via vacuum centrifugation and stored at -20 ⁰C 

until further enrichment or analysis could be performed. 
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2.3.4 Immobilized Metal Ion Affinity Chromatography (IMAC) Enrichment   

For IMAC enrichment, 400 μL of 50% nitrilotriacetic acid (NTA)-agarose resin 

(www.qiagen.com) was washed with 1 mL of water and then washed twice with 500 μL of 

50 mM EDTA to chelate any residual metal ions.  After washing 3 times with 1 mL of water, 

the resin was washed twice with 500 μL of 2% acetic acid.  At this point, 1 mL of 100 mM 

ferric chloride in 2% acetic acid was added onto the resin and the slurry was incubated for at 

least 2 h at room temperature with gentle shaking.  At this point the slurry can be stored at 

4°C until ready for use.  For a pooled ERLIC fraction, which was determined based on the 

chromatographic peak intensities, 80 μL of the Fe-NTA resin was packed into a gel-loading 

pipette tip (Eppendorf) containing a frit.  Excess ferric chloride solution was removed by 

washing 3 times with 80 μL of 2% acetic acid.  ERLIC fractionated peptides were 

resolubilized in 2% acetic acid and then loaded onto the microtip IMAC column.  The IMAC 

resin was then washed twice with 80 μL of 2% acetic acid and followed by a more stringent 

wash of 80 μL of 130 mM NaCl/25% acetonitrile in 1% acetic acid.  Retained peptides were 

eluted with a total of 200 μL of 5% NH4OH, dried under vacuum centrifugation, and then 

stored at -20°C until LC/MS/MS analysis could be performed. 

2.3.5 Liquid Chromatograph-Tandem Mass Spectrometry (LC/MS/MS) Analysis   

LC/MS/MS analysis was performed on a nanoACQUITY ultra-performance liquid 

chromatograph coupled with Premier Q-Tof mass spectrometer (www.waters.com).  Samples 

were injected onto a Waters Symmetry C18 trapping cartridge (300 μm i.d. × 1 cm length) 

and desalted using a flow rate of 10 μL/ min.  Peptides were then separated by in-line 
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gradient elution onto a 75 μm i.d. × 25 cm column packed with a Waters BEH C18 stationary 

phase (1.7 μm particle size) at a flow rate of 300 nl/min.  The linear gradient was carried 

from 2 to 40 % mobile phase B over 60 min, where mobile phase A contained 0.1% formic 

acid in water and mobile phase B contained 0.1% formic acid in acetonitrile.  The Q-Tof was 

operated in a data-dependent acquisition (DDA) mode with a full MS scan (m/z 400-1900) 

followed by an MS/MS scan (m/z 100-1990) for the top 8 most intense precursor ions 

detected from the previous MS scan.  Synthetic human [Glu1]-Fibrinopeptide B solution 

(300 fmol/μL) delivered by the NanoLockSpray source at a flow rate of 0.6 μL/min was used 

as the external calibrant and monitored every 30 s during each LC/MS/MS analysis.   

2.3.6 Data Processing and Peptide/Protein Identification   

The raw data were processed on ProteinLynx Global Server version 2.4 (PLGS2.4, 

Waters) to generate pkl files which were uploaded to an in-house server and searched by 

Mascot (www.matrixscience.com).  The raw data were also converted into mzXML 
30

 by 

massWolf version 4.3.1 (tools.proteomecenter.org) and further converted to mgf format by 

MzXML2Search (tools.proteomecenter.org) for Mascot searching in order to facilitate a 

more comprehensive investigation than achieved using a single processing method.  Due to 

the nearly identical processing (at least 90% overlap) all method development and 

assessment was conducted using the PLGS2.4 processed data.  All datasets were searched 

against a NCBI combined database consisting of Gallus gallus, Gallid herpesvirus, bovine 

casein proteins, human keratins, and trypsin protein sequences.  An in-house program was 

written to filter out redundant entries, which were defined as two or more proteins with 
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different GI numbers but containing identical protein sequences, and collapsed into a single 

entry in the final database.  The deleted proteins were stored in another file for future 

reference.   

The Mascot search parameters were set to allow up to 2 miscleavage sites, a mass 

tolerance of up to 100 ppm and 0.1 Da for precursor and product ions, respectively.  

Carboxamidomethylation (C) was specified as a fixed modification while oxidation (M) and 

phosphorylation (STY) were set to be variably modified.  Phosphopeptides were considered 

valid only if their Mascot scores were large enough to pass a statistical threshold (p < 0.05).  

For a phosphopeptide with a slightly lower score which just failed to pass the identification 

threshold, manual examination of its product ion spectrum was performed to verify its 

validity.  Peptide identification lists from each IMAC sample were exported as csv files and 

merged into a master list by an in-house written SAS code for further sorting and filtering.  

For additional processes and analysis, Mascot search results were also compiled by Scaffold 

3 
31

 (www.proteomesoftware.com) for further validation and calculation of peptide and 

protein probabilities.  An additional search using X!Tandem provided through the Scaffold 

platform was also performed to confirm Mascot and the manually verified phosphopeptides 

and their modification site assignments.  
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2.4 Results and Discussion 

2.4.1 Phosphopeptide Detection Using Different Combinations of Enrichment Strategies  

 In this study, CEF cells were infected with mock or the MDV11/75C virus strain and 

subjected to phosphopeptide profile analysis.  First, in order to reduce the complexity of CEF 

cells and promote the detection of phosphopeptides possessing a wide-dynamic range of 

stoichiometry, different combinations of enrichment strategies were implemented from 

peptide samples derived from CEF cell lysates and evaluated for their ability regarding 

phosphopeptide identification (Table 2.1).  From LC/MS/MS analysis of the unfractionated 

protein digests, none of the 139 unique peptides identified were detected as phosphopeptides.  

Among this total, 20 of these peptides corresponded to actin proteins and their family 

members and 15 of them were assigned to different tubulins.  Most of the identified peptides 

were from structural proteins, such as vimentin and myosin, and several chaperons like heat 

shock proteins.  The overall diversity of peptides was very limited when only a single 

LC/MS/MS analysis was performed.  The peptides from the highly abundant proteins 

precluded any identification of lower abundant components due to sample complexity.  To 

achieve higher phosphopeptides coverage, additional fractionation/enrichment approaches 

were incorporated.      

With the application of immobilized metal affinity chromatography (IMAC) coupled 

with LC/MS/MS analysis, improved but only limited enrichment of phosphopeptides was 

achieved.  By using 500 μg of proteins from a CEF cell lysate, the application of peptides 

onto a microtip loaded with iron-chelated NTA agarose resin successfully enriched 
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phosphopeptides, in which 21 out of 36 total peptides were identified as phosphopeptides 

(Table 2.1).  However, the diversity of the phosphopeptides detected by LC/MS/MS was still 

restricted to very confined species, mostly from the abundant proteins such as vimentin and 

myosin.  It was determined that the variety of detected phosphopeptides was restricted by the 

limited binding capacity of the IMAC resin combined with the loading capacity of the 

reversed-phase LC column.  Hence, to obtain more comprehensive information about virus-

induced phosphorylation events, further fractionation was necessary, and thus we decided to 

explore the use of ERLIC. 

ERLIC is a relatively new chromatography method developed specifically for 

phosphopeptide enrichment 
32

.  This system possesses the hydrophilic as well as weak anion-

exchange characteristics that favor retention and separation of relatively hydrophilic and 

negatively charged analytes like phosphopeptides.  Recently, several studies 
33,34

 have solely 

utilized this approach to successfully obtain a large number of identified phosphopeptides or 

glycopeptides from cell lysates using LC/MS/MS analysis.  In our study of ERLIC 

fractionation using a 200 x 2.1 mm PolyWAX column, a total of 1068 peptides was detected 

from a CEF cell lysate digest, but surprisingly only 13 of them were identified as 

phosphopeptides (Table 2.1).  The majority of these peptides were acidic, a result of the 

enrichment occurring during the ERLIC separation which precluded the identification of 

phosphopeptides present in each fraction.  To enrich for phosphopeptides, we introduced an 

IMAC step following the ERLIC separation to reduce the number and abundance of the non-
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phosphopeptides (i.e., acidic peptides) present in each ERLIC fraction in order to enhance the 

detection of phosphopeptides by LC/MS/MS analysis.  

2.4.2 ERLIC Peptide Distribution for the CEF Cell Lysate   

During the course of the ERLIC separation, peptide elution was monitored at 280 nm 

(aromatic content), instead of 215 nm used for peptide bond absorption, due to the high 

absorbance of formate at around 215 nm.  A typical ERLIC chromatogram based on 

monitoring 280 nm is shown in Figure 2.1.  During the first 5 minutes, a cluster of intense 

peaks is observed for unretained peptides and analytes, followed by a second and third cluster 

of peaks which were collected starting at around 10 and 20 min, which are designated as 

Region 1 and 2, respectively.  In order to ascertain the ability of the mobile phase employed 

to selectively retain hydrophilic and acidic peptides as expected, the average number of 

acidic residues present in the identified peptides within each collected fraction were 

determined.  As shown Figure 2.1, when the gradient increased, the average number of acidic 

residues per peptide increased accordingly except for those fractions collected at > 70% 

mobile phase B.  As the gradient further increased, fewer peptides remained, thus later 

fractions only contained peptides with very extreme acidic amino acid compositions.  It 

should also be noted that some peptides were both highly abundant and acidic that broad 

elution occurred during the course of the ERLIC separation.  As with any complex proteome 

mixture, proteins of extremely high abundance often require removal prior to protease 

digestion and subsequent fractionation, a step that would enhance our ERLIC fractionation 

approach.  
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Phosphopeptides can be distinguished from non-phosphorylated peptides based on 

their relatively high hydrophilicity and net negative charge.  In an ideal scenario, 

phosphopeptides should be selectively retained during the ERLIC separation at low pH 

conditions (pH < 3) according to their overall acidity (i.e., an increased number of phosphate 

groups or acidic residues) as the gradient is increased.  However, after analyzing each ERLIC 

fraction by LC/MS/MS analysis, only a very few phosphorylated peptides were identified 

(Figure 2.2A and Table 2.1).  Interestingly, the pattern for the number of peptides identified 

for each fraction matched the ERLIC chromatogram shown in Figure 2.1, with the fewest 

phosphopeptides identified around 21 min and maximal elution at about 26 min.  Most of the 

phosphopeptides were eluted after Region 2 (around 28 min) of the separation (Figure 2.1) 

indicating that with only ERLIC fractionation, the phosphopeptides derived from the protein 

digest of the CEF cell lysate were still not readily detectable by LC/MS/MS analysis.  

To improve phosphopeptide detection, IMAC was applied to several combined 

ERLIC fractions as shown in Figure 2.2B.  Using this combined approach, substantial 

enrichment of phosphopeptides was achieved.  For example, fraction 20-21 contained the 

second largest number of detected peptides during the ERLIC separation, but no 

phosphorylated peptides were detected by data-dependent LC/MS/MS since only the most 

abundant precursor ions were identified.  The application of IMAC enrichment for this 

fraction provided a less complex mixture, reduced the number of identified non-

phosphorylated peptides, and promoted the detection of phosphopeptides.  As shown in 

fraction 20-21 of Figure 2.2B, half of the peptides identified were still unphosphorylated, 
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indicating acidic peptides of high abundance were not completely removed during IMAC, 

thus illustrating the low stoichiometric levels of phosphorylation present in the sample and 

revealing the reason for the lack of phosphopeptide identification with only ERLIC 

fractionation. 

2.4.3 Using an Internal Standard to Assess Analytical Reproducibility   

Considering that our approach requires three orthogonal methods of separation with 

multiple fractionation, it is important to verify that the cell lysate digests were processed 

under similar, if not the same, conditions in order to make any meaningful relative 

comparisons.  To address this issue, a standard phosphopeptide mixture of casein tryptic 

peptides was spiked into each sample prior to the ERLIC separation.  In this analysis, the 

gradient was modified to include a washing step of 20% B for 8 min to promote further 

removal of non-specifically bound peptides.  In addition, ERLIC fractions were pooled (as 

shown in Figure 2.3A) in order to reduce the overall number of fractions for subsequent 

IMAC enrichment and LC/MS/MS analysis.  By examining the distribution of the casein 

phosphopeptide standard after ERLIC/IMAC enrichment as shown in Figure 2.3A, the 

performance of ERLIC and IMAC between each sample can be monitored and thus provides 

a means for quality control.  The overall pattern of phosphopeptides from the casein standard 

in each sample after ERLIC/IMAC and LC/MS/MS analysis was similar except that the 

overall distribution was slightly shifted toward earlier retention times for the virus-infected 

samples, implying that the anion exchange column may be accumulating some strong anionic 

analytes after several consecutive peptide injections, which may diminish binding capacity in 
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a subtle but progressive manner.  It has also been observed that highly acidic peptides have 

larger retention times (Figure 2.1) and those of high abundance (e.g., 

LCYVALDFENEMATAASSSSLEK from β-actin) tend to exhibit prolonged retention times 

and are detected across several ERLIC fractions.  Overall these data indicate that extreme 

analytes remain on column to some extent and cannot be completely removed by the mobile 

phase prior to the next injection.    

Upon closer examination of individual phosphopeptide standards, as opposed to those 

generated from the proteome, the effect of the ERLIC separation can be better evaluated.  

The profile of the phosphopeptide standard TVDMEpSTEVFTK from αS2-casein had a 

similar distribution between samples as shown in Figure 2.3B.  The phosphopeptide standard 

FQpSEEQQQTEDELQDK from β-casein (Figure 2.3C), which is the most abundant 

phosphopeptide in the casein standard, was primarily detected in fraction 21 and 19 of the 

mock- and MDV-infected sample, respectively (Figure 2.3C).  However, there seemed to be 

a trace amount of carry-over that was detected throughout the entire ERLIC separation in the 

virus-infected sample.  The reason for this broad elution could be due to the differences of 

sample peptide composition between samples that alter peptide binding dynamics and lead to 

the different binding affinity of peptides toward the ERLIC or IMAC stationary phase.  For 

example, another phosphopeptide standard NMAINPpSKENLCSTFCK from αS2-casein was 

detected in a broad elution profile in the mock-infected sample but not in the MDV-infected 

sample (data not shown).  Since the detectable individual peptide patterns behave in a similar 

fashion between both samples, which is also reflected in the internal standard casein 
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phosphopeptides, a differential comparison can be made between the mock- and MDV-

infected samples.    

2.4.4 Differences in the Phosphoproteome Profile upon MDV Infection of CEF Cells  

As of a means of a label-free, qualitative analysis for phosphorylation changes in 

MDV-infected CEF cells, the presence or absence of phosphopeptides that were confidently 

detected (p<0.05) in either mock- or virus-infected CEF cells were considered.  The 

distribution of phosphopeptides present in both samples is shown in Figure 2.4A as well as 

the detected viral phosphopeptides from the MDV-infected sample.  The phosphopeptide 

elution profiles are similar to those of Figure 2.2A for ERLIC separated peptides from 

untreated CEF cells but with some distribution differences between mock- and MDV-

infected CEF cells. The mock-infected cells displayed two significant maxima at fraction 3 

and 11, which only one significant peak at fraction 11 was observed from the MDV-infected 

cells.  The phosphopeptides assigned as MDV proteins did not display any significant pattern 

probably due to the smaller number of the identified phosphopeptides. 

To further evaluate the performance of our approach, the distribution of detected non-

phosphopeptides after ERLIC/IMAC fractionation was examined.  As shown in Figure 2.4B, 

the non-phosphopeptides were predominately detected in the first four fractions (i.e., the first 

12 min of the ERLIC separation at 0% B) where the mock-infected sample contained more 

non-phosphorylated peptides than the MDV-infected samples.  Based on the distribution in 

Figure 2.4C, the overall behavior of ERLIC/IMAC separation was as expected:  the higher 

percentage of phosphopeptides were greatly enriched in pooled fractions where the ERLIC 



67 

mobile phase was less organic and contained higher ionic strength to promote elution of more 

negatively charged peptides.  Both samples also showed a similar two-cluster distribution, 

with later fractions (Fraction 11 to 25) containing a significantly higher percentage of 

phosphopeptides.  Fraction 2, 7, 11, 19 and 21 exhibited larger differences between both 

samples.  For the peptides identified in Fraction 2 and 7, 51 and 67% of them were 

phosphopeptides, respectively, for the MDV-infected cells but only 16 and 17% for the 

mock-infected sample in the same two fractions.  However, for Fraction 11, 19 and 21, the 

mock-infected sample contained 1.4 to 4.2 times as many phosphopeptides as those from the 

MDV-infected sample.  In addition, phosphopeptides identified in the mock-infected cells 

tended to have larger retention times and the majority of them did not elute until the very end 

of ERLIC gradient while those of the virus-infected cells contain a larger proportion of 

phosphopeptides eluting earlier.  These differences between samples become more striking 

when considering the number of unique phosphopeptides identified for each sample.   

The use of ERLIC/IMAC fractionation and enrichment combined with LC/MS/MS 

analysis facilitated the identification of 581 unique phosphopeptides for the mock- and 

MDV-infected samples.  A total of 150 phosphopeptides were found unique to the mock-

infected CEF cells, whereas 279 phosphopeptides were uniquely found in the MDV-infected 

cells, including 32 MDV phosphopeptides (Figure 2.5).  Since nearly half of all identified 

phosphopeptides were exclusive to the virus-infected sample and the distribution for the 

internal casein peptide standard between each sample is similar (Figure 2.3), the disparity in 
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sample phosphopeptide complexity is the major reason for the difference between the peptide 

distribution profiles for the mock- and MDV-infected samples (Figure 2.4).   

To better understand the phosphopeptide composition of each sample, 

phosphopeptides were classified according to the type and number of phosphate moieties 

identified for each peptide and is presented in Figure 2.6.  As shown in Figure 2.6A, both 

mock- and MDV-infected CEF cells have 8 unique diphosphorylated peptides, not including 

the 3 diphosphorylated peptides originating from the Md11/75C virus.  More interestingly 

from an analytical perspective, the number of diphosphorylated and monophosphorylated 

peptides of the spiked casein standard in each sample was nearly identical with a slight 

variation due to the ambiguity associated with phosphorylation site assignment by the Mascot 

or X!Tandem algorithm due to multiple pairs of adjacent Ser or Thr residues within a peptide.  

Figure 2.6B lists the number of each type of phosphorylated residues detected in both 

samples.  The ratio of phosphoseryl (pSer) and phosphothreonyl (pThr) peptides in the mock-

infected samples was about 11:1, while in MDV-infected samples, the ratio was 8:1.  

However, the ratio of pSer and pThr peptides, for spiked casein standard was 7:3 for both 

samples, indicating that the shift of phosphorylated residues from Ser to Thr was induced by 

MDV infection not experimental error during peptide sample analysis.  For both samples, 

only a few phosphotyrosyl (pTyr) peptides were identified, but this is consistent in terms of 

their low abundance.  Overall, the average ratio of identified pSer, pThr, and pTyr 

phosphopeptides is 800:100:10, which is consistent with the estimated ratio of a biological 
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system of 1000: 100: 1 
35

 demonstrating the applicability of our developed method for global 

phosphoproteomic analysis. 

2.4.5 Biological Effects upon Md11/75C Virus Infection   

In this study, the phosphorylation profile of mock- and MDV-infected CEF cells were 

compared using our developed ERLIC/IMAC fractionation and enrichment approach in 

conjunction with LC/MS/MS analysis in order to discover key factors involved in virus 

infection.  As mentioned previously, about 50% of the identified phosphopeptides were 

exclusively found in virus-infected cells, a striking difference that not only explained the 

variation in their phosphopeptide distribution profile (Figures 2.4A and C), but also provided 

useful information about the MDV pathogenesis after viral entry.  

Among all of the changes observed upon MDV infection, the phosphorylation and 

dephosphorylation of microtubule-associated proteins (MAPs) on multiple-phosphorylated 

sites were detected in both samples.  Microtubules are polymers comprised of tubulin and are 

dynamically instable under various conditions in response to intrinsic or extrinsic stimuli in 

order to allow cells to migrate or undergo morphological changes.  The stability of 

microtubules is regulated through direct PTMs on tubulin or their regulating proteins such as 

MAPs
36,37

.  A number of phosphorylation events occur on MAPs, which in turn are 

attenuated by further upstream signaling cascade, and have been shown to manipulate the 

stability and functions of microtubules through different mechanisms 
38-43

.  The best 

characterized example of a PTM modification on a MAP is the hyper-phosphorylation on tau 
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proteins which results in the formation of neurofibrillary tangles in the brains of patients 

suffering from Alzheimer’s disease 
44,45

.  

MAP4, unlike tau which is mostly located in neurons, is a ubiquitous MAP and acts 

as a microtubule-stabilizing protein 
36

.  In previous studies, several phosphorylation sites 

among both projection and microtubule-binding domains were identified by mutagenesis or 

in vitro kinase assay and were demonstrated to be involved in regulating microtubule 

structures 
37,43,46

.  The N-terminal domain seems to be important for microtubule binding, but 

maybe involved in the structural positioning of the C-terminal binding domain for better 

contact.  Recently, Munton et al. used comprehensive fractionation and mass spectrometric 

strategies to analyze stimulated mouse synaptosomes and identified 4 additional 

phosphopeptides of MAP4 
47

.  In our study, the identification of phosphorylation sites for 

MAP4 were not located at the microtubule-binding domain or at positions determined in 

previous studies.  In mock-infected CEF cells, S657, S659, S727 and S765 were identified as 

being phosphorylated by both Mascot and X!Tandem, among these only S727 was identified 

in the MDV-infected sample.  Other residues found to be phosphorylated in the infected cells 

were S426 and T726.  None of the aforementioned phosphorylation sites were identified in 

previous reports, and the dephosphorylation phenomena after viral infection are the most 

interesting among all the changes observed.  Similar to the dephosphorylation events of the 

feline MAP4 binding domain reported by Chinnakkannu et al., which produced increased 

microtubule binding through direct interaction, the lack of detectable phosphorylation at 

residues S657, S659 and S765 of G. gallus MAP4 occurred in a location associated with the 
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homologous microtubule-binding domain.  Kitazawa et al. demonstrated that 

phosphorylation at S787 of human MAP4 caused the dynamic instability of the microtubule 

structure by decreasing its polymerization ability 
42

.  The location of residue S787 in human 

MAP4 is in the same proline-rich region as G. gallus unphosphorylated S657 (S742 in 

human) and S765 (S853 in human) located upon MDV infection.  These data suggest that 

MDV-infection caused G. gallus MAP4 to possess a higher affinity with microtubules via a 

possible dephosphorylation scenario and is supported by studies of both feline and human 

MAP4.  Upon viral infection, infected cells undergo morphological changes which have been 

attributed to the structural changes of the cytoskeleton to facilitate virus entry or egress from 

host cells 
48,49

.  Since MAP4 has been shown to possess a vesicle transport functionality, it is 

also possible that the phosphorylation states of different residues of MAP4 could affect its 

affinity of certain substances that are required for viral pathogenesis to transport via 

microtubule network 
50-52

.   

An MDV protein thought to behave like a MAP is VP22, the gene product of UL49 

which is conserved across the subfamily of Alphaherpesvirinae.  VP22 is one of the major 

tegument proteins, which is located between the capsid and envelope of the virus 

compartment.  Previous studies have shown that VP22 has the capacity of binding, 

stabilizing, and reorganizing microtubules in HSV-1 infected cells 
53,54

.  It also has been 

determined that VP22 can translocate into the nucleus during cell mitosis via reorganizing 

microtubules and possibly through binding with chromatin 
54,55

.  VP22 is a well known 

highly phosphorylated protein in virus-infected cells, and the status of phosphorylation may 
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lead to different fates of the protein in the cells and even affect virus reassembly and 

spreading 
14-16,56

.  However, the protein sequence of VP22 in HSV-1 has only 33% similarity 

with VP22 in Gallid herpesvirus 2 strain Md11/75C according to NCBI blast analysis (data 

not shown).  Therefore, all of the structural information gathered from HSV-1 cannot be 

utilized to properly interpret our data.  Nevertheless, some insights regarding MDV VP22 

function can be revealed by our analysis.  In fact, phosphorylation sites identified on HSV-1 

VP22 by Elliott et al. indicated that multiple phosphorylation events occurred only on sites 

either at N- or C-terminus, suggesting that these phosphorylated regions of the protein may 

be involved in VP22-promoted microtubule bundling 
54

 but not in direct contact with the 

microtubules.  In our analysis, MDV VP22 was found to be phosphorylated on S14, Y17, 

S101 or S102, and S216, which are in the vicinity of the N- and C-terminal phosphorylated 

residues for the HSV-1 VP22 protein.  Even though high sequence homology between these 

two orthologs only occurs for 77 amino acid residues in a region between the N- and C-

termini, it is reasonable to speculate that the function of VP22 in MDV-infected cells still 

involves microtubule stabilizing/bundling in favor of viral DNA replication or egress from 

the cells.  Taken together, our findings for chicken MAP4 and MDV VP22 suggest that 

dephosphorylation of MAP4 and the phosphorylation of VP22 may be cooperatively 

involved in the morphological changes occurring in CEF cells upon MDV infection.  

CEF cells are derived from chicken embryos and thus comprised of diverse proteins 

that are abundant in early stages of development, which results in a large heterogeneous 

proteome.  Under these conditions, MAP1B is usually regarded as a predominant cytoskeletal 



73 

protein within neurons to be used for neurite outgrowth and axonal formation.  Previous 

reports 
41

 mostly describe the behavior and regulation of MAP1B in neuron-related cells and 

its importance on axon cone formation or cell maturation.  Distinct phosphorylation modes 

found in different cell types are believed to control various functions of MAP1B during early 

development and neuronal regeneration.  However, there are only a few reports implying that 

MAP1B can also be detected in cells outside neuronal systems 
39,57,58

.  Several investigations, 

primarily with mouse ortholog, have reported a number of MAP1B phosphorylation sites, 

their corresponding kinases, and the phosphatase candidates which regulate the 

phosphorylation dynamics of this protein 
59,60

.  In our phosphoproteomic study, MAP1B was 

detected as highly phosphorylated in both mock- and MDV-infected samples, but not on 

identical residues.  A total of 31 different phosphorylation sites were identified with 8 and 11 

of them being unique for the mock- and MDV-infected sample, respectively.  Based on 

homology (data not shown), only 10 out of the 31 phosphorylation sites were identified from 

previous studies with mouse MAP1B 
59,60

.  It is not very surprising, however, that the 

phosphorylation sites detected in our study differ from others since (1) previous studies 

primarily used differentiated neurons or neuron-supporting cells 
40,47,59,60

 and (2) very few of 

the treatments employed were viral infection-related.  Moreover, the utilization of ERLIC 

separation and IMAC enrichment used in our study can also reveal the detection of new 

phosphorylation sites.  As a result, it is difficult to conclude whether the phosphorylation 

differences induced by MDV infection just involve microtubule assembly or, like others 

described, also involve other biological effects.   
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In addition to the identity of phosphorylation sites, the examination of the putative 

kinase candidates which phosphorylated MAP1B 
39,60-62

 can be used to provide some insight 

regarding the role of MAP1B during MDV-infection.  To take into account the previous 

findings regarding the specific phosphorylated residues and their cognate kinases on mouse 

MAP1B, we utilized an online bioinformatic tool NetPhosK 1.0 
63

 to predict the cognate 

kinases for chicken MAP1B that produced the phosphorylation changes we observed.  Table 

2.2 lists all identified phosphorylation sites for chicken MAP1B, all available 

phosphorylation sites for mouse MAP1B, predicted cognate kinases for chicken and mouse 

MAP1B, and known cognate kinases for mouse MAP1B.  Overall, a few predicted kinases 

for chicken MAP1B match to the few known mouse MAP1B kinases, however, several do 

not despite the very high sequence homology between the two proteins. Although most of the 

predicted kinase sites on chicken MAP1B do not correlate to known kinase sites on mouse 

MAP1B, the bioinformatic predictions are the only data that can be used to speculate as to 

what is accounting for the changes on chicken MAP1B phosphorylation during MDV 

infection.  Among all of the kinase candidates, PKG is probably responsible for the 

phosphorylation of MAP1B that occurred during MDV-infection, while PKC is probably 

more active during the mock-infection.  One phosphorylation site that is worth noting is 

Y1351 detected in the MDV-infected sample.  In the study by Collins et al., mouse synapse 

MAP1B was unambiguously identified to be multiply-phosphorylated on peptide 

TLEVVpSPSQSVTGSAGHTPpYYQpSPTDEK at S1317, Y1331 and S1334, whereas in our 

study, the same peptide was identified as monophosphorylated on Y1350 (Y1332 in mouse) 
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with a Mascot peptide score of 39.8 (which was manually verified) and predicted to be 

phosphorylated by Src (Table 2.2).  Due to the lack of functional studies regarding MAP1B 

in CEF cells and their role in MDV infection, further in vivo or in vitro verification is 

required to identify functional significance to identified phosphorylation sites in order to 

ascertain a better understanding of the role of Src kinases in MDV infection mechanisms.    

 

2.5 Conclusions 

In this study, phosphoproteomic characterization of mock- and MDV-infected CEF 

cells was performed using a developed multidimensional separation approach combining 

ERLIC fractionation, IMAC enrichment, and reversed-phase LC/MS/MS analysis to 

ascertain the differences of phosphorylation occurring upon MDV infection.  The utilization 

of a known amount of a casein phosphopeptide internal standard provided the means to 

monitor and account for any processing error or bias between samples during analysis.  As 

presented here, only a qualitative analysis of phosphopeptides from mock- and MDV-

infected cells was conducted which revealed significant changes in the phosphoproteome, 

particularly for MAPs, upon MDV infection.  Although a label-free approach, such as 

spectral counting, could be used with our method, the combination of the subtle variation 

between the separation and enrichment of phosphopeptides between samples and the data-

dependent acquisition used with our Q-Tof system prohibited such an analysis.  However, the 

increased detection of peptides by the data-independent approach LC/MS
E
 used previously 

on our Q-Tof system 
64

 combined with the normalization between samples based the casein 
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internal standard could provide a means for a more comprehensive label-free quantitative 

approach.  Due to the number of fractionation steps involved in our multidimensional 

approach, a more rigorous and robust quantitative analysis of viral infection-induced 

differential expression can be accomplished using stable isotope coding, such as 
14

N/
15

N or 

12
C/

13
C coding, via chemical or metabolic labeling methods to treat each sample, thus 

permitting them to be combined prior to ERLIC fractionation.  In this manner, differential 

relative quantification of phosphopeptides can be performed to measure smaller changes in 

phosphorylation events and reveal a more detailed phosphoprotein profile regarding MDV 

infection and pathogenesis.   
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Table 2.1: Phosphopeptides from CEF cells detected by LC/MS/MS using different 

enrichment approaches. 
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Table 2.2. The identified phosphorylation sites on chicken MAP1B and their possible 

cognate kinases. 

 

  

Chicken sample

Chicken MAP1B 

phosphorylated 

residue 

Predicted cognate kinase of 

chicken MAP1B
a

Mouse MAP1B 

phosphorylated 

residue
 b

Predicted cognate 

kinase of mouse 

MAP1B

Known cognate 

kinase
 
of mouse 

MAP1B
b

S828 

S829 

Mock S832 CKI, GSK3, CDK5 S834 CKII

S1204 

S1247 

S1255 

Mock, infected S1279 p38MAPK, CDK5 S1260 GSK3, CDK5 CDK5

Mock S1314 PKC 

S1307 

S1317 

Y1331 

Infected Y1351 SRC    Y1332 
c SRC

S1334 

S1347 

S1371 

Mock, infected S1392 PKA S1373 p38MAPK p38MAPK

Mock S1401 CKII S1382 CKII CKII

Mock, infected S1403 CKII, CDC2 S1384 CKII, CDC2 p38MAPK

S1391 

S1395 

Mock, infected S1457 CDK5   S1438 
c p38MAPK, CDK5

Mock, infected S1460   S1441 
c CKII

Infected S1516 p38MAPK, GSK3 S1497 

Infected T1518 ATM   S1499 
c

S1610 

S1621 

Infected S1669 p38MAPK, GSK3   S1649 
c p38MAPK, GSK3, CDK5

S1686 

Mock, infected S1720 RSK, p38MAPK, PKA, PKG 

S1768 

S1775 

S1778 

Mock S1799 p38MAPK, CDC2, CDK5 S1781 p38MAPK, CDC2, CDK5 p38MAPK
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Table 2.2 (continued) 

 

a The cognate kinases for specific phosphorylation sites were predicted by online tool NetPhosK 1.0 Server 

(http://www.cbs.dtu.dk/services/NetPhosK/) 

 b MAP1B phosphorylatede residues and the known cognate kinases were determined in previous studies 

47,59,60,65. 

 c The corresponding phosphorylated residues on mouse MAP1B which has not been identified to be 

phosphorylated in any published reports.  

 

T1784 

S1789 

Y1792 

S1793 

T1806 

S1813 

S1815 

Infected S1864 GSK3    T1848  c

Infected S1876 CKII, p38MAPK    T1860 
c GSK3, CDK5

Mock, infected S1893 CKI, ATM S1877 CKII, GSK3 CKII

Mock S1907 PKC    T1891 
c

Infected T1908 PKG 

Mock, infected S1910 p38MAPK    T1894 
c

Mock S1914 

Mock, infected S1927 S1911 CKI,p38MAPK,GSK3 GSK3β

Infected T1942 PKA, PKG    T1926 
c

Mock, infected S1944 CDC2, GSK3    T1928 
c

Mock, infected T1959 cdc2    T1943 
c CKII

Mock, infected S1961 CKI T1945 CKI, p38MAPK

Mock, infected S1978 CKI, p38MAPK, GSK3    T1962 
c p38MAPK, GSK3, CDK5

Infected T1982 CKII    S1966  
c CKII, CKI

Infected T2027 CKII    T2011 
c CKII

Mock S2029 

Infected S2046 GSK3 S2030 p38MAPK

Mock, infected S2062 p38MAPK    T2047 
c p38MAPK

S2094 

Mock S2135 PKC, PKA   S2122 
c PKC, CDC2

Mock, infected S2218 GSK3, CDK5   S2205 
c GSK3, CDK5

Mock, infected S2220 RSK, p38MAPK, CDK5, GSK3   S2207 
c RSK, GSK3, CDK5



86 

 

 

Figure 2.1 ERLIC chromatogram of CEF peptides. After protein isolation and tryptic 

digestion, peptides (800 μg/injection) were separated by ERLIC using the gradient shown in 

the solid line with 50% and 100% of the mobile phase B composition (250 mM ammonium 

formate, pH 2.0 / 20% acetonitrile) as indicated.  The average number of acidic amino acid 

residues in peptides collected from most of the fractions was plotted along with their standard 

deviation.  Based on LC/MS/MS analysis, the ERLIC fractions in Region 1 and 2 were 

determined to contain the largest numbers of identified peptides. 
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Figure 2.2  Phosphopeptides identified in ERLIC fractions.  (A) LC/MS/MS analysis of 

ERLIC fractions. For each fraction, solvent was removed via vacuum centrifugation and 

peptides were resuspended in solvent containing 5% acetonitrile/0.1% formic acid and 

analyzed by LC/MS/MS. Region 1 and 2 and the labeled fraction numbers correspond to the 

same regions and retention times indicated in Figure 1, respectively.  (B) Phosphopeptide 

enrichment of ERLIC fractions using IMAC.  Pooled ERLIC fractions were subjected to 

IMAC prior to LC/MS/MS analysis.  The number of phosphopeptide and non-

phosphopeptides are indicated by the black and white bars, respectively.  
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Figure 2.3 Distribution of the casein phosphopeptides for the internal standard identified in 

the mock- and MDV-infected samples.  (A) Casein phosphopeptides detected in each 

ERLIC/IMAC fraction from the mock- and MDV-infected samples are indicated by white 

and black bars, respectively.  Two signature phosphopeptides, (B) TVDMEpSTEVFTK from 

αS2 casein and (C) FQpSEEQQQTEDELQD from β-casein, are presented for both samples.   
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Figure 2.4 Distribution of CEF and MDV peptides identified in the mock- and MDV-infected 

samples.  The number of (A) phosphopeptides and (B) non-phosphopeptides for each 

ERLIC/IMAC fraction from the mock- (white) and MDV-infected (black) CEF cells for the 

host and those of the MD11/75C virus (gray) from the MDV-infected sample.  (C) The 

percentage of phosphopeptide abundance achieved for each ERLIC/IMAC fraction for the 

mock- (white) and MDV-infected (black) CEF cells.  
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Figure 2.5 The Venn diagram illustrating the number of unique or shared phosphopeptides 

identified in the mock- and MDV-infected CEF cells.  A total of 32 phosphopeptides 

detected in the MDV-infected samples were assigned to the MD11/75C virus. 
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Figure 2.6 Comparison of the unique phosphopeptides between the mock- and MDV-infected 

CEF cells.  (A)The number of identified mono- (white) and di- (black) phosphorylated 

peptides.  (B) The number of unique phosphorylated peptides and their residue specificity 

assigned by Mascot are displayed according to each residue type: pSer (white), pThr (gray), 

and pTyr (black).  
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CHAPTER 3 

 

Proteomic and Phosphoproteomic Analysis of CEF Cells Infected with Cell Culture-

Attenuated Oncogenic and Protective Strains of Marek’s Disease Viruse 
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3.1 Abstract 

          Vaccination is the only strategy to control the damage caused by Marek’s disease 

(MD). The vaccines used currently are mostly from attenuated serotype 1 Marek’s disease 

virus (MDV) or non-oncogenic serotype 2 and 3 MDV strains. Even though vaccination 

strategies have been used for 30 years, the evolution of MDV virulence is diminishing the 

efficacies of vaccines. To prepare for future immunity breaks, functional genomic and 

proteomic studies have been dedicated to better understand the underlying mechanisms of 

MDV pathogenicity, as well as the effects brought by the vaccine viruses. In this study, a 

combined approach of quantitative GeLC/MS
E
 and qualitative ERLIC/IMAC/MS/MS 

analysis, as described in Chapter 2, was combined to further identify abundance changes of 

proteins as well as the variations of phosphorylation status resulting from the perturbations 

due to infection with attenuated oncogenic strain (Md11/75C) and non-oncogenic virus 

strains (CVI988, FC126 and 301B/1). Using this combined approach, several signal 

transduction pathways mapped by the identified proteins were found to be altered both at the 

level of protein abundance and phosphorylation. Based on this study, a kinase-dependent 

pathway to regulate phosphorylation of 4E-BP1 to modulate assembly of the protein 

translation initiation complexes is revealed. The difference of 4E-BP1 phosphorylation 

patterns indicates a potential turning point for the development of MDV pathogenicity and a 

future therapeutic target.  
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3.2 Introduction 

3.2.1 History of Marek’s Disease Immunization  

         Immunization of Marek’s disease has been applied for more than 30 years. As the only 

strategies for the disease control since there is still no cure for MDV-infected chickens, 

vaccination only protects infected birds from developing tumors and improves mortality but 

does not block viral replication and virus spreading between birds. Therefore, immunization 

with vaccines has to be thorough and as early as possible, usually on 18-day-old embryos or 

one-day-old chicks. The first effective vaccine used can dates back to 1969 with attenuated 

serotype 1 virus SB-1 
1
 and was widely applied in Europe for several years before being 

replaced by nononcogenic turkey herpesvirus (HVT) 
2
. The FC126 strain of HVT has been 

licensed in the United States in 1971 and has been used ever since even though it was partly 

substituted by the bivalent vaccine combining HVT and a nononcogenic serotype 2 

herpesvirus for protection from very virulent (vv) pathotypes of MDV 
3
. CVI988, an 

attenuated serotype 1 herpesvirus 
4,5

, was initially used in Europe and Asian countries for 

decades before extensively applied in the United States starting in the mid-1990s. Its 

protective effect against vv or vv+ strains of MDV is superior to the previously used HVT 

and any bivalent vaccines. Due to the virulence evolution of MDV, development of a 

recombinant vaccine has started from late 1980s in an attempt to more efficiently control the 

epidemic damage caused by MDV infection in the poultry industry.   
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3.2.2 Attenuation of Serotype 1 Virus 

           Many serotype 1 viruses have been attenuated by serial passages in cell culture to 

reduce their oncogenicity but to retain their antigenicity to boost host immunity against MD-

caused lesions. The first successful attenuated strain used as a vaccine was HPRS-16 
6
, which 

can effectively protect the host from challenges with v pathotype viruses. With virulence 

evolving, this vaccine has been replaced by CVI988 in most of the markets. The CVI988 

strain initially possessed low levels of oncogenicity initially but became attenuated after 

several passages in cell culture and is very effective against highly virulent strains of MDV 

(vv and vv+). Md11/75C, as used for the mild pathogenic MDV strain for cell infection as 

described in Chapter 2 and this chapter, was also attenuated by 75 cell passages from the 

original Md11 strain of MDV and showed to be protective for very virulent virus infections 

such as the Md5 strain 
7,8

. Interestingly, even though Md11/75C has a highly protective 

efficacy toward high virulent MDV strains, it was shown to fail protecting the infection by 

some strains where HVT or SB-1 vaccines was effective 
8
. Another drawback of using an 

attenuated virus vaccine is the possibility for the serotype 1 strain to regain its oncogenicity 

post-inoculation. For example, the revertant has been observed in several lines of chickens 

inoculated with the Md11/75C strain.  

3.2.3 Serotypes 2, 3 and Synergism  

           Serotype 2 and 3 viruses are both closely related to serotype 1 MDV strains. Initially, 

chickens were found to be protected from MD lesions by prior exposure to avirulent viruses, 

which were later identified as serotype 2 MDV strains. 301B/1 is a strain of serotype 2 virus 
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that has been licensed for use as a vaccine 
9,10

 but is usually combined with HVT or other 

strains for bivalent or polyvalent applications for chicken immunization. Serotype 3 MDV is 

the herpesvirus of turkey, known as HVT. HVT and MDV are very close in terms of 

antigenicity, but the former is nononcogenic. As mentioned above, some strains of HVT 

including FC126 have been licensed for use as vaccines in the United States and many other 

countries, but now are more employed in combination with CVI988 or/and serotype 2 strains 

for more protective power against highly virulent MDV infections. 

           The combination of 2 or more different strains of MDV virus vaccines usually provide 

better protection than the use of any single strain. This phenomenon is called “protective 

synergism” 
11

. The synergism effect was observed by two groups independently using 

different vaccine combinations. Schat et al. used the combination of FC126 (serotype 3) and 

one of the serotype 2 virus strains SB-1 and discovered up to 78% of chickens were protected 

compared to 43-56% from either vaccine alone 
12

. Concurrently, Witter applied a trivalent 

vaccine containing serotype 1, 2 and 3 together and obtained around 91% protection 

compared to individual vaccines with a 57-74% protective rate 
8
. The synergism effect is 

specially strong and evident while using serotypes 2 and 3 in combination, but not two strains 

of the same serotype, even though the individual ones only possesses weak protective 

efficacies. The mechanism of synergism is still under investigation, but the application of 

polyvalent vaccines has been prevalently utilized worldwide.  
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3.2.4 Other vaccines 

           Other than inactivated or nononcogenic viruses, recombinant vaccines are also 

attractive alternatives in the field of vaccine development 
13-16

. The development of 

recombinant vaccines against MDV infection is driven by the force of evolution of virus 

toxicity and the resulting immunization breaks against current virus vaccines of use. The 

recombinant technologies are two-fold: (1) expressing MDV antigens on herpesvirus genome 

vectors that are not oncogenic in vitro and in vivo such as HVT 
16-19

, gene-deleted serotype 1 

MDV 
20,21

 or fowlpox virus 
14,15,22

, and (2) inserting genes from other avian viruses into 

MDV vectors to acquire a protective effect from both MDV and the chosen virus 
23-27

. Other 

derivative strategies include using a Meq-deleted MDV clone to construct a bacterial 

artificial chromosome 
28

, an RNAi technique delivered by viral vectors 
19

 and recombinant 

viral antigens such as glycoprotein B 
16,17,29,30

 as immune-eliciting agents. Unfortunately, 

despite all of the efforts, there is still no licensed recombinant vaccine on the market, which 

is in partly due to the limited knowledge about how viruses gain their pathogenicity and the 

interactions between host gene products so that no proper proteins can be selected for 

overexpression in the host body to enhance the immune response. However, this seems to be 

a logical direction for future vaccine development since the virus vaccines utilized so far 

cannot induce sterilizing immunity, and the co-existence of virulent MDV and vaccine 

viruses appear to increase the mutation rate of the viral genome to evolve into more virulent 

strains 
31-33

. Hence, an efficient recombinant vaccine that can lead to the extinction of 

virulent strains may serve as a permanent solution for MDV infection.   
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3.2.5 Research Rationale  

           The mechanism of how a vaccine acts in the prevention of MDV-induced 

tumorgenesis is still not fully understood. It is speculated that the introduction of a vaccine 

virus in the host can activate both antibody and cell-mediated immune responses before the 

immune system is destroyed by virulent MDV. That is, higher profiles of cytokine expression, 

such as interleukins or interferon, are produced after vaccination followed by MDV 

challenge 
34,35

. Hence, the efficient and long-lasting presentation of exogenous antigen may 

play a role in eliciting T or B cells to undergo clonal expansion and facilitate antigen 

recognition. In this chapter, a study to investigate the differences that vaccine viruses and 

Md11/75C produced in the proteome of infected CEF cells was performed. By using 

proteomic tools, the objective was to capture an overall picture of protein network alterations 

from which we may be able to attain informative clues about the differences between virulent 

and protective strains of MDV in the host cells. 

 

3.3 Material and Methods 

3.3.1 Materials 

           Specific-pathogen free (SPF) eggs were obtained from SPAFAS (Charles River 

Laboratories, CT). Virus stock of MDV serotype 1, 2, and 3 strains were obtained from the 

Avian Disease and Oncology Laboratory (East Lansing, MI).  Sequencing grade-modified 

trypsin was purchased from Promega (www.promega.com). β-Casein (at least 95% β-casein 
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and containing αS1 and αS2-casein) and urea were from Sigma (www.sigmaaldrich.com). 

Acetonitrile (HPLC grade) and formic acid (ACS reagent grade) were from Sigma-Aldrich 

(www.sigmaaldrich.com). Acetone (optima grade) was purchased from Fisher Scientific 

(www.fishersci.com). Ammonium bicarbonate and guanidinium chloride (GdmCl) 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 unless otherwise stated. 

3.3.2 Cell Culture and Virus Infection 

           Chicken embryo fibroblast (CEF) cells were prepared from 11-day-old embryos as 

described 
36

. Secondary CEF cells were maintained in RPMI medium supplemented with 1% 

fetal calf serum, 2 mM glutamine and 100 units penicillin G mL
-1

 at 37 °C with 5% CO2 and 

seeded to 80-90% confluency in 150-mm petri dishes for virus infection. Infection was 

performed by inoculating 10
6
 plaque formation units (pfu) of Md11/75C, CVI988, FC126 

and 301B strains of MDV viruses, respectively, or medium only as the mock infection. In 

infected cells, cell morphology was observed and cells were harvested until cytopathic 

effects (CPE) became clearly visible in about 80% of the cells.  

3.3.3 Protein Extraction and Digestion 

           Infected CEF cells were harvested and lysed using 1 mL of lysis buffer (5 mM 

magnesium, chloride, 150 mM potassium chloride, 10 mM HEPES (pH 7.5), 1 mM EGTA, 

0.2% NP-40, 25 mM PMSF), containing phosphatase inhibitor with 1 mM sodium vanadate 

(Na3VO4), 20 mM sodium fluoride and protease inhibitor cocktail containing 2 mM AEBSF, 
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300 nM aprotinin, 130 μM bestatin, 1mM EDTA, 14 μM E-64 and 1μM leupeptin (Sigma-

Aldrich, P2714)) in each petri dish plate. Collected cell lysate was sonicated on ice and 

centrifuged at 7500 rpm (rotor FA21, www.piramoon.com) to remove cell debris. 

Supernatant was transferred in to a new 50 mL-tube and 4-5 volume of cold acetone was 

added into the tube. The sample were mixed thoroughly and incubated at -20°C overnight to 

promote protein precipitation. Precipitated proteins were collected by centrifuging at 8500 

rpm before the solution phase was discarded. Acetone precipitates were air-dried and 1 mL 

of 6 M GdmCl in 50 mM ammonium bicarbonate was added to resolubilize the proteins. 

Total protein concentration was determined by the BCA assay (www.piercenet.com) using 

serially diluted BSA as a standard. An equal amounts of protein from each sample was 

thermally denatured in a boiling water bath for 5 min followed by reduction with 8 mM 

tris(2-carboxyethyl)phosphine (www.piercenet.com) at 37 °C for 30 min and akylation with 

10 mM iodoacetamide for 1 h in the dark. Samples were diluted with 50 mM ammonium 

bicarbonate so that the final concentration of GdmCl was lower than 1 M followed by trypsin 

addition using a 1:80 trypsin-to-protein ratio. Trypsin digestion was performed at 37°C 

overnight, and the resulting tryptic peptides were desalted by solid-phase extraction (SPE) 

using an Alltech Preveil C18 cartridge, and the solvent was evaporated via vacuum 

centrifugation. Peptides were stored at -20°C until further fractionation was performed. 

3.3.4 SDS-PAGE Separation 

           For samples that were separated using 1D-SDS-PAGE, 2 aliquots containing 30 μg of 

protein were loaded on NuPAGE Novex Bis-Tris 4-12% mini gels (www.invitrogen.com) 
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and electrophoresed at 90 V for the initial 5 min and 150 V until the dye front had migrated 

to the bottom of the gel. Gels were stained for 3 h using the Colloidal Blue Stain Kit 

(Invitrogen) and destained in water overnight. Proteins were separated using 2 lanes per 

sample and 7 gel-fractions were excised from each lane where the corresponding segments 

for each sample were pooled into one eppendorf tube for in-gel digestion.  

           For in-gel digestion, the gel pieces were destained in destaining solution containing 50 

mM ammonium bicarbonate, pH 8.2, and 50% acetonitrile by shaking the tubes for 30 min at 

35°C. The same destaining step was repeated until most of the dye was removed from the gel 

slices. Protein reduction and akylation was performed in the same manner as described in 

Section 3.3.3. Trypsin digestion was performed using trypsin at 10 ng/μL and about 20 μL of 

trypsin solution was added into each fraction. For those fractions with larger gel pieces, 50 

mM ammonium bicarbonate, pH 8.2, was supplemented as needed to immerse the gel pieces. 

Digestion was performed for overnight at 37°C. Peptides were extracted from the gel pieces 

using an extraction solution containing 50% acetonitrile in 1% formic acid by rigorous 

shaking or vortexing. Extracted peptides were dried using vacuum centrifugation and stored 

at -20°C until LC/MS
E
 could be performed.   

3.3.5 Electrostatic Repulsion-Hydrophilic Interaction Chromatography (ERLIC) and 

Immobilized Metal Ion Affinity Chromatography (IMAC) 

           The ERLIC separation was performed as described in Chapter 2 
37

 except for the 

addition of an extra wash with a third mobile phase containing 250 mM triethylamine 

phosphate (TEAP) to remove the residual substances remaining on the ERLIC column after 
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the gradient was finished with the peptide separation. IMAC was performed as described in 

Chapter 2 
37

 except the gel-loading pipet tip used in this experiment was purchased from 

Fisher and contained a larger capacity (200 μL maximum) for sample loading.  

3.3.6  Liquid Chromatography-Tandem Mass Spectrometry Analysis using Data-

Independent LC/MS
E
 and Data-Dependent LC/MS/MS Analysis 

           LC/MS
E
 or LC/MS/MS was performed on a nanoACQUITY ultra-performance liquid 

chromatograph coupled with a Premier Q-Tof mass spectrometer (www.waters.com). 

Samples were injected onto a Waters Symmetry C18 trapping cartridge (300 μm i.d. × 1 cm 

length) and desalted using a flow rate of 10 μL/min and then separated by in-line gradient 

elution onto a 75 μM i.d. × 25 cm column packed with a Waters BEH C18 stationary phase 

(1.7 μm particles) at a flow rate of 300 nL/min. The linear gradient was carried from 2 to 40 

% mobile phase B over 60 min, where mobile phase A contained 0.1% formic acid in water 

and mobile phase B contained 0.1% formic acid in acetonitrile. Synthetic human [Glu1]-

fibrinopeptide B solution (300 fmol/μL) delivered by the NanoLockSpray source at a flow 

rate of 0.6 μL/min was used as the external calibrant and monitored every 30 s during each 

LC/MS/MS and LC/MS
E
 analysis. For in-gel digested peptides from each gel fraction, 

peptides with 120 fmole of the phosphorylase B internal standard were subjected for MS
E
 

analysis where the Q-Tof was operated in data-independent acquisition (DIA) mode with MS 

data (m/z 50−1990) acquired using alternating 2 s scans of low and elevated collision energy. 

Data were collected at a constant collision energy of 4 V during the low-energy MS scans, 

while a step from 15 to 30 V of collision energy was applied for CID during the high-energy 
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MS
E
 scans. For each gel fraction, at least 3 injections were performed as technical replicates. 

For LC/MS/MS analysis of the ERLIC/IMAC-enriched fractions, the Q-Tof was operated in 

a data-dependant acquisition (DDA) mode with a full MS scan (m/z 400-1900) followed by 

MS/MS scans (m/z 100-1990) for CID of the top 8 most intense precursor ions detected from 

the previous MS scan where an ion exclusion time for precursor selection of 200 s was 

applied. All the data was acquired using V-mode at a resolving power of at least 10,000 full 

width at half height (FWHH) at m/z 786.  

3.3.7 Data Processing and Peptide/Protein Identification 

           MS
E
 raw data files were processed using ProteinLynx Global Server version 2.4 

(PLGS 2.4) with lock mass calibration to generate product ion spectra (i.e., MS
E
 spectra) for 

subsequent database searching using the Ion Accounting algorithm. Static modifications with 

carbamidomethyl modification for Cys residues and variable modifications for oxidation on 

Met residues and phosphorylation on Ser, Thr and Tyr residues were specified. A protein 

database was constructed containing Gallus gallus, Gallid herpesvirus 2, 3 and Meleagrid 

herpesvirus 1 protein entries with bovine casein proteins, human keratine and trypsin protein 

sequences. An in-house program was written to filter out redundant entries, which were 

defined as two or more proteins with different GI numbers but containing identical protein 

sequences, and collapsed into a single entry in the final database.  The deleted proteins were 

stored in another file for future reference. The same database was also used for DDA data 

searches. Raw data derived from the DDA method were also processed on PLGS 2.4 to 

generate pkl files, which were then uploaded to an in-house server for Mascot database 
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searching. The Mascot search parameters were set to allow up to 2 miscleavage sites, a mass 

tolerance of up to 100 ppm and 0.1 Da for precursor and product ions, respectively.  

Carboxamidomethylation (C) was specified as a fixed modification while acetylation at the 

N-terminus of proteins, oxidation (M) and phosphorylation (STY) were set to be variably 

modified.  Phosphopeptides were considered valid only if their Mascot scores were large 

enough to pass a statistical threshold (p < 0.05) with a false discovery rate (FDR) using a 

randomized decoy database of less than 5% for all datasets or after imported into Scaffold 3, 

with more than a 90% peptide probability. Manual examination for specific spectra or the 

corresponding fragmentation table was also performed to verify phosphopeptides of interest. 

Peptide identification lists from each IMAC sample were exported as csv files and merged 

into a master list by an in-house written SAS code for further sorting and filtering. 

3.3.8 Quantitative GeLC/MS
E
 Data Analysis by Rosetta Elucidator 

           MS
E
 data quantification was performed by Rosetta Elucidator 3.3 (Rosetta 

Biosoftware, Seattle, WA), where access was provided by the David H. Murdock Research 

Institute (DHMRI) in Kannapolis, NC. The raw data, processed pkl files for each injection, 

together with the database search results using PLGS 2.4 were imported into Rosetta 

Elucidator server for feature extraction. The experiment was defined in the Elucidator system 

as 5-treatment, multidimensional-LC groups each containing three technical LC/MS
E
 

replicates per gel segment. Retention time (RT) alignment and feature identification within 

the 3 technical replicates across the entire chromatographic time window were performed 

using the PeakTeller algorithm. This algorithm performed dynamic background subtraction 
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and smoothing across the alignment window. The maximum alignment time correction was 6 

min and the instrument mass accuracy was set at 60 ppm. The 3 technical replicates from 

each gel segment were combined to generate aligned data, and for multidimensional LC 

experimental design, each technical replicate of the 7 SDS-PAGE fractions across the same 

sample were combined to generate a total of 3 precombined data per sample, which was then 

collapsed into combined data for expression comparisons for all 5 infected samples. A flow 

chart illustrating how Elucidator combines all the data across fractions from different 

samples is shown in Figure 3.1. Statistical determination of differentially expressed 

combined data was performed by first conducting intensity scaling on all samples based on 

the mean intensity of all features following a 10% outlier trim to correct for variations in the 

total ion current (TIC) between injections. Features were then annotated based on the search 

results performed on PLGS 2.4, and all of the quantifications were performed at the peptide 

level and then collapsed to the protein level for expressional comparison. Self organizing 

map (SOM) was performed to create protein expression trends across samples. A total of 9 

clusters were mapped representing 9 different trends of protein abundance levels with a 

statistical threshold of p < 0.05 upon different infections. 
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3.4 Results 

3.4.1 Global Proteomic Profiles of MDV and Vaccine Strain Infected CEF cells 

          Initially, a GeLC/MS
E
 analysis on CEF cells infected with various virus strains was 

performed. Virus strains used for each infection are listed in Table 3.1 and contain one cell 

culture-attenuated, oncogenic serotype 1 strain (Md11/75C), one serotype 1 avirulent strain 

(CVI988), one serotype 3 HVT strain (FC126) and one serotype 2 virus strain (301B/1). CEF 

cells with 80-90% confluency were infected with each virus until 80% of the cells presented 

a cytopathic effect (CPE) and then were harvested and lysed. Each well of a NuPAGE mini 

gel was loaded with 30 μg cell lysate, and for each virus infected cell lysate, two aliquots 

were prepared in order to collect enough material for LC/MS
E
 analysis. The stained gel 

shown in Figure 3.2A indicates that no drastic change in protein abundance occurred and that 

each sample contained the same amount of protein. In-gel digestion was performed for the 

combined gel bands collected from the corresponding fractions. Each fraction was 

reconstituted with 5% acetonitrile in 0.1% formic acid and spiked with 120 fmole of rabbit 

phosphorylase B as internal standard peptides. A total of 3 to 4 technical injections per 

fraction was performed as determined by the intensity obtained from individual LC/MS
E
 runs. 

           The resulting LC/MS
E
 data were processed with PLGS 2.4, and the raw data and 

search results were analyzed by Elucidator for quantitative analysis. A principal component 

analysis (PCA) plot for precombined data is presented in Figure 3.2B to demonstrate the 

deviations within 3 technical replicates for all 5 samples. The PCA plot in Figure 3.2C 

illustrates the differences revealed between the combined data for all 5 samples, each of 
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which represents an infection condition. From the 5 samples spanning a total of 120 

injections from 35 fractions, 400 to 550 proteins were identified in at least 2 out of 3 

replicates for each individual sample after PLGS 2.4 analysis (Table 3.2), while using the 

time alignment and PeakTeller algorithm in Elucidator, a total of 1002 unique proteins was 

identified across the 5 infected samples. The identification of viral proteins can better present 

the advantage of the use of Elucidator. In PLGS analysis, a total of 66 unique viral proteins 

was identified with at least 2 out of 3 technical replicates for each sample, but after 

Elucidator processing, a total of 79 proteins from Gallid herpesvirus and its related strains 

passed the statistical threshold of p < 0.05 and were considered as valid identification.  

           To further sort the combined 1002 proteins, a self organizing map (SOM) function 

was utilized to analyze the trends of the identified proteins. A total of 9 clusters were 

classified based on the measure of the Pearson correlation as shown in Figure 3.3. Many 

distinctive features can be compared across the various viruses. For example, among the 9 

clusters, cluster B and C contain lower abundant proteins presented in Md11/75C-infected 

CEF cells that are measurable while cluster H composes the proteins that are more 

abundantly present. On the other hand, clusters B, C, F and I contains proteins that are 

present more abundantly in samples infected with mock or protective strains. 
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3.4.2 Phosphoproteomic Profile Changes after MDV and Vaccine Virus Infection 

3.4.2.1 Optimization for Phosphopeptide Detection  

           Enrichment for phosphopeptides was performed using the same strategy described in 

Chapter 2, which combined ERLIC fractionation, IMAC enrichment, and LC/MS/MS data 

analysis. Due to the variation in sample complexity and peptide compositions, different 

strategies for data-dependent analysis were applied in order to gain a maximal number of 

phosphopeptides that could be identified for each sample. For instance, the composition of 

peptides in FC126-infected cells possessed an exceptionally higher abundance of non-

phosphorylated peptides; therefore, a peptide exclusion list for each ERLIC/IMAC fraction 

was applied to avoid these abundant peptides from being repeatedly selected for CID in order 

to facilitate precursor ion selections on relatively low abundant peptides. For the FC126-

infected sample, the two injections with or without ion exclusion resulted in 140 and 159 

phosphopeptides identified, respectively, among which only 65 of them were common in 

both analyses (Figure 3.4A). Additionally, due to the complexity from each fraction, a 

secondary IMAC enrichment was conducted for enhanced phosphopeptide detection. In the 

same FC126-infected sample, the comparison between first and second IMAC enrichment 

using the same exclusion list resulted in 140 and 172 phosphopeptides, respectively, with 

only 46 found in common (Figure 3.4B, shown in the green Venn diagram). Similar results 

were also obtained from the other samples (Figure 3.4B). By using these strategies, a total of 

361 unique host phosphopeptides, about 25% of the total number of host peptides identified, 

were detected in FC126-infected CEF cells (Table 3.3 and Figure 3.5A). The reason for this 
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relatively low percentage compared to other samples was due to the fact that the non-

phosphorylated peptides were too abundant to be removed completely by IMAC and thus 

were detected by LC/MS/MS analysis.  

3.4.2.2 Phosphoproteomic Profile Changes Between Infected CEF Cells 

          All 5 infected samples were processed for phosphopeptide enrichment and DDA 

LC/MS/MS analysis but the one infected with CVI988 only produced very few 

phosphopeptides even though the spiked casein standard still showed the same level of 

enrichment as the other samples. Since the cause of the failure for phosphopeptide 

enrichment in this sample still cannot be determined, the discussion of the phosphorylation 

events will exclude the comparison of CVI988 sample. The overall enrichment percentage 

for phosphopeptides across the remaining 4 samples was about 40% for phosphopeptides and 

45% for phosphoproteins as shown in Figure 3.5A. Among the comparable 4 samples, 

Md11/75C-infected cells resulted in the highest percentage of phosphopeptides being 

identified while FC126-infected samples were found to contain the lowest percentage of 

phosphopeptides after enrichment. As to the number of unique peptides, mock-infected 

samples resulted in the largest number of host phosphopeptides (451) but Md11/75C-infected 

cells had the most combined phosphopeptides (471) including 26 viral proteins (Table 3.3). 

Interestingly, even though the percentage of phosphopeptides was the lowest in the FC126-

infected sample, there were a total of 46 unique viral phosphopeptides identified, which was 

the most among all samples. Thus, upon different treatments, the enrichment of 
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phosphopeptides varied and may be owing to the striking dynamic changes in the 

phosphoproteins between the infected CEF cells. 

           Despite the lower proportion of phosphopeptides enriched in some of the samples, all 

of the infected samples possessed unique phosphopeptides, meaning that the overlap between 

each sample was minimal. The Venn diagrams shown in Figure 3.5B illustrates the unique 

phosphopeptides only found in virus-infected CEF cells but not in mock-infected samples. In 

contrast, Figure 3.5C presents the unique phosphopeptides only found in mock-infected cells 

when compared with each of the 3 virus-infected cells. Taken together, there were around 

200 unique phosphopeptides detected in mock- and Md11/75C- infected cells and around 150 

unique phosphopeptides only present in FC126- and 301B-infected cells. Only 159 of 1127 

phosphopeptides were ubiquitously identified in all of the 4 samples. 

3.4.3 Comparisons of Proteome and Phosphoproteome Coverage 

           Although both of the GeLC/MS
E
 and ERLIC/IMAC/LC/MS/MS methods generated 

more than 1000 proteins, the overlap between each method were very limited. In fact, only 

450 out of the 1790 unique proteins were shared by both methods, not to mention the 

subpopulation of phosphoproteins, from which only 100 proteins were also found in 

GeLC/MS
E
 dataset (Figure 3.6). This protein coverage difference demonstrated the fact that 

with extensive enrichment for phosphopeptides, the detection for less abundant peptides was 

enhanced, which usually belongs to a protein population that was not readily detected at a 

global proteomic level using GeLC/MS
E
 since the protein amount loaded onto an SDS-gel 

was only 60 μg of protein lysate, whereas the amount loaded for ERLIC/IMAC enrichment 
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was equivalent to 5 mg of a peptide mixture. Therefore, for any phosphopeptides identified to 

be uniquely present in a sample, without support of data regarding protein abundance, it can 

only be concluded that they are uniquely identified in each sample probably due to the 

relatively higher abundance of these peptide species compared to others in the sample, thus 

facilitating detection. To analyze the proportion of individual phosphorylation events, 

LC/MS/MS analysis of the IMAC flowthrough of all pooled ERLIC fractions may be a 

reasonable way to compare the relative peak intensity or identification occurrence between 

the unphosphorlyated and phosphorylated counterparts. However, in the IMAC flowthrough, 

the complexity of a fraction may again affect the identification of the targeted 

unphosphopeptides, which will greatly impact the accuracy of the quantification.  

3.4.4 Functional Proteomics 

           According to the proteome clusters shown in Figure 3.3, clusters B and C, which 

represent the proteins at lower abundance level in pathogenic strain Md11/75C -infected CEF 

cells, contain 194 unique proteins out of 323 chicken proteins that can be converted into 

SwissProt accession numbers, and clusters A and H, which represent the high protein 

abundance level of Md11/75C and may be involved with the mild pathogenicity of 

Md11/75C, contain 154 out of 184 unique SwissProt accession numbers. Initially GO term 

annotation was performed for the two cluster supgroups to elucidate the overall 

characteristics of proteins that may be associated with Md11/75C viral pathogenicity. From 

Figure 3.7A, 45% of the proteins were predicted to be involved with all kinds of cellular 

processes in both groups. Moreover, proteins associated with interactions with other cell or 
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organisms, localization, and developmental process displayed higher levels in clusters B and 

C, which represented the lower-expressed proteins responding to Md11/75C infection, while 

in cluster A and H, more proteins are related to regulation. The cellular component GO term 

comparison between the two subgroups showed increased abundance in the proteins located 

in plasma membrane, other intracellular compartments, cytoskeleton, ER and ribosome for B 

and C clusters (Figure 3.7B). A drastic increase in nuclear protein abundance for A and H 

clusters are also worth noting. In terms of molecular functions, proteins involved in binding 

played important roles in both groups but seemed more dominant in the Md11/75C lower 

abundance group as shown in Figure 3.7C. One has to keep in mind that the proteins of 

decreased abundance in B and C clusters do not necessarily mean these proteins are 

irrelevant to the pathogenicity; on the contrary, these proteins may influence viral activities 

in negatively regulated loops. 

           Due to the limited resources for chicken protein network analysis, the proteomic data 

were interpreted using cross-referenced, multiple databases containing chicken, human and 

mouse knowledge-based information. Among all the bioinformatic tools available online, 

Reactome (www.reactome.org) provides a chicken protein interaction and pathway database 

although a portion of the data entries were referenced from human orthologs. It takes protein 

entries with or without expression values for pathway mapping and visualization. The KEGG 

genome website maintained by Kyoto University (www.genome.jp/kegg/) allows chicken 

specific pathway mapping using experimental-derived protein or DNA data, but no statistical 

analysis is provided for the output search results. InnateDB (www.innatedb.ca) is another 
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user-friendly online tool for quantitative as well as qualitative data analysis. The down side 

of InnateDB for this study is that it only contains human and mouse databases, although 

incorporates 7 different pathway databases for data mapping, hence the protein entries to 

upload require a series of conversions from a GI number to UniProt ID for chicken, and a 

reconvertion to human or mouse UniProt ID in order to render a pathway search for 

corresponding orthologs. An example is provided in Figure 3.8 to demonstrate how this 

approach was conducted. The comprehensive coverage of pathway information obtained 

from 7 different databases still makes this bioinformatic analysis very valuable. Here, the 

Reactome database was used for primary pathway mapping of quantitative and qualitative 

proteomics, and the remaining gaps were filled with the KEGG and InnateDB database 

analyses. 

           For qualitative data, protein IDs, which were converted to UniProt accession numbers, 

including those identified from GeLC/MS
E
 fractions and those found to be phosphorylated in 

ERLIC/IMAC LC/MS/MS analysis, were imported to the Reactome website for pathway 

analysis. A total of 891 protein entries were uploaded and 434 pathway events were matched 

from 238 uploaded protein entries. For this dataset, which only contained information 

regarding the presence or absence of a protein, 16 pathways were identified with the 

probability higher than 95%. The detail pathway information is provided in Table 3.4. Due to 

the unexpected low numbers of matches in the Reactome chicken database, the same set of 

data converted to human and mouse gene identifiers was uploaded to InnateDB for human 

and mouse database searches and returned results with significantly more matches although 
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some of them may be redundant owing to the multiple databases utilized. A list of possible 

pathways derived from the KEGG database using the InnateDB algoritm is provided in Table 

3.5 and demonstrates that the lack of chicken knowledge-based database drastically reduces 

the overall matches to impede a comprehensive interpretation of the proteomic data via 

pathway analysis. Lastly, these qualitative data were also uploaded to the KEGG genome 

website for pathway mapping against the chicken database directly using NCBI GI numbers 

as identifiers.  

           An example of a highly matched pathway is presented in Figure 3.9A and 

demonstrates the proteome coverage of our data and the measureable changes in protein 

levels upon different MDV infections. Figure 3.9A illustrates the RNA transport-related 

network map. After overlaying the quantification data on the top of qualitative data, it is 

revealed that several proteins, which undergo changes in abundance, are located in the 

translation initiation complex, cap-binding complex (CBC) (Figure 3.9B) and the splisosome 

(Figure 3.9C). A number of phosphorylation status changes were also detected in the nuclear 

port complex, various translation initiation factors, the exon-junction complex, snRNA 

transport, and CBC formation. According to the data, Md11/75C-infected cells tended to 

express more phosphoproteins in RNA transport through the nuclear port complex, but 

showed no difference in CBC formation levels. Regarding the fact that the data mapping 

required a series of protein ID conversion, and that some of the proteins may be identified as 

different isomers that were not picked by the program, it is reasonable to assume that there 
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would be more proteins to be mapped to theses pathways and complexes if our knowledge 

for chicken protein interactions were more extensively characterized.   

 

3.5 Discussion 

          The infection of virus always leads to the hijacking of the host translational 

machinery to benefit viral replication. Due to the lack of its own translation factors, some 

viruses intend to increase host protein synthesis activities to enhance viral protein production 

via a variety of strategies 
38,39

. A well known mechanism involves competitive binding of the 

translation initiation factor complex eIF4G, a scaffolding component of eIF4F, and the 

regulatory 4E-binding protein (4E-BP) to host translational initiation factor 4E (eIF4E), a 

mRNA cap-binding protein. 4E-BP acts as a translational repressor and sequesters eIF4E 

when it is hypophosphorylated to prevent the assembly of eIF4F complex. Several studies 

have discovered that the phosphorylation of 4E-BP 
40-44

 as well as other translational 

initiation factors 
45

 dramatically affects viral replication and pathogenicity in herpersvirus-

infected cells. Research conducted by different groups indicated that there were some 

variations on the phosphorylation sequences identified for inducing eIF4E dissociation. 

Sonenburg’s group has proposed that the regulation of 4E-BP phosphorylation is through a 

two-step process: initial phosphorylation events on the N-terminus of 4E-BP in a 

FRAP/mTOR-dependent regulation that may be modulated by external stimuli followed by 

suqsequent phosphorylation events in the C-terminus of the protein for inducing dissociation 

from eIF4E 
46,47

. It was speculated that the first set of phosphorylations may direct the second 
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set of phosphorylations by recruiting cognate kinases. Mass spectrometry data along with 

two-dimensional isoelectric focusing/SDS-PAGE and western blotting with phosphospecific 

antibodies pinpointed the phosphorylation sites at T37 and T46 of human 4E-BP1 for the 

prerequisite phosphorylations and the following phosphorylations at S65 and T70 upon 

nutrient deprivation, all of which reside in the consensus Ser/Thr-Pro motif 
46,47

. The 

experimental data did not conclude with unanimous agreement with other groups on the 

order of some of the phosphorylation events, possibly due to the variation of experimental 

conditions and stimuli. For example, Lawrence’s group demonstrated that the 

phosphorylation on S65 depends on the phosphrylation of S112, T70 and T37/T46 upon 

amino acid and insulin stimulation 
48

, and a similar sequence was observed by Ayuso et al. in 

ischemia-reperfusion stressed brain tissue as well 
49

.  

           In our phosphoproteome data, however, we consistently identified T47 and T71 of 

chicken 4E-BP1, homologous residues of human T46 and T70, respectively, which also are 

located in the consensus Ser/Thr-Pro sequence (Figure 3.10). An exception occurred for the 

FC126-infected cells when a phosphotyrosine (Y35) was identified with a phosphorylation at 

T47 on the same peptide, indicating a double-phosphorylated event had occurred. Although 

T37 in human had been identified to be phosphorylated in the initial phosphorylation step, 

there was no detectable phosphorylation in the homologous residue T38 in chicken 4E-BP1. 

In Md11/75C- and 301B/1-infected cells, phosphorylation on T38 was still absent, but an 

additional phosphoserine at S74 was observed in both samples.  
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           It is puzzling that phosphorylation at T38 in chicken 4E-BP1 was not detected since 

T37 in human has been reported to be highly phosphorylated. The fact that the T47 was 

consistently identified as phosphorylated in the three infected samples multiple times and 

considering that it should be colocalized with T38 on the same tryptic peptide, it is unlikely 

that the phosphopeptide were not enriched during sample preparation. The best explanation is 

that the phosphorylation on T38 does not occur or does so at an undetectable level. This is 

similar to the situation for residue S66 in chicken 4E-BP which has been shown to been 

essential as S65 in human for dissociation of 4E-BP1 from eIF4E 
47,48

. Chicken T71 

phosphorylation was identified multiple times across the 4 samples even in the mock-infected 

cells. Considering the difficulties of detecting a doubly phosphorylated peptide, we detected 

the same peptide with another phosphorylation site at S74. The fragmentation patterns clearly 

indicated both phosphorylated residues of the peptide and strongly suggest that there are 

indeed unique differences regulating the phosphorylation phenomena of 4E-BP1 in chicken 

cells after MDV infection.    

           Although the upstream cascade regulating human 4E-BP1 phosphorylation has been 

extensively studied, very little has been concluded regarding the aspect of viral infection. A 

few reports suspected that the increase of phosphorylation was due to the blockage of the 

activity of host anti-viral protein tuberous sclerosis complex (TSC) by HSV-1 

serine/threonine protein kinase Us3 
38,44

 (Figure 3.11), since it was prevalently recognized 

that the phosphorylation of 4E-BP1 is through an mTOR-sensitive pathway, which can be 

regulated by Akt/protein kinase B and its downstream TSC. Chuluunbaatar et al. noticed the 
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depletion of the Us3 kinase gene resulted in a remarkable increase of hypophosphorylated 

4E-BP1, and in turn diminished viral replication, but the depletion of TSC2 can rescue the 

Us3-deficient viral replication 
44

. Similar reports have not been found anywhere regarding 

MDV infection, thus whether the same kinase cascade can take place in chicken cells is still 

unknown. In the current study, only one phosphopeptide of Us3 protein from Meleagrid 

herpesvirus 1 (HVT) was identified by ERLIC/IMAC/LC/MS/MS, but no similar proteins 

were identified and quantified in the GeLC/MS
E
 data, therefore no speculation can be made 

to extrapolate the possible role of Us3 that caused the differential phosphorylation status of 

4E-BP1 in different infected cells. 

While considering the phosphoproteomic changes upon biological perturbations, it is 

ideal to compare data with protein abundance changes to the enriched data with identified 

PTM sites in order to achieve a more comprehensive analysis. However, due to the wide 

dynamic range of protein abundance and the low stoichiometries of phosphorylation events, 

this goal is nearly impossible to achieve even when extensive fractionation is employed 

beyond those described in this study. Figure 3.12 shows the mTOR signaling pathway that 

was mentioned earlier involving the phosphorylation of 4E-BP1. Several proteins that occupy 

different areas of the pathway have been identified by either the quantitative GeLC/MS
E
 data 

or the qualitative phosphopeptide-enriched data, however no proteins were found in both 

datasets, indicating that the two approaches combined provide better characterization for this 

pathway, but the lack of complementary prevents a direct link between the change in protein 

abundance and its phophorylation. Therefore, a more specific co-immunoprecipitation study 
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may be a better way to simultaneously quantify and enrich for specific interactive partners of 

interest for more detailed characterization including identified phosphorylation sites. Thus, 

the proteome study conducted serves as an initial entry point for identifying candidates for 

future biochemical investigations.  

 

3.6 Conclusion 

           In this chapter, approaches to conduct a comprehensive proteomic analyses 

implementing quantitative GeLC/MS
E
 for global proteome identification and qualitative 

phosphoproteome profiling by ERLIC/IMAC/LC/MS/MS analysis were used to study 

changes in CEF cells infected with virulent or vaccine strains of MDV. Within the combined 

1500 unique proteins identified by both approaches which include 1127 phosphopeptides, 

several pathways were identified such as RNA transport and protein synthesis which 

represent the most significant changes detectable upon virus infection. For further 

investigation, isotope-labeled approaches may be required for better between-the-sample 

comparisons in order to process the samples under the same conditions to render 

simultaneous protein and phosphopeptide quantifications. The comprehensive protein 

analysis used in this study provides several interesting candidates for further analysis, such as 

a quantifying their phosphorylation dynamics and their interaction network using targeted 

affinity purification.   
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Table 3.1 MDV Vaccine strains used for infected CEF cells. 

 

 

 

  

Strain Serotype Species Pathogenecity

Md11/75C 1 GaHV-2 Mild, attenuated

CVI988 1 GaHV-2 Non-oncogenic

FC126 3 MeHV-1, HVT Non-oncogenic

301B/1 2 GaHV-3 Non-oncogenic
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Table 3.2 Number of unique proteins identified in 2 out of 3 technical replicates by 

GeLC/MS
E
 with or without Elucidator feature analysis.  

 

 

Data Processing Tool Infection
Number of Host 

Proteins
Number of Viral 

Proteins

PLGS
(2 out of 3 

technical replicates)

Mock 401 0

Md11/75C 500 29

CVI988 461 7

FC126 546 23

301B 520 7

PLGS + Elucidator Combined Data 923 79
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Table 3.3 Number of unique phosphorylated and non-phosphorylated peptides identified in each sample using 

ERLIC/IMAC/LC/MS/MS analysis 

 

 

 

Unique host 

phosphopeptides

Unique viral 

phosphopeptides

Unique host 

non-phosphopeptides

Unique viral

non-phosphopeptides
Total

% 

phosphopeptides

Total 1127 97 1787 35 3046 40

Mock 451 0 812 0 1263 36

Md11/75C 445 26 313 5 789 60

FC126 361 46 1070 28 1505 27

301B/1 344 24 745 2 1115 33
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Table 3.4 Molecular pathways mapped from data derived from both GeLC/MS
E
 and 

ERLIC/IMAC/LC/MS/MS analysis methods using the Reactome pathway database (p < 0.05) 

Pathway (Gallus gallus, Reactome) Qualitatively matched data P-value

Metabolism of proteins 

Protein folding

Chaperonin-mediated protein folding

Cooperation of Prefoldin and TriC/CCT in actin and tubulin folding

30/89 3.6 x 10-11

16/28 1.7 x 10-11

16/23 1.9 x 10-13

16/22 6.3 x 10-14

Metabolism of carbohydrates 19/68 5.1 x 10-7

Muscle contraction

Smooth muscle contraction

20/59 4.8 x 10-4

14/21 1.2 x 10-5

Axon guidance 31/194 6.8 x 10-5

Gene expression

Translation

tRNA aminoacylation

Cytosolic tRNA aminoacylation

32/268 8.8 x 10-3

7/14 3.9 x 10-4

8/34 3.9 x 10-3

8/23 2.2 x 10-4

F-actin capping protein binds to elogating F-actin 4/4 1.8 x 10-3

Innate immune response mediated by toll like receptors

TLR3 cascade

8/49 3.5 x 10-2

8/34 3.9 x 10-3

Membrane trafficking

Golgi to ER retrograde transport

5/25 4.1 x 10-2

4/10 5.3 x 10-3

Pyruvate metabolism and citric acid (TCA) cycle 6/31 3.1 x 10-2

Apoptosis 13/78 1.7 x 10-2
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Table 3.5 Molecular pathways mapped to orthologs in human and mouse from data derived from both GeLC/MS
E
 and 

ERLIC/IMAC/LC/MS/MS analysis using the InnatDB database (p < 0.05) 

 

Pathway Name Pathway Id Source Name Organism
Pathway  uploaded gene 

count
Genes in InnateDB for 

this entity
Genes Ratio

Pathway p-value 
(corrected)

Proximal tubule bicarbonate reclamation 10388 KEGG Mus musculus 5 20 25% 0.001767
Proximal tubule bicarbonate reclamation 10353 KEGG Homo sapiens 5 22 23% 0.002399

Pathogenic Escherichia coli infection 434 KEGG Homo sapiens 11 53 21% 9.61E-06
Glycolysis / Gluconeogenesis 414 KEGG Homo sapiens 10 64 16% 0.000227
Glycolysis / Gluconeogenesis 680 KEGG Mus musculus 8 56 14% 0.001114

Ribosome 474 KEGG Homo sapiens 11 88 13% 0.000493
Arrhythmogenic right ventricular cardiomyopathy (ARVC) 4353 KEGG Homo sapiens 9 74 12% 0.001999

Proteasome 630 KEGG Mus musculus 5 43 12% 0.020964
Focal adhesion 546 KEGG Homo sapiens 22 200 11% 4.11E-06

Adherens junction 505 KEGG Homo sapiens 8 73 11% 0.005217
Proteasome 569 KEGG Homo sapiens 5 44 11% 0.022778

Focal adhesion 788 KEGG Mus musculus 21 197 11% 6.65E-07
Leukocyte transendothelial migration 510 KEGG Homo sapiens 11 115 10% 0.002627

Amoebiasis 10358 KEGG Homo sapiens 10 105 10% 0.004106
Hypertrophic cardiomyopathy (HCM) 4395 KEGG Homo sapiens 9 87 10% 0.004111

Dilated cardiomyopathy 5714 KEGG Homo sapiens 9 90 10% 0.005009
Protein digestion and absorption 10383 KEGG Homo sapiens 8 79 10% 0.007608

Cardiac muscle contraction 4399 KEGG Homo sapiens 7 72 10% 0.014687
Shigellosis 10374 KEGG Homo sapiens 6 60 10% 0.021464

Neurotrophin signaling pathway 4379 KEGG Homo sapiens 11 124 9% 0.004107
Antigen processing and presentation 493 KEGG Homo sapiens 6 66 9% 0.027793

Viral myocarditis 8123 KEGG Homo sapiens 6 68 9% 0.030843
Bacterial invasion of epithelial cells 10364 KEGG Homo sapiens 6 69 9% 0.032439

Pancreatic cancer 593 KEGG Homo sapiens 6 70 9% 0.034082
Leukocyte transendothelial migration 755 KEGG Mus musculus 11 117 9% 0.001899

Amoebiasis 10368 KEGG Mus musculus 10 114 9% 0.004974
Protein digestion and absorption 10377 KEGG Mus musculus 7 77 9% 0.016211
Regulation of actin cytoskeleton 404 KEGG Homo sapiens 17 210 8% 0.00088

Tight junction 522 KEGG Homo sapiens 11 132 8% 0.005861
Pancreatic secretion 10370 KEGG Homo sapiens 8 101 8% 0.022491

ECM-receptor interaction 468 KEGG Homo sapiens 7 85 8% 0.026794
Gap junction 436 KEGG Homo sapiens 7 88 8% 0.030266

Antigen processing and presentation 687 KEGG Mus musculus 6 73 8% 0.032944
Ribosome 756 KEGG Mus musculus 6 76 8% 0.034997

Phagosome 10394 KEGG Homo sapiens 11 149 7% 0.011775
Protein processing in endoplasmic reticulum 10363 KEGG Homo sapiens 11 164 7% 0.020496

Vascular smooth muscle contraction 4376 KEGG Homo sapiens 9 121 7% 0.021079
Phagosome 10382 KEGG Mus musculus 12 163 7% 0.006335

Systemic lupus erythematosus 2813 KEGG Mus musculus 6 81 7% 0.04
Oocyte meiosis 8114 KEGG Mus musculus 7 106 7% 0.041253

ECM-receptor interaction 639 KEGG Mus musculus 6 84 7% 0.04434
Progesterone-mediated oocyte maturation 5709 KEGG Mus musculus 6 85 7% 0.046388

Vascular smooth muscle contraction 4355 KEGG Mus musculus 8 124 6% 0.035369
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Figure 3.1 Outline of data processing by Rosetta Elucidator. Control and treated data with 3 

technical replicates were aligned and collapsed into combined dataset. Ratio data can also be 

calculated by using control data as reference. 
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Figure 3.2 GeLC/MS
E
 analysis for global proteomics. (A) Gel image with cell lysate of 

different infections. Protein standard ladder is shown in the right Lanes are segmented as 

indicated in red solid lines with designated fraction numbers shown in the left. (B) PCA plot 

generated by data reduction from all 15 precombined data from all 5 samples, including 

mock (gold)-, Md11/75C (dark blue)-, CVI988 (light blue)-, FC126 (green)- and 301B/1 

(pink)-infected CEF cells. (3) PCA plot of the 5 combined data. Color code is the same as 

indicated in (B).   
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Figure 3.3 The 9 different trends of protein expression derived from combined datasets for infected CEF cells. The x axis of each 

panel represents the conditions of the cells. From left to right are mock-, Md11/75C-, CVI988-, FC126- and 301B/1-infected CEF 

cells. The y axis represents the log intensity of a normalized protein abundance based on the mean of the total TIC. Each line of 

designated colors associated with each panel represents a different protein. 
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Figure 3.4 Optimization for phosphopeptide detection. (A) Comparison of conventional top 8 

DDA analysis and top 8 DDA analysis with peptide exclusion list to block selected non-

phosphorylated peptides from being repeatedly fragmented. The exclusion list is based on the 

search results of first injection acquired by the conventional method. Ion exclusion was 

performed by using m/z window of 0.7 Da and retention time window of 30 min. (B) The 

application of an additional IMAC enrichment (IMAC2) from the flowthrough of the first 

IMAC enrichment (IMAC1) results in different coverage of phosphopeptides in all 4 virus 

infected CEF cells. FC126 (green), mock (gold), Md11/75C (blue), 301B/1 (pink). 



139 

 

 

  

94

Normal DDA

75

With 
exclusion list

65

A

94

IMAC1

126

IMAC246
191

IMAC1

84

IMAC248

74

IMAC1

90

IMAC248
122

IMAC1

84

IMAC259

B



140 

 

 

 

 

 

 

Figure 3.5 Differences in phosphopeptides between infected CEF cells revealed by 

ERLIC/IMAC/LC/MS/MS analysis. (A) The percentage of phosphopeptide (blue bar) and 

phosphoprotein (red bar) compositions after enrichment detected by LC/MS/MS in CEF cells 

infected with different virus strains. (B) Venn diagram of the unique phosphopeptides that 

are only detected in virus infected cells when compared with mock-infected cells. (C) Venn 

diagram of the phosphopeptides that are only detected in the mock-infected CEF cells when 

compared with individual virus-infected samples.    
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Figure 3.6 Differential identification of proteins from proteome and phosphoproteome 

sample preparations of the MDV-infected CEF cells. The overall proteins identified by 

GeLC/MS
E
 and ERLIC/IMAC/LC/MS/MS analysis are examined for their disparities. There 

are only 450 unique proteins found in both methods whereas only 100 are found to be 

phosphorylated.  
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Figure 3.7 GO term annotations of the subgroup clusters A and H and clusters B and C of 

Figure 3.3 for three cellular perspectives. (A) Biological process GO term annotation 

comparison between subgroups A and H (red bar) and B and C (blue bar). The x-axis 

represents the percentage of annotations per GO term. (B) Cellular component and (C) 

molecular function GO term annotation between the same two subgroups 
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Figure 3.8 Illustration of conversion of gene identifiers from GI numbers to UniProt ID for 

different organisms. Chicken GI numbers are converted to UniProt ID and then the organism 

identifier (e.g. CHICK in this case) is replaced by targeted organisms (e.g. HUMAN) and 

used to search against databases of selected organisms.  
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Figure 3.9 An example of highly mapped pathway from the combined qualitative and 

quantitative data derived from proteome and phosphoproteom analysis of virus-infected CEF 

cells. (A) The master pathway of RNA transport. Higher expressed proteins found in 

quantitative data are framed with the designated colors, where mock infection is shown in 

gold, Md11/75C is in shown dark blue, CVI988 is shown in light blue, FC126 is shown in 

green and 301B/1 is shown in pink. Phosphorylation is indicated by a circled P sign with 

corresponding filled-in colors as indicated previously. The phosphorylation events identified 

in multiple samples were unanimously colored in red. (B) Components of CBC identified in 

GeLC/MS
E
. Values extracted by Elucidator are shown in the heat map with the normalized 

intensity index shown in the right. Proteins with phosphorylated peptides identified by 

ERLIC/IMAC/LC/MS/MS analysis are indicated with “p”. (C) Quantitative differences in 

the components of the splisosome. Proteins with higher abundance are framed in colors as 

indicated in (A). 
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Figure 3.10 Phosphorylation sites of 4E-binding protein 1 (4E-BP1) identified in the 4 virus infected CEF cells. The schematic 

illustration of the phosphorylation sites in all 4 samples is shown in the first column of the top panel with phosphorylation residues 

presented in green bars and other residues presented in yellow bars. The bottom panel shows the sequence coverage of this protein 

identified in FC126-infected samples with phosphorylated T46 and T71 indicated. 
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Figure 3.11 mTOR-sensitive pathway regulating phosphorylation of 4E-BP (equivalent 4E-

BP1) and the downstream assembly of translation initiation. Herpesvirus specific kinase Us3 

is speculated to possess inhibitory function on the negative-regulator TSC. The figure is from 

Norman and Sarnow, Gene. Dev., 2010 
38

.
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Figure 3.12 The mTOR signaling pathway. The quantitative and phosphoprotomic data for the mTOR pathway are mapped using 

the same color codes as indicated in Fig. 3.9A. 
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CHAPTER 4 

 

Phoshoproteomic Analysis during Reactivation of MDV-Transformed Lymphoma Cell 

Lines 
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4.1 Abstract 

           MDV tumorogenesis requires viral reactivation from latency to the secondary lytic 

cycle, but the embedded mechanism is still under investigation. Two of the MDV-induced 

lymphoma cell lines, RP2 and MSB1, were used to study their phosphoproteomic profiles 

upon the time course of butyrate-stimulated reactivation. RP2 cells with 0-, 12- and 24-h 

post-butyrate treatment were harvested and lysed for trypsin digestion, while in the MSB1 

cell line, only 0 h and 12h-stimulated cells were used. Phosphopeptide enrichment was 

performed using an ERLIC/IMAC/LC/MS/MS strategy as described in Chapter 2, and the 

resulting data were processed and searched. Derived phosphoproteins were imported for 

chicken pathway analysis, and pathways involving RNA processing and cell cycle regulation 

were found to play the most important roles for both cell lines. In addition, differential 

phoshorylation of the transformation-related MDV Meq protein was also identified along 

with several host transcription factors containing various phosphorylation statuses upon 

treatment. Overall, the data collected suggests that the reactivation by butyrate may modulate 

cell cycle progression through differential phosphorylation of transcription factors including 

the MDV protein Meq. 
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4.2 Introduction 

4.2.1 From MDV Latency to Reactivation 

           MDV enters the latent stage at around 7 days post-infection and is mainly restricted to 

CD
4+

 T cells. During the latent state, viral genomes are maintained within the host 

chromosomes without producing progeny virus. During latency, most latency-associated 

transcripts (LAT) expressed originate from both long (IRL) and short (IRS) repeat regions in 

the MDV genome (Figure 4.1). Thus, a majority of studies about MDV latency and 

reactivation has focused on the three transcripts: (1) antisense transcript of ICP4 (MDV084, 

located in IRS), (2) the 1.8 kb family of transcripts from the UL and IRL boundary, and (3) the 

Meq protein encoding region (MDV004, located also in IRL region). The presence of the 

antisence ICP4 transcript implies that the effect of immediate early (IE) genes is at least in 

part modulating the maintenance of MDV latency, and the gene products of 1.8 kb family are 

also shown to be involved in both lytic-phase and latency maintenance. In recent years, a lot 

of attention has been drawn to the transformation-related viral protein Meq. Meq is a basic 

leucine zipper protein (bZIP) with similarity to the oncoproteins c-Jun and Fos. Wild-type 

Meq is a 339-amino acid protein and has been identified to participate in various cellular 

processes such as gene transactivation, DNA binding, and chromatin remodeling. It can be 

detected in both lytic and latent stages of the virus life cycle but may be present in different 

splice variants 
1-3

. It was also shown that after virus reactivation, the meq transcripts may be 

downregulated 
1
; and the protein seems to be phosphorylated by cyclin-dependent kinase 2 

(CDK2) during S phase and may be involved with the localization of the cell cycle-regulating 
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kinase 
4,5

. Meq can dimerize with itself as a homodimer or with other proteins like c-Jun and 

Fos as heterodimers to regulate transcription of several transformation associated genes, 

including itself, and is also capable of interacting with other factors involving cell cycle 

control such as p53, RB, and CDK2 
5
. The actual role Meq plays during latency and 

reactivation is still not fully elucidated but is thought to be contributing to the maintenance of 

MDV latency and cell transformation 
6,7

.  

           Several approaches have been reported to induce reactivation of viruses from latency 

even though the mechanisms behind the reactivation are still not well understood. In cultured 

cells, treatment with phorbol esters 
8,9

, sodium butyrate 
10

 or trichostatin A (TSA) 
11

, both of 

which are histone deacetylase (HDAC) inhibitors, and 5-aza-2’-deoxycytidine, a DNA 

methyltransferase inhibitor 
12

, are found to be effective for induction of reactivation. The 

strategies used for reactivation seems to be cell type-specific possibly due to the different 

reaction mechanisms embedded in each reagent. For example, in a study of the reactivation 

of Kaposi’s sarcoma-associated herpesvirus, treatment of a HDAC inhibitor like butyrate or 

TSA appeared to drastically change the nucleosome structures and promoted the expression 

of the lytic phase-involving open reading frame ORF50 
13

. A previous study conducted by 

Parcells et al. have demonstrated the use of butyrate can effectively reactivate one of the 

MDV-transformed cell lines, MSB1, and has found a late gene of MDV, interleukine-8 

homolog (vIL-8), which can be strongly induced after 36 h post-butyrate treatment 
1
. In this 

study, butyrate will be also used to reactivate 2 of the MDV-transformed lymphoblastoid cell 

lines for phosphoproteomic analysis.  
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4.2.2 Transformed Cell Lines Serve as In Vivo Reactivation Models 

           In MDV-infected cells, it is difficult to discriminate the latent cells from the 

transformed cells for the mechanistic investigation of either state. Hence, the establishment 

of MDV-transformed cell lines from lymphoblastomas derived from infected birds has 

provided a breakthrough for studies in virus reactivation. Unlike human Epstein-Barr virus 

which can transform cells in vitro, MDV-transformed cells can only be derived and 

established from MD tumors. In this study, two transformed cell lines were used to study 

MDV reactivation: RP2 and MSB1. RP2, serves as a non-productive cell line, was derived 

from gonad lymphoma transformed by the GA/22 strain of MDV serotype 1
14,15

 and only 

very few studies have been conducted using this cell line as a virus transformed 

lymphoblastoid model. Instead, MSB1, which was derived from a spleen lymphoma induced 

by the BC-1 strain of MDV serotype 1 
16

, is regarded as a model system for mechanistic 

studies of neoplastic transformation induced by the MDV infection. The MSB1 cell line 

contains both integrated and circular copies of the MDV1 genome and has the capability of 

inducing tumors when inoculated into susceptible chickens 
17

.  

4.2.3 Lymphoblastoid Cell Line-Related Genomic and Proteomic Studies  

           Instead of protein-encoding genes, recent transcriptome studies are more concentrated 

on noncoding RNAs which have been demonstrated as regulators of both viral and host gene 

expression to modulate neoplastic transformation of MDV infections, especially the 22-

nucleotide (nt) microRNAs (miRNA). A miRNA is synthesized by RNA polymerase II into a 

longer primary microRNA (pri miRNA) which is processed by a ribonuclease III-like 
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enzyme to form a pre-microRNA with a 60- to 70-nt long RNA hairpin. The pre-miRNA is 

then exported into the cytoplasm for further processing into a 22-nt dsRNA by a second 

ribonulease III-like enzyme: one strand of this dsRNA will be incorporated into an RNA-

induced silencing complex (RISC), while the other strand is usually degraded. The RISC can 

direct transcript cleavage or translational repression by base-pairing to the 3’ untranslational 

region (UTR) of complementary RNA targets. Herpesvirus has developed defending 

strategies to escape the host immune response, and miRNA is thought to be one of them 
18,19

. 

The presence of miRNA in alphaherpesviruse has been identified including herpes simplex 

virus 1, 2 and MDV 1 and 2. Those miRNAs identified from MDV1 are mostly located 

within the region where Meq or LATs are expressed. There are 13 miRNAs that have been 

identified from the genome of MDV1 and are all mapped to the IRS and IRL regions 
20,21

, 

some of which are even found to exhibit differential abundance in MD-induced tumors 
19

. 

Yao et al. recently performed a comprehensive screening for virus-encoded miRNAs 

expressed in MSB1 and identified 13 MDV1-encoded miRNAs in this transformed 

lymphoblastoid cell line and have also shown these miRNAs expressed at a higher level in 

MSB1 cells than in MDV infected CEF cells which were validated using northern blotting 
22

.  

The 13 virus encoded-miRNAs identified in the MSB1 cell line are all located in the Meq 

and LAT regions of the MDV genome, which is the only active region while cells remain in 

latency. One of the highly expressed miRNA clusters, miR-M7, was found to possess 

strikingly higher expression differences in MSB1 than in infected CEF cells 
19,22

. These 

transcripts were mapped back to be the antisence RNA of ICP4, the IE gene highly expressed 
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during the lytic cycle, and a portion of the LAT region 
22

. Furthermore, the same group also 

identified expression changes of the host-encoding miRNAs sequenced from the same MSB1 

cells 
23

 including downregulation of miR-150, miR-223, and miR-155, all of which were 

confirmed by northern blotting. Since the miRNA-mediated regulation towards target RNAs 

only requires 7-8 nt for complementarily recognition, their putative target for host transcripts 

will require further validation and identification.  

          As to proteomic analysis of MD lymphoma, there are only a couple of lpublished 

studies. Burgess’ group utilized UA01, a RB-1B strain-transformed T cell line, to carry out a 

2D-LC/MS/MS analysis to characterize the CD30 highly expressed cells as a model for 

human T-cell lymphoma. They identified 3870 cellular and 21 MDV proteins and mapped 

these identified proteins to several pro-metastatic pathways such as integrin signaling and 

ERK/MAPK signaling pathways 
24,25

. In our group, Ramaroson et al. employed proteome 

analysis in RP2, MSB1 and Cu115 (kidney lymphoma) cell lines using the GeLC/MS
E
 

strategy to characterize the differential protein abundance changes upon butyrate reactivation 

(unpublished data). In this chapter, two of the cell lines, RP2 and MSB1, will be analyzed for 

their phosphoproteome profiles in an effort to provide complementary information to better 

understand the mechanisms modulating MDV reactivation from latency.    
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4.3 Material and Methods 

4.3.1 Materials 

           Sequencing grade-modified trypsin was purchased from Promega 

(www.promega.com). β-Casein (at least 95% β-Casein and contains αS1 and αS2-casein) and 

urea was from Sigma (www.sigmaaldrich.com). 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 (GdmCl) 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 unless otherwise stated. 

4.3.2 Tumor Cell Line Growth and MDV Reactivation 

T cell lymphoma cell lines MDCC-RP2 and MDCC-MSB1 were grown in RPMI-1640 

medium supplemented with 10% FCS, 10% tryptose phosphate broth and 1% sodium 

pyruvate. Cell cultures were maintained in 5% CO2 at 41 ºC. Viral reactivation was 

conducted by adding 2 mM n-butyrate to the culture medium, and cells were collected at 0 h, 

12 h and 24 h after reactivation. 

4.3.3 Protein Extraction and Digestion 

           Cells were harvested and lysed using 1 mL of lysis buffer (5 mM magnesium, chloride, 

150 mM potassium chloride, 10mM HEPES (pH7.5), 1 mM EGTA, 0.2% NP-40, and 25 mM 

PMSF), containing phosphatase inhibitor with 1 mM sodium vanadate, 20 mM sodium 
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fluoride and protease inhibitor cocktail containing 2 mM AEBSF, 300 nM aprotinin, 130 μM 

bestatin, 1 mM EDTA, 14 μM E-64 and 1 μM leupeptin (Sigma-Aldrich, product number 

P2714)) in each petri dish plate. Collected cells were sonicated on ice and centrifuged at 

7500 rpm (FA21 rotor, www.piramoon.com) to remove cell debris. Supernatants were 

transferred into a new 50 mL-tube and 4-5 volumes of cold acetone were added into the tube. 

Cell lysates and acetone in the tube were mixed thoroughly and incubated at -20°C overnight 

to precipitate proteins. Precipitated proteins were pelleted by centrifuging at 8500 rpm and 

the acetone was discarded. The pellets were air-dried and 1 mL of 6 M GdmCl in 50 mM 

ammonium bicarbonate was added to resolubilize the proteins. Total protein concentration 

was determined by the BCA assay (www.piercenet.com) using serial diluted BSA as a 

standard. Equal amounts of protein from each sample were thermally denatured in a boiling 

water bath for 5 min followed by reduction with 8 mM tris(2-carboxyethyl)phosphine 

(www.piercenet.com) at 37 °C for 30 min and akylation with 10 mM iodoacetamide for 1 h 

at room temperature performed in the dark. Samples were diluted with 50 mM ammonium 

bicarbonate so that the final concentration of GdmCl was lower than 1 mM followed by 

trypsin addition in a 1:80 trypsin-to-protein ratio. Trypsin digestion was performed at 37°C 

overnight and the resulting tryptic peptides were desalted by solid-phase extraction (SPE) 

using an Alltech Preveil C18 cartridge, and the solvent was evaporated via vacuum 

centrifugation. Peptides were stored at -20°C until further fractionation was performed. 
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4.3.4 Electrostatic Repulsion-Hydrophilic Interaction Chromatography (ERLIC) and 

Immobilized Metal Ion Affinity Chromatography (IMAC) 

           The ERLIC separation was performed as described in Chapter 2 
26

 except for the 

inclusion of an extra washing step with a third mobile phase using 0.3 M sodium chloride in 

1% formic acid to remove residual substances retained on the ERLIC column after the 

gradient was finished with the peptide separation. IMAC was performed as described in 

Chapter 2 
26

 as well except the gel-loading pipet tip used in this experiment was from Fisher 

with a larger capacity (200 μL maximum) for sample loading. In addition, a secondary IMAC 

was also performed on the flowthrough collected from the first IMAC enrichment with or 

without the combination of neighboring flowthrough fractions. 

4.3.5 Liquid Chromatography-Tandem Mass Spectrometry (LC/MS/MS) Analysis 

           LC/MS/MS were performed on a nanoACQUITY ultra-performance liquid 

chromatograph coupled with Premier Q-Tof mass spectrometer (www.waters.com). Samples 

were injected onto a Waters Symmetry C18 trapping cartridge (300 μm i.d. × 1 cm length) 

and desalted using a flow rate of 10 μL/min and then separated by in-line gradient elution 

onto a Waters 75 μM i.d. × 25 cm column packed with BEH C18 stationary phase (1.7 μm 

particles) at a flow rate of 300 nL/min. The linear gradient was carried from 2 to 40% mobile 

phase B over 60 min, where mobile phase A contained 0.1% formic acid in water and mobile 

phase B contained 0.1% formic acid in acetonitrile. Synthetic human [Glu1]-fibrinopeptide B 

solution (300 fmol/μL) delivered by the NanoLockSpray source at a flow rate of 0.6 μL/min 

was used as the external calibrant and monitored every 30 s during throughout the 
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LC/MS/MS analysis. For analysis of  ERLIC/IMAC enriched fractions, the Q-Tof was 

operated in a data-dependant acquisition (DDA) mode with a full MS scan (m/z 400-1900) 

followed by MS/MS scans (m/z 100-1990) to perform CID for the top 8 most intense 

precursor ions detected from the previous MS scan. An exclusion time for MS precursor 

selection of 200 s was applied. All the data was acquired in V-mode at a resolving power of 

at least 10,000 full width at half height (FWHH) at m/z 786. 

4.3.6 Data Processing and Protein/Peptide Identification 

           Raw data derived from the DDA LC/MS/MS method were processed using 

ProteinLynx Global Server 2.4 (PLGS 2.4) to generate pkl files, which were then uploaded to 

an in-house server for Mascot database searching. The Mascot search parameters were set to 

allow up to 2 miscleavage sites, a mass tolerance of up to 50 ppm and 0.05 Da for precursor 

and product ions, respectively.  Carboxamidomethylation (C) was specified as a fixed 

modification while acetylation at the N-terminus of proteins, deamidation (NQ), oxidation 

(M), and phosphorylation (STY) were set to be variably modified.  Phosphopeptides were 

considered valid only if  (1) their Mascot scores were large enough to pass a statistical 

threshold (p < 0.05) with a false discovery rate (FDR) using a randomized decoy database of 

less than 5% for all datasets, or (2) after the data was imported into Scaffold 3 (Proteome 

Software), they elicited at least a 90% peptide probability for identification. Manual 

examination of specific spectra or its corresponding fragmentation table was also performed 

to verify phosphopeptides of interest. Peptide identification lists from each ERLIC/IMAC 
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sample were exported as csv files and merged into a master list by an in-house written SAS 

code for further sorting and filtering. 

4.3.7 Pathway Mapping 

           Datasets from each sample were properly sorted and only the unique phosphopeptides 

were retained for further analysis. The GI numbers of all phosphoproteins were either 

converted to the UniProt accession numbers as described in Chapter 3 and imported for the 

Reactome database search (www.reactome.org) or directly uploaded onto the KEGG website 

(www.genome.jp/kegg/). 

 

4.4 Results 

4.4.1 Phosphopeptide Enrichment 

4.4.1.1 Assessing Phosphopeptide Detection between Samples 

           For all samples, acetone-precipitated proteins were rsolubilized with 6 M GdmCl in 50 

mM ammonium bicarbonate and trypsin digestion was performed using a trypsin-to-protein 

ratio of 1:80. All samples were analyzed in parallel as shown in Figure 4.2. Digested peptides 

were injected onto the ERLIC column using a total amount of 1 mg containing 10 μg of the 

casein peptides as an internal standard. A total of 7 mg of peptides from each cell lysate were 

used and the fractions were combined to generate 15 ERLIC fractions which were then 

subjected to IMAC enrichment followed by LC/MS/MS analysis. The number of unique 

phosphopeptides and the corresponding phosphoproteins identified from reactivated RP2 cell 
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line is shown in Figure 4.3A, where a drastic decrease in phosphopeptide identification is 

observed for the later time points. To confirm this decrease is due to cellular response as 

opposed to sample handling errors, the distribution of the casein phosphopeptides was 

examined for the ERLIC fractions as shown in Figure 4.3B, which contains the unique 

phosphopeptides identified in each fraction, and Figure 4.3C, which presents the average 

spectral count of the casein phosphopeptides from each fraction. In both Figures 4.3B and C, 

the number of casein phosphopeptides from the 0- to 12-h time points are very similar among 

every fraction; however, a significant decrease of the casein phosphopeptides is shown by the 

24-h time point in many fractions in Figure 4.3B but this is not as dramatic in Figure 4.3C, 

indicating that even though the variety of phosphopeptides detected is fewer for each fraction, 

the enrichment efficiency appeared to be maintained. This may be the result of the 

complexity of the 24 h samples relative to the earlier time points, in which the lower 

abundant casein phosphopeptides are outcompeted from binding to the ERLIC stationary 

phase and IMAC resin by the host peptides or the enriched casein peptides are of low 

abundance and not selected by DDA LC/MS/MS analysis. Interestingly, the MSB-1 cell line 

does not exhibit the same pattern as the RP2 cell line. As shown in Figure 4.3D, the number 

of unique phosphopeptides/proteins identified for each time point is remarkably similar. 

Nevertheless, the distribution of the spiked casein phosphopeptides still shows a very 

different pattern as illustrated in Figures 4.3E and 4.3F, indicating that the sample complexity 

has the greatest influence on the detection of the standard phosphopeptides in the ERLIC 

column. Thus, the internal standard can serve as a mean to access sample handling where 
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drastic changes indicate a problem with the separation whereas subtle changes are due to 

sample complexity. 

4.4.1.2 Effect of Acidic Peptides on Phosphopeptide Identification 

           The major interference for phosphopeptide enrichment using ERLIC and IMAC is 

usually the presence of acidic peptides. Even though the conditions of the ERLIC separation 

and IMAC binding were adjusted to pH 3.0 or lower, non-phosphorylated, acidic peptides 

still remained in every fraction. In addition to the amino acid residues Asp and Glu, the 

deamidation of Asn and Gln residues results in an increment increase of acidity in a peptide 

as well. As mentioned in Chapter 1, deamidation can occur naturally with biological 

significance or artificially during the process of sample preparation. No matter the cause of 

deamidation, the net increase in acidity and hydrophilicity of a peptide becomes favored by 

the strategies utilized in the ERLIC/IMAC phosphopeptide enrichment approach. As shown 

in Figures 4.4A and C, both RP2 and MSB1 cell lines roughly present a two-phase clustering 

of deamidated peptides, the same as seen in the phosphopeptide enrichment on infected CEF 

cells (please refer to Figures 2.1 and 2.2 in Chapter 2). However, the number of deamidated 

peptides found in the RP2 cells line (Figure 4.4B) is generally greater than in the MSB1 cell 

line (Figure 4.4D), and may be a reason for the lower number of phosphopeptides identified 

in the RP2 cells, which is 30, 22 and 9% for the 0-h, 12-h and 24-h samples, respectively 

(data not shown). In MSB1 cells, deamidation in the 12-h sample is not as great as observed 

at 0-h reactivation, and the same is true of the other non-modified acidic peptides, which 

leads to the higher enrichment efficiency of phosphopeptides for the 12-h sample (36 and 
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50% for 0- and 12-h samples, respectively). More intriguingly, the total number of 

deamidated peptides and the non-modified peptides (except for the Cys carboxymethylation 

and acetylation of the N-terminus of the protein) found in RP2 cells is increased while the 

total number of phosphopeptides is decreased (Figure 4.4B). That is, the total number of 

identified unique peptides in each time point for the RP2 cells is fairly consistent, but the 

proportion of phosphopeptides varies in a decreasing manner as the reactivation time 

increases. However, the MSB1 cells do not present the same trends. Except for the 

maintained level of phosphopeptides, the other species of peptides decrease (Figure 4.4D) 

resulting in a calculated higher phosphopeptide enrichment efficiency from the 12 h-time 

point.  

4.4.2 Differences of Phosphopeptides Caused by the Butyrate-Induced Reactivation  

           For the RP2 cell line, only 8% of all unique phosphopeptides were detected in all 3 

time points (Figure 4.5A). When only considering the 0-h and 12-h reactivated samples for 

both cell lines, 28 and 25 % of the phosphopeptides in RP2 and MSB1, respectively, are 

found to overlap (Figures 4.5A and 4.5B). While comparing the 0-h samples between the two 

cell lines, only 20% of the phosphopeptide and 30% of the phosphoproteins overlap (Figure 

4.6A). For the 12-h time point, the overlap between the two cell lines is 13 and 23% for 

phosphopeptides and phosphoproteins, respectively (Figure 4.6B). It is interesting to note 

that at the 12 h time point, there is a 7% reduction in the overlap for both the number of 

phosphoepeptides and phosphoproteins between the cell lines, with a decrease to those 

unique to RP2 whereas there is an increase for those unique to MSB1. For the time points 
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within each cell line, the unique identification decreases for both RP2 and MSB1 indicating 

that phosphorylation is less prevalent at the later time points. These data indicate that there is 

an intrinsic difference between the cell lines before and after the reactivation, and that 

reactivation by treating with butyrate further magnified the variations in their 

phosphoproteome patterns.  

4.4.3 Phosphoproteomic Pathway Analysis of RP2 and MSB1 Cells Lines  

           Pathway mapping as described in Chapter 3 was also conducted on the data derived 

from the RP2 and MSB1 cell lines. Due to the lack of protein quantitative data, the number 

of significant hits is not as great as obtained from the vaccination experiments presented in 

Chapter 3. For the RP2 cells, the most significant pathway mapped from the Reactome 

database is still under the category of mRNA processing, followed by cell cycle-related 

regulations (Table 4.1). While mapping the data in the KEGG chicken database, mRNA 

transport is again the most significant pathway in which the phosphoproteome data provides 

the best coverage (18 proteins in total). Other pathways identified in the KEGG database 

with 10 or more proteins mapped include 12 proteins for the insulin-signaling pathway, 11 

proteins for protein processing in the endoplasmic reticulum , and 10 proteins for cell cycle. 

On the other hand, the MSB1-derived phosphoproteins mapped in the Reactome database 

display different ranks (Table 4.2), in which signaling by EGFR exhibits the best match in 

regard to statistical probability, but cell cycle-involved signaling contains the most protein 

matches from this dataset. In the KEGG database, 24 proteins from the MSB1 dataset are 

http://www.genome.jp/kegg-bin/show_pathway?131205425117209/gga04141.args


170 

mapped to RNA transport, followed by 12 for the cell cycle, and 10 for the MAPK, insulin 

and metabolic pathways. 

4.4.4  Phosphoproteomic Changes of Transcription Factors Caused by Butyrate 

Activation  

           In both cell lines, only very few viral proteins were identified from our 

phosphopeptide-specific approaches, but includes the most notable Meq protein. The MDV 

oncogene Meq has been known as a highly phosphorylated protein 
4,27

 and in this study it 

was also found to be phosphorylated at multiple sites in the 0 h and 12 h-time point of RP2 

samples and in the 0-h time point of the MSB1 sample. As shown in Figure 4.7A, a total of 4 

residues in Meq were found to be phosphorylated with different identification frequencies 

corresponding to different sample conditions. Among the 4 phosphorylation sites, S42 and 

S44 are found to be phosphorylated in all 3 samples where Meq was identified.  The RP2 0-h 

time point favors phosphorylation at S13 with 9 spectra matched to this phosphorylation site, 

while the neighboring Y12 only exhibits a single identification .One has to keep in mind that 

the frequency of the identification is only used as a reference to indicate the preference of 

each phosphorylation site but is in fact not a completely fair comparison in this experiment 

since an ion exclusion time of 200 s was applied during the DDA analysis of all the 

ERLIC/IMAC fractions which can dramatically bias the result of spectral counting. In 

addition, the phosphorylation of S42 and S44 displays the same pattern in the 0 h- and 12 h-

sample of RP2 cell line. As to the MSB1 cell line, Meq is identified only at the 0-h time point, 

and the frequency of phosphopeptide identification increases from S13 to S44 (Figure 4.7A). 
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The best spectra matched to each phosphopeptide identified for Meq is presented in Figures 

4.7B to D for the 0-h and 12-h time points of RP2 and the 0-h time point of MSB1. Since 

Meq is a basic leucine zipper protein and can form homodimers or heterodimers with other 

transcription factors to transactivate or transrepress gene expression, a survey of the 

phosphorylation changes on the transcription factors or other known Meq-binding partners 

from our phosphoproteome dataset was conducted to reveal any interesting activities during 

reactivation. The data of selected transcription factors and their phosphorylation sites are 

listed in Table 4.3.   

 

4.5 Discussion 

4.5.1 Consistency of Experimental Conditions 

          The two cell lines used in this project, RP2 and MSB1, came from different origins: 

the former was derived from gonad lymphoma transformed by the MDV GA/22 stain, while 

the latter was derived from spleen lymphoma and transformed by the MDV BC-1 strain 
28

. It 

is not surprising that the phosphoproteome profiles identified in the two very different cell 

lines results in very little overlap (Figures 4.6A and B). Other than the variation of the cell 

types in which some of the tissue-specific genes may be uniquely expressed in each of the 

cell lines, the time points for butyrate action may also differ. From the Venn diagrams shown 

in Figures 4.6A and B, the proportions of identical phosphopeptides between the 0-h and 12-

h time point of each cell line range from 25% to 30% of the total number of the 
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phosphopeptides. Although the total number is still too low to comprehensively cover the 

entries required to construct a complete signal transduction pathway, utilizing the chicken 

pathway database embedded on the Reactome and KEGG website provides the ability to 

depict the possible inclination of the signaling direction in order to understand and even 

extrapolate possible scenarios for further biological investigations. 

           Without the support of protein quantification data, the qualitative phosphoproteomic 

profile can only provide a means to display the changes of the phosphorylation patterns 

during certain biological perturbations. Nevertheless, the experiments were conducted under 

similar conditions and included the spiked casein standard peptides to facilitate monitoring of 

analytical variations that may occur during fractionation and analysis. Although not 

conducted in this experiment, but supported in part by other studies I previously performed in 

the laboratory but are not included here, the casein standard peptides may serve as a 

normalization factor if phosphopeptide quantification is chosen to be performed. Thus, with 

the addition of standard peptides, the data generated for the RP2 and MSB1 cell lines are still 

informative in terms of the comparison of changes in host or viral phosphorylation status 

during the process of latent virus reactivation. In the RP2 samples, the number of 

phosphopeptides drastically declined with iecreased reactivation time. However, since the 

casein phosphopeptide profile does not indicate a failure of ERLIC/IMAC enrichment, the 

decrease in the number of phosphopeptides can be attributed to the nature of the cells 

responding to the treatment of butyrate. Moreover, the Mascot search of processed DDA data 

with the variable modification of deamidation on Asn and Gln reveals the fact that the 
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number of deamidated peptides actually increased with the treatment and resulted in the 

expansion of the acidic peptide pool to compete with the binding of phosphopeptide during 

the whole fractionation/enrichment processes. The number of unique total peptides identified 

from the 3 time points of RP2 cell line was shown to be very similar (Figure 4.4B) indicating 

that the reduced detection of phosphopeptides with butyrate treatment was compensated by 

identifying unphosphorylated acidic peptides by DDA LC/MS/MS analysis. However, it is 

hard to conclude that the lower percentage of identified phosphopeptides observed in the 

later two time points is due to the lower incidence of phosphorylation events or the higher 

percentage of the unphosphorylated peptides present in the cells. This phenomenon is not 

observed in the two time points of MSB1 cells, in which the number of unique 

phosphopeptides was very similar, but the lower number of non-phosphopeptides identified 

produced a higher percentage of phosphopeptide identification. According to the low number 

of phosphopeptides identified in the 24-h time point of RP2, it was decided to omit the 

analysis of the 24-h time point of MSB1. 

4.5.2 Reactivation by Butyrate 

           In the experimental design, cell lines from different origins were treated with 2 mM n-

butyrate to induce MDV reactivation from latency. From previous reports, butyrate seems to 

play very versatile roles in cellular functions. It was reported that butyrate can cause 

increased methylation of DNA in normal cells 
29

, but not transformed cells, and thus lead to 

DNA silencing; it can also arrest cell cycle progression 
30-33

 and induce apoptosis 
31,32,34,35

 in 

cancer cells or transformed cell lines, and at least part of the abovementioned functions are 
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through the inhibition of histone deacetylase (HDAC) to modulate RNA transcription 

activities 
32,34

. Therefore, the reactivation ability of butyrate may be caused by the induced 

rearrangement of chromosome structures leading to the expression of lytic viral genes 
13,36

. It 

has been long known that the treatment of butyrate can induce the production of viral 

antigens in latent host cells 
10,11,36-38

, however, the exact mechanism is still not well 

understood. Furthermore, a contradictory effect of butyrate treatment is also observed in 

different cell types; that is, despite the evidence of apoptosis and cell cycle arrest effects 

brought by the butyrate treatment of cancer cells, there are also reports demonstrating that 

administration of butyrate can facilitate in maintaining colonic health by inducing gene 

expression to relieve oxidative stress in the intestines 
39-41

. Therefore, what has occurred and 

observed in the transformed cell lines in vitro may not be directly extrapolated to the animal 

model or even primary cultured normal healthy cells. Nevertheless, since it is difficult to 

isolate pure cells in the latent state without contamination of transformed cells, established 

transformed cell lines are still the best model for studies of MDV reactivation. 

4.5.3 Butyrate-Induced Phosphoproteome Changes in RP2 and MSB1 cell lines 

.           One piece of evidence that butyrate has caused differential effects on the two 

different cell lines is the phosphorylation profile of the MDV Meq protein. The pattern of the 

4 identified phosphorylated residues exhibits very different trends between the two cell lines. 

In the 0 h time-point, both of the cell lines contain at least 3 phosphorylated residues, 

whereas in the 12 h time point after butyrate treatment, 2 residues (S42 and S44) remain 

phosphorylated in the RP2 sample but no sites are detected in MSB1 sample. One 
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explanation for this observation can be that the timing for highly phosphorylated Meq in the 

MSB1 cell line occurs sooner than with RP2 cell line, and thus will require detection prior to 

12 h. It was reported that the phosphorylation of Meq may correlate with its translocation to 

the cytoplasm 
4
, resulting in the reduction of its transactivation/transrepression activities. 

Additional insights may be extracted when considering quantitative data to explain the lack 

of phosphopeptide identification of Meq in the 24-h time point of RP2 and 12-h time point of 

MSB1.  

           In previous reports, Meq was shown to be able to modulate cell cycle progression 

through binding or interacting with various factors. Meq was shown to interact with p53 
42

 to 

block stimuli-induced apoptosis. In addition, it was also described to be phosphorylated by 

CDK2 during the G1/S interphase or early S phase of the cell cycle 
4
. In spite of the limited 

information that is available regarding butyrate-induced MDV reactivation, proteins involved 

with reactivation of other herpesviruse by butyrate have been reported 
43,44

. Additionally, 

butyrate acts as a HDAC inhibitor, thus acetylation on various proteins is also expected to 

increase during reactivation 
45

. However, in our data analysis, peptide acetylation was not 

used as one of the variable modifications and thus it may be interesting to see how many 

more peptides can be identified with this additional modification. Unfortunately, even though 

the neutralized peptide by acetylation may promote a higher binding affinity towards the 

ERLIC stationary phase, the acetylation of a peptide occurring on the trypsin reactive residue 

Lys would eliminate protease cleavage at that site, thus generates a very large peptide which 

is difficult to fragment by CID and hence, preclude its identification. Overall, considering 
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that the majority of phosphoproteins identified in this study mapped to RNA processing or 

cell cycle progression, along with the transcription factors exhibiting differential 

phosphorylation profiles (Table 4.3), it is conceivable to hypothesize that butyrate-induced 

MDV reactivation may involve phosphorylation of Meq proteins, which in turn disrupts its 

transactivation/transrepression activities with itself or other partners to affect host cell cycle 

progression in favor of viral protein production. As is often the casen further investigation is 

necessary to verify the mechanism deduced from this phosphoproteome-based study.  

 

4.6 Conclusion and Perspectives 

           In this chapter, phosphoproteomic profiles of RP2 and MSB1 cell lines were derived 

and compared using a modified procedure of the established approaches described in Chapter 

2. The identified phosphoproteins were also subjected to pathway analysis and produced 

similar results as those derived from the data of the lytic cycle for infected CEF cells as 

described in Chapter 3, even though the cell origins and the response to treatments were 

expected to be strikingly different. In the regard of curiosity, the phosphopeptide 

compositions from non-treated RP2, MSB1 and uninfected CEF cells were compared to 

examine the differences of the phosphorylation background between these cells as shown in 

Figure 4.8. Although the 3 cells exhibit very different numbers of phosphopeptides in the 

background state, the similarity is higher in the two lymphoma cell lines when compared to 

the CEF cells. Thus, even though the pathway analysis indicated that similar pathways were 

predominant in all of the experiments conducted, the detailed mechanisms must be varied to 
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a great extent. In fact, the phosphopeptides identified in the virus-infected CEF cells should 

represent the state where viruses are trying to utilize the host translational machinery in order 

to produce as many virus progeny as possible; but in the state of virus reactivation, the 

cellular conditions should be adjusted for production of RNA transcripts in order to activate 

the quiescent virus genomes. Hence, it is reasonable that the RNA processing pathways are 

the most active ones to be identified in both situations. In the transformed cell lines, cell 

cycle progression is also found to be predominant, unlike the CEF cells residing in lytic cycle, 

indicating that the hijacking of the cell cycle-controlling factors must have occurred after 

virus reactivation was triggered by butyrate stimulation. 

          With only a qualitative phosphoproteomic analysis, only the present or absence of 

phosphopeptides can be compared between condtions. However, those peptides shared 

between samples may also exhibit differential abundancy or stoichiometry leading to various 

biological outcomes. Due to the differences of sample complexities instrument types, and 

instrument conditions, plus the DDA ion selection-induced bias, it is not ideal for label-free 

quantitative approaches such as area under curve (AUC) or spectral counting to be performed. 

For further quantification, metabolic stable isotope-coding will be one of the proper options 

since samples can be pooled at the cell level and then assessed for all sample processing and 

handling errors. The downside of isotope labeled approach is that each sample is diluted by 

the number of samples pooled (e.g. by half if two samples are to be compared) which can 

still make identification of low abundant peptides difficult. By using high sensitivity 

instruments with faster scanning speeds and high-resolving power, and even with different 
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fragmentation technologies implemented such as ETD and HCD, analytical issues associated 

with the phosphopeptide detection discussed in this thesis may be overcome and facilitate 

detection of more diverse phosphopeptides may be identified to fill in the recent gaps left in 

the MDV-induced variations of the phosphoprotein network. 
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Table 4.1 Reactome pathways mapped by phosphopeptides identified in the RP2 samples. 

 

  

Pathway (RP2, Reactome) Qualitatively Matched Data P-value

mRNA Processing

Processing of Capped Intron-Containing Pro-mRNA

12/115 3.4 × 10-5

12/93 3.7 × 10-6

Gene Expression

Formation and Maturation of mRNA Transcript

Processing of Capped Intron-Containing Pre-mRNA

16/268 1.3 × 10-3

14/140 1.1 × 10-5

12/93 3.7 × 10-6

Cell Cycle, Mitotic 12/147 3.7 × 10-4

Signaling by NGF

NGF Signaling via TRKA from the Plasma Membrane

9/177 4.1× 10-2

8/103 5.2 × 10-3

DNA Replication

Regulation of DNA Replication

Mitotic M-M/G1 Phases

M/G1 Transition

5/36 2.2 × 10-3

4/19 1.3 × 10-3

5/34 1.7 × 10-3

5/27 5.8 × 10-4

Apoptosis 8/78 4.0 × 10-3

Signaling by PDGF

Down-stream Signal Transduction

6/70 9.5 × 10-3

6/43 7.8 × 10-4

Signaling by EGFR

Grb2 Events in ERGR Signaling

RAF/MAP Kinase Cascade

5/40 3.6 × 10-3

3/12 3.3 × 10-3

3/12 9.0 × 10-4

Signaling by Insulin Receptor

Insulin Receptor signaling Cascade

IRS-Related Events

7/103 1.8 × 10-2

7/81 4.9 × 10-3

7/77 3.7 × 10-3

Cell Cycle Checkpoint

G2/M checkpoints

5/59 1.9 × 10-2

5/36 2.2 × 10-3
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Table 4.2 Reactome pathways mapped by phosphopeptides identified in the MSB1 

samples. 

 

Pathway (MSB1, Reactome) Qualitatively Matched Data P-value

Signaling by EGFR 5/40 9.2 × 10-4

Signaling by PDGF

Down-stream Signal Transduction

RAF/MAP Kinase

4/70 4.6 × 10-2

4/43 9.1 × 10-3

3/8 3.7 × 10-4

Signaling by Insulin Receptor

Insulin Receptor Signaling Cascade

IRS-related Events

SHC-related Events

6/103 1.4 × 10-3

6/81 4.4 × 10-3

6/77 3.4 × 10-3

3/17 3.9 × 10-3

Signaling by NGF

NGF signaling via TRKA from the Plasma Membrane

Signaling to ERKs   

5/177 2.6 × 10-1

4/103 1.4 × 10-1

3/37 3.4 × 10-2

Cell Cycle Checkpoints

G2/M Checkpoints

5/59 5.3 × 10-3

5/36 5.6 × 10-4

Cell Cycle Mitotic 9/147 1.8 × 10-3

DNA Replication

Synthesis of DNA

Mitotic M-M/G1 Phase

M/G1 Transition

3/36 3.2 × 10-2

2/11 1.8 × 10-2

3/34 2.7 × 10-2

3/27 1.5 × 10-2

mRNA Processing 

Processing of Capped Intron-Containing Pro-mRNA

6/115 2.3 × 10-2

6/93 8.6 × 10-3

Metabolism of Proteins

Protein Folding

Chaperonin-Mediated Protein Folding

Cooperation of Prefolding and TriC/CCT in Actin and Tubulin Folding

5/89 2.8 × 10-2

3/28 1.6 × 10-2

3/23 9.4 × 10-3

3/22 8.3 × 10-3
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Table 4.3 Identified phosphorylation sites for selected transcription factors and Meq-

binding proteins. 

 

Transcription Factor
RP2 MSB1

0 h 12 h 24 h 0h 12h

Transcriptional Coactivator p100 S589 S589 S589 S589 S589

Activation Transcription Factor 2 S94 T53, S94 S94

Activating Transcription Factor 7 
Interacting Protein

S104 S104

AT Hook Containing Transcription Factor 1 S528 S528
S1118, 
S2228

YY1 Transcription Factor S253 S253

Signal Transducer and Activator of 
Transcription 1

S729 S721, S729

Signal Transducer and Activator of 
Transcription 3

S728 S728

Signal Transducer and Activator of 
Transcription 5B short form 

Y694 S126, S128 S126

Transcription Factor RUNX2/CBFA1 S313 S313 S28, S313

Proto-oncogene c-jun
T62, S63, 

S226
S63

Transcriptional Co-repressor Sin3A T1271
S1111, 
T1271

S1111, 
T1271

CREB-Regulated Transcription Coactivator
1

S64 S64

Ets Transcription Factor
S179,S314, 

S413

Transcription Repressor p66 S239 S239

CCR4-NOT Transcription Complex, Subunit 
1

S810 S810

CCR4-NOT Transcription Complex, Subunit 
2

S145 S139, S140

CCR4-NOT Transcription Complex, Subunit 
4

S479 S481

Transcription Factor 4 S93

Transcription Factor 20
S1301, 
S1474

Sp1 Transcription Factor S2 S4

Tumor Protein p53 Binding Protein 1
S55, S1291, 

S1396, 
S1398

S53, S659, 
S1291, 
S1398

S55, S659, 
T859, S1291, 

S1398, 
S1553

S659, S661, 
S1291

Retinoblastoma 1
S14, S27, 

T363, Y598, 
S604

S14, S27, 
T363, S814

S18, S814 T363, S788 T788

Retinoblastoma-Associated Factor 600 S645, S2736 S2736
S639, S640, 

S645
S639, S2736

Similar to Retinoblastoma-like Protein 1 S645 S645
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Figure 4.1 Genome structure of MDV serotype 1.The figure is from Osterrieder et al., Nat. 

Rev. Microbiol., 2006 
46

. 
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Figure 4.2 An overall experiment design to study phosphorylation events on butyrate-treated RP2 and MSB1 MDV transformed 

cell lines. 
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Figure 4.3 Distribution of phosphopeptides for butyrate-reactivated RP2 and MSB1 cell 

lines. (A) Total number of unique phosphopeptides (red bar) and proteins (blue bar) 

identified from RP2 cells with time points of 0, 12 and 24 h after butyrate stimulation. (B) 

Unique phosphopeptides identified from the casein internal standard and (C) average 

number of identified casein phosphopeptides in each fraction. For each time point, 0 h 

(blue), 12 h (red) and 24 h (green) (D) Total number of unique phosphopeptides (red bar) 

and proteins (blue bar) identified from MSB1 cells with time points of 0 and 12 h after 

butyrate stimulation. (E) Unique phosphopeptides identified from the casein internal 

standard and (F) average number of identified casein phosphopeptides in each fraction. 

For each time point, 0 h (blue) and 12 h (red). 
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Figure 4.4 The interference of non-phosphorylated peptides on the identification of 

phosphopeptides. (A) The distribution of unique deamidated peptides identified in each 

ERLIC/IMAC fraction of the RP2 cell line. Reactivation time points at 0 h (blue), 12 h 

(red) and 24 h (green) are as indicated. (B) Peptide identification time course for RP2 

cells after reactivation. The number of unique phosphopeptides (red line), deamidated 

peptides (blue line), other nonphosphorylated peptides (green line) and total peptides 

(purple line) are presented. (C) The distribution of unique deamidated peptides identified 

in each ERLIC/IMAC fraction of the MSB1 cell line. Reactivation time points at 0 h 

(blue) and12 h (red) are indicated. (D) Peptide identification time course for MSB1 cells 

after reactivation. The number of unique phosphopeptides (red line), deamidated peptides 

(blue line), other nonphosphorylated peptides (green line) and total peptides (purple line) 

are presented.     
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Figure 4.5 Venn diagrams of the unique phosphopeptides identified according to each 

time point of (A) the RP2 cell line and (B) the MSB1 cell line.  
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Figure 4.6 Venn diagrams of the unique phosphopeptides and phosphoproteins identified 

between the RP2 and MSB1 cell lines at time points of (A) 0 h and (B) 12 h. 
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Figure 4.7 Phosphorlylation sites identified in the Meq protein. (A) The identification 

frequency of each phosphorylated residue identified in Meq from different samples. Data 

are plotted as follow: 0 h of RP2 (dark blue); 12 h of RP2 (red); 24 h of RP2 (green); 0 h 

of MSB1 (purple), and 12 h of MSB1 (light blue). A selected spectrum for each identified 

phosphopeptide of Meq from each sample is presented for (B) Y12, S13, S42 and S44 for 

0-h time point of RP2, (C) S42 and S44 for 12-h time point of RP2 and (D) S13, S42 and 

S44 for 0-h time point of MSB1.   
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Figure 4.8 Venn diagram of the unique phosphopeptides identified in the RP2, MSB1 and 

uninfected CEF cells. 
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