
ABSTRACT 

RAMAROSON, MIALY FANJAMALALA. Development and Application of Mass 
Spectrometry Methods for Expression Proteomic Analysis of Marek’s Disease Virus 
Infection. (Under the direction of Michael B. Goshe). 
 

The ability of mass spectrometry to identify and quantify proteins from complex 

samples has rendered it an indispensable tool in the field of proteomics.  The goal of this 

study is to develop and apply liquid chromatography - tandem mass spectrometry methods 

for expression proteomic analysis of Marek’s Disease Virus (MDV) infection. 

Marek’s disease (MD) is a lymphomatous disorder caused by MDV and has been a 

major problem for the poultry industry for the last 60 years.  In natural infection, MDV, a 

highly oncogenic cell-associated α-herpesvirus, is inhaled with the feather and dust.  

Pathogenesis involves cytolytic and latent phases of infection, followed by virus reactivation 

leading to T-cell transformation and lymphoma development in the lymphoid and nervous 

tissues, skin and visceral organs of susceptible chickens.  In contrast, athough MD-resistant 

birds are infected by the virus, the virus remains latent and the birds show no clinical signs of 

the disease.  MD has been controlled by vaccination, but because MD-resistant birds can still 

spread the virus horizontally, a continued evolution of more virulent filed strains is cause for 

concern of future vaccination efforts.  This has forced the exploration of different avenues for 

therapeutics including a better understanding of the host immunity interaction with the virus 

during disease pathogenesis. 

With the completion of the sequencing of the chicken genome, gene expression 

profiling has been applied to the study of MD.  Despite the potential of transcriptome 

analyses for discovering important genes and pathways involved in virus pathogenesis, gene 

transcript profiles only provide a snapshot of gene expression patterns which may themselves 



be subject to feedback controls by the expressed proteins. In addition, no information is 

obtained regarding the levels of corresponding protein expression or their post-translational 

modifications.  Consequently, proteome analyses provide a more comprehensive platform to 

study MDV infection.  In this report, we describe the development and application of several 

proteomic methods to study MDV infection. 

A comparison of MDV-infected chicken fibroblast (CEF) cells with mock-infected 

CEF cells using a modified multi-dimensional analysis revealed 3561 unique non-

phosphorylated peptides, representing 1460 chicken proteins, in a mock-infected sample 

compared to 4240 unique non-phosphorylated peptides, representing 1676 proteins, in an 

MDV-infected sample.  Of these unique peptides, 59% from the mock- and 50% from the 

MDV-infected samples were detected in both samples, and for the represented proteins, 69% 

from the mock- and 60% from the MDV-infected samples were common to both samples.  

Although the study was a qualitative proteomic analysis, the results suggested that MDV 

infection introduced some notable changes in the host proteome.   

 An isotope-coded labeling reagent was developed for quantitative proteomics.  This 

novel cysteine (Cys)-targeting label combined the simplicity of solid-phase labeling and an 

acid-based cleavage reaction for labeled peptide release.  The label successfully and 

consistently labeled 10 of 35 Cys on bovine serum albumin after reaction conditions were 

optimized with a model Cys peptide.  Application of the isotope-coded labeling approach to 

CEF cells revealed that additional optimization would be needed for proteome analysis.  

Therefore, a label-free approach was pursued. 

A quantitative label-free proteomic analysis of two MDV-transformed 

lymphoblastoid cells, MDCC-RP2 and MDCC-CU115 at 0 h, 12 h and 36 h post-virus 



reactivation was developed and used to identify 382 differentially expressed host proteins 

and 3 MDV proteins in MDCC-RP2 and 755 differentially expressed host proteins including 

33 MDV proteins in MDCC-CU115.  This study provides a wealth of information on the 

changes in host and virus proteomes at the latency to transformation phase during virus 

pathogenesis in genetically susceptible chickens. 
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CHAPTER 1 

 

An introduction to mass spectrometry-based proteomic strategies and Marek’s Disease 

Virus infection
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1.1.  Introduction to proteomics 

The systematic separation, identification, and characterization of the proteins present 

in a tissue or biological sample is called ‘proteomics’.  This can be used to identify 

biomarkers and to investigate signaling pathways.  Among the various techniques with which 

proteins can be investigated on a large scale, mass spectrometry (MS) analysis has been 

established as the primary analytical tool because of its ability to handle the complexities 

associated with the proteome [1].  Other techniques such as two-dimensional gel 

electrophoresis (2-DE), two-hybrid analysis, and protein microarrays fail to achieve the depth 

of informative proteome analysis possible with MS.  This section will focus on the 

application of MS to proteomics, including advances in the realm of quantification. 

 

1.1.1.  Instrumentation 

Fundamentally, MS measures the mass-to-charge ratio (m/z) of gas-phase ions.  Mass 

spectrometers consist of an ion source that converts analyte molecules into gas-phase ions, a 

mass analyzer that separates ionized analytes on the basis of the m/z ratio, and a detector that 

records the number of ions at each m/z value.  The development in the late 1980s of 

electrospray ionization (ESI) [2] and matrix-assisted laser desorption/ionization (MALDI) [3, 

4], the two soft ionization techniques capable of ionizing peptides or proteins, revolutionized 

protein analysis using MS.  The mass analyzer is central to MS technology, as it confers 

unique capabilities relating to the instrument such as mass accuracy, resolution, mass range 

and scanning speeds.  For protein and proteome analysis, four types of mass analyzers are 

commonly used: quadrupole (Q), ion trap (quadrupole ion trap, QIT; linear ion trap, LIT), 
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time-of-flight (TOF) mass analyzer, and Fourier-transform ion cyclotron resonance (FTICR) 

mass analyzer [5, 6].  In addition, ‘hybrid’ instruments have been designed to combine the 

capabilities of different mass analyzers.  These various instruments vary in their physical 

principles and analytical performance [7]. 

 

1.1.2  Fragmentation 

Tandem mass spectrometry (MS/MS) is a key technique for protein or peptide 

sequencing and post-translational modification (PTM) analysis.  For MS/MS analysis, 

peptides are fragmented for sequence elucidation.  Fragments can be generated in a number 

of ways.  Collision-induced dissociation (CID) has been the most widely used MS/MS 

technique in proteomics research.  In this method, gas-phase peptide/protein cations are 

internally heated by multiple collisions with neutral, non-reactive gas molecules, typically 

argon, helium or nitrogen.  This leads to peptide backbone fragmentation of the C(O)-N bond 

resulting in a series of b-fragment and y-fragment ions, sufficient information for peptide 

sequencing (Figure1.1) [8].  Because of the slow-heating, energetic feature associated with 

this method, the internal fragmentation and neutral-losses of H2O, NH3, and labile PTMs are 

common.  This also results in limited sequence information for large peptides (>15 amino 

acids) and intact proteins [9]. 

Another fragmentation technique, electron-capture dissociation (ECD) was 

introduced by the McLafferty laboratory in 1998, by which the capture of a thermal electron 

by a multiply protonated peptide/protein cation induces backbone fragmentation at the N–Cα 

bond to produce c-type and z-type fragment ions [10].  ECD provides more extensive 
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fragmentation resulting in richer product ion spectra and better sequence coverage, and the 

specific fragmentation feature of ECD preserves labile PTMs such as phosphorylation [11].  

Therefore, it has become a powerful tool for top-down analysis of intact proteins and 

detection and localization of PTMs [12-14].  However, ECD is most often constrained to the 

expensive, highly sophisticated FTICR instruments. 

An analogous technique, electron-transfer dissociation (ETD) was developed by the 

Hunt laboratory in 2004 and extends electron-capture-like fragmentation to more common 

bench top mass spectrometers [15, 16].  In this process, the electrons transfer from anionic 

radicals with low electron affinity to multiply protonated peptide cations, initiating backbone 

fragmentation to produce c-ion and z-ion series. Because the ion/ion reaction is highly 

efficient and fast, ETD can easily be performed with femtomole quantities of peptides on a 

chromatographic timescale [17].  ETD MS/MS provides superior sequence coverage for 

small-sized to medium-sized peptides and is highly complementary to conventional CID for 

proteome identification applications.  ETD can be utilized to analyze very large peptides as 

well as intact proteins with a sequential ion/ion reaction, proton transfer/charge reduction by 

which the ETD-produced multiply charged fragments are deprotonated with even-electron 

anions, resulting in singly and doubly charged ions that are readily measured by the bench-

top low resolution ion trap instrument [18-20].  This allows for the sequence analysis of 15-

40 amino acids at both the N-terminus and C-terminus of the protein.  As with ECD, ETD 

has also been applied to study PTM sites [21].  These techniques have been applied on 

commercial instruments through the Synapt G2 (Waters) and Orbitrap Velos (Thermo). 
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1.1.3.  Bottom-up vs. top-down proteomics 

Protein identification via MS is usually carried out in the form of whole-protein 

analysis (‘top-down’ proteomics) or analysis of enzymatically or chemically produced 

peptides (‘bottom-up’ proteomics) as seen in Figure 1.2 [22].  To date, various more efficient 

and effective MS-based proteomic strategies have been developed to tackle different 

biological and analytical challenges among which the separation of peptides and proteins is a 

key element for both bottom-up and top-down approaches.  These separation strategies 

involve multiple steps such as reversed-phase, size-exclusion, isoelectric focusing, 

electrophoresis, and ion exchange at the protein level and/or peptide level, conducted off-line 

or on-line with mass spectrometric analysis. 

Bottom-up strategies, in which peptide detection is used to confirm protein presence, 

are the most widely used for large-scale or high-throughput analysis of highly complex 

samples.  These are usually conducted in two different workflows.  In one approach, samples 

are prepared using off-line protein fractionation and separation before protein digestion, 

followed by direct peptide analysis by ‘peptide mass fingerprinting’ (PMF) or further peptide 

separation by reversed-phase LC interfaced to tandem mass spectrometry analysis [23].  For 

many studies, protein separation is typically achieved by 2D-PAGE, but several fundamental 

issues with the technology, including challenges of identifying low-abundance proteins [24], 

membrane proteins [25], and proteins with extremes in isoelectric point [26] and molecular 

weight [27], drove researchers to develop alternative approaches for the separation of 

complex mixtures.  In another approach, protein digestion is performed without any protein 
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prefractionation and peptides are separated by multidimensional chromatography followed 

by tandem mass spectrometric analysis, typically using rapidly scanning analyzers [28, 29]. 

The latter approach, commonly referred to as ‘shotgun proteomics’, has gained 

popularity in the proteomics field over the last decade.  Tandem mass spectra are collected 

for as many peptides as possible, and the results are then searched by an algorithmic 

comparison against a database of proteins derived from genomic sequencing to identify the 

peptides [8].  The resolution and peak capacity of the multidimensional separation techniques 

are crucial to the success of the analysis [30].  Among these techniques, the multidimensional 

protein identification technology (MudPIT) [28], typically featuring cation exchange 

chromatography coupled to a reverse phase column in line with a mass spectrometer, is now 

widely implemented and has been applied to analyses of complete cell lysates, organisms, 

tissue extracts, subcellular fractions, and other subproteomes [7].  More recent advances in 

MudPIT include improved peptide separation by ultra-high-pressure LC [31] and anion-and-

cation mixed-bed ion exchange techniques [32]. 

Although the shotgun approach is conceptually simple, it results in greatly increased 

complexity of the generated peptide mixture, requiring high resolution LC separation.  

Information is also lost upon the conversion of intact proteins into a mixture of peptides, 

which can lead to incorrect identifications due to sequence similarity between protein 

isoforms.  Not all peptides resulting from the digestion of a protein can be observed or 

correctly identified with MS analysis, especially those with diverse or unexpected 

modifications.  Furthermore, the limited dynamic range of mass spectrometric analysis, 

spanning 4 orders of magnitude, only allows for the peptides present at high relative 
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abundance to be preferentially sampled, while information regarding the proteins represented 

as low abundance peptides in the complex mixture is commonly not obtained. 

The proteomics strategy known as the top-down approach involves gas-phase 

ionization of intact proteins and subsequent high-resolution mass measurement of intact 

protein ions followed by their direct fragmentation inside the mass spectrometer (mainly 

FTICR) without prior digestion [33].  In theory, this approach places the entire sequence of 

the protein under examination, and consequently should enable a more complete 

characterization of protein isoforms and any PTMs than the bottom-up approach.  

Modifications are directly observed by the mass discrepancy between the measured mass and 

the DNA sequence predicted value. 

A key to the top-down approach is the ability to fragment intact proteins.  The 

development of ECD using FTICR has greatly improved the dissociation efficiency for small 

to medium-sized proteins, but the tertiary structure of larger proteins complicates analyses.  

Han et al. demonstrated that the top-down approach can be used to analyze proteins as large 

as 229 kDa by ‘prefolding dissociation’ to dissociate 240 residues from each terminus [34].  

Work from the Kelleher and Hunt laboratories has shown that the top-down approach, and a 

related ‘middle-down’ strategy using limited digestion to produce larger peptides (>5 kDa), 

have the capability of tackling challenging biological problems such as deciphering the 

‘histone code’, which involves the characterization of combinatorial acetylations, 

methylations, and phosphorylations [35, 36].  The development of new instrumentation and 

MS/MS techniques has also expanded demonstrations of the top-down approach on 

instruments such as the TOF, ion trap, and LTQ–Orbitrap [37-40]. 
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Although the top-down approach is powerful in protein modification analysis, it is 

primarily performed with direct infusion of a single protein or simple protein mixture 

[separated off-line], therefore, the analytical throughput and efficiency for large-scale 

proteome analysis is still a major challenge.  To address these limitations, increasing efforts 

have been made to improve the front-end separation of complex protein mixtures and 

automated database searching informatics [41, 42]. 

 

1.1.4.  Quantitative proteomics 

In 2-DE experiments, the staining patterns of proteins from two samples are 

compared and 'up-' and 'downregulated' proteins are identified:  band or spot intensity is used 

as the measure of quantitation [43].  However, 2-DE has limitations, such as low resolution 

and bias against membrane proteins.  Furthermore, the dynamic range of protein expression 

can vary by as much as 7 to 12 orders of magnitude within a biological sample, and 2-DE can 

only visualize the most abundant of these proteins [44]. As a result, 2-DE gels have largely 

been superseded by MS-based proteomics in quantitative studies. 

The dominant sample analysis workflow in MS-based proteomics utilizes site-

specific enzymatic proteases such as trypsin to digest proteins to peptides.  Peptides are 

fragmented in the mass spectrometer and the resulting product ion spectra are used to retrieve 

the corresponding peptide sequence from a database.  Protein identification is 

straightforward, with two unique peptides being usually sufficient to recognize a protein.  

Successful detection and identification of protein-specific peptides confirm their presence 

within the sample, but the failure to identify or detect a peptide does not necessarily indicate 
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the absence of a protein, as the peptides may simply be below the threshold of detection [45].  

This protein identification scheme provides a very limited picture of protein abundance in a 

sample.  Although sensitive MS-based proteomic approaches readily identify a large number 

of proteins, bypassing the gel-visualization step preclude any measure of protein abundance 

in the sample.  Moreover, most changes resulting from a targeted perturbation of a biological 

system are only significant if some quantitative information is obtained, and biology in 

general and systems biology in particular increasingly require quantitative data as an input 

for modeling [46]. 

Proteomic quantitative data can be measured as either the absolute amount of the 

protein in the sample or the relative change in protein amount between two samples. 

Absolute quantification is the determination of the amount of the substance in question. In 

relative quantification, the amount of a substance is defined in relation to another measure of 

the same substance, such as a fold change of protein abundance resulting from an induced 

perturbation. 

 

1.1.4.1.  Stable isotope coding 

An important technique in quantitative proteomics is the labeling of proteins and 

peptides using a variety of stable isotope coding strategies (Figure 1.3a) [47, 48].  Several 

methods have been developed for stable isotope-coded quantification in proteomics which 

are mainly distinguished by the way the labels are introduced into the peptide or protein.  

They fall into the categories of 1) spiking in an isotopically labeled analog, 2) enzymatic 

incorporation during protein digestion, 3) introducing an isotopically labeled chemical tag 
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onto peptides or proteins, and 4) having cells incorporate the label metabolically.  Regardless 

of the method chosen for labeling, the mass difference imparted by the stable isotope atoms 

should at least result in a 4-Da mass shift of the 'heavy' from the 'light' peptide, to minimize 

quantitative errors from isotopic overlap [49].  Deuterated peptides can be resolved during 

reversed-phase chromatography, and therefore the more expensive 13C- and 15N-based 

reagents may be preferable, as the 13C- and 15N-labeled peptides most often coelute with their 

12C/14N counterparts, allowing a more straightforward comparison at specific retention times.  

The quantitative ratios can be determined from a relative comparison of signal intensities of 

the heavy and the light peptide.  

The simplest approach for the introduction of stable isotope-coded peptides is to 

chemically synthesize them and add (i.e. spike) known quantities into the sample as internal 

standards. This was demonstrated by Desiderio and co-workers in the early 1990s for the 

quantification of neuropeptides [50], in extension of the well-established stable isotope-

dilution approaches used in the pharmaceutical industry for the quantification of small 

molecules.  Gygi and co-workers used an absolute quantitation strategy to quantify the 

phosphorylation status of separase during the Xenopus cell cycle [51].  To reduce 

interference from background ions, quantification can be performed on specific fragments of 

the peptide generated in the mass spectrometer.  In these selected- or multiple-reaction 

monitoring (SRM or MRM, respectively) acquisitions, the mass spectrometer is set to detect 

a preprogrammed precursor-fragment combination with very high sensitivity and specificity 

[52, 53].  Because suitable internal standards need to be identified and synthesized, this 
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approach is usually limited to a small number of preselected proteins which are often 

discovered by a proteome-wide analysis. 

The stable isotopes necessary for quantification can also be introduced into the 

peptides during proteolytic digestion [54].  The water molecule introduced during trypsin 

digestion will contain 18O if the digestion is performed in H2
18O water [55].  However, one or 

both carboxyl oxygens may be exchanged, leading to variability in the quantification.  If only 

one 18O atom is incorporated, the mass offset of 2 Da is not sufficient to separate the isotopic 

envelopes, complicating quantification [56].  As a result, the 18O method has not been widely 

applied in quantitative proteomics.  

Another approach to introduce stable isotope labels is to chemically modify the two 

proteomes under study - one with a light and the other with a heavy chemical reagent.  In 

chemical modification-based approaches, stable isotope-bearing chemical reagents are 

targeted toward reactive sites on a protein or peptide.  The prototypical example for 

proteomics is the isotope-coded affinity tag (ICAT) described in 1999 by Aebersold and co-

workers [57].  The ICAT reagent consists of a reactive group that covalently binds to 

sulfhydryl groups of cysteinyl residues, a polyether linker region with zero or eight 

deuteriums, and a biotin group that allows recovery of labeled peptides.  In the classical 

ICAT experiment, isolated proteins from the experiment and control are denatured, reduced 

and modified with the heavy or light ICAT reagent, respectively.  The combined proteomes 

are digested and labeled peptides are enriched by affinity chromatography on immobilized 

avidini, eluted and quantified by LC/MS.  Because only cysteine-containing peptides are 

isolated, the complexity of the peptide mixture is reduced, which can be an advantage for 
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quantification of complex mixtures [49].  On the other hand, some proteins contain no 

cysteinyl residues while others have to be quantified on the basis of a single peptide.  The 

large ICAT tag significantly influences fragmentation spectra [58], complicating peptide 

identification, and the deuterium tag results in separation of light and heavy peptides during 

reversed-phase chromatography [59].  Subsequent versions of the ICAT approach made the 

method more practical by substituting a cleavable and coeluting tag [60, 61].  A myriad of 

other labeling strategies have been developed, including a HysTag method.  This method 

uses a 6x histidine tag to allow enrichment, a 2-thiopyridyl disulfide group to react with 

thiols, a deuterium-labeled alanine and a tryptic cleavage site to limit the size of the tag.  This 

peptide reagent has been used to quantify cell-surface proteins in mouse brain [62].  With 

multiple reactive functional groups available in a given polypeptide chain and a choice of 

different labels, the quantitative tag can be specifically designed.   

Apart from cysteine's sulfhydryl group, the primary amines or the carboxylic groups 

have been successfully labeled [63].  Amino and carboxyl group-directed approaches can, in 

principle, quantify every observed peptide.  In addition, phosphoprotein isotope-coded 

affinity tags (PhIAT) [64], which combine stable isotope and biotin labeling to enrich and 

quantitatively measure differences in phosphorylation states of proteins have been applied in 

various phosphoproteomic studies [65]. 

Several chemical-modification strategies targeting the amino groups have been 

developed [59, 66, 67].  A method that has gained acceptance employs the isobaric tag for 

relative and absolute quantitation (iTRAQ).  iTRAQ uses the common primary amine 

labeling strategy, in combination with a tag that generates a specific reporter ion in the 
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fragmentation spectra [68].  These tags produce fragment ions of mass 114, 115, 116 or 117 

Da in the 4-plex kit, or 113-121 Da in the 8-plex kit [commercially available from 

InVitrogen], but through a carbonyl balance group, have the same initial mass [69].  Because 

labeled peptides from different states are isobaric, the mass spectra are relatively simple, and 

differential behavior is only revealed in fragmentation spectra.  Moreover, this multiplexing 

strategy allows analysis of up to eight separately labeled pools of protein in a single analysis, 

increasing analytical throughput [70].  In this method, however, good peptide separation is 

paramount, as coeluting peptides of similar mass would contribute to the same reporter ions, 

complicating quantification [71]. 

In some approaches, the mass offset necessary to distinguish peptides from the two 

states is achieved by derivatization with two chemically different tags rather than an isotopic 

variant of the same tag.  For example, lysines may be derivatized with an amidine label that 

only differs by a methylene group [72].  Although economical, these strategies can severely 

compromise accuracy of quantification because the two different tags generally have 

different reaction rates toward substrates, have distinct retention characteristics in 

chromatography and contribute to different ionization and extraction efficiencies of the 

derivatized peptides.  If such strategies are used, the experiment should, at a minimum, be 

repeated using reverse labeling [73]. 

The other major class of labeling relies on in vivo metabolic incorporation of the 

stable isotope.  This approach has been used for decades for quantification and trace 

monitoring of metabolites with radioactive isotopes.  The critical distinction here is that 

metabolic labeling for quantitative proteomics replaces whole, unlabeled protein populations 
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with stable isotope-labeled versions before the start of the experiment [74].  To achieve this, 

stable isotopes are introduced in growth media of living cells and become incorporated into 

all cellular proteins through cell growth and protein turnover.  The number of stable isotopic 

atoms introduced is constrained by the chemical structure of these metabolic precursors. 

Cells are grown in light and heavy media, and give rise to two cell populations, which are 

distinguishable only by MS [75]. 

A principal advantage of metabolic incorporation over chemical labeling is that the 

label is present in live cells.  Cells from state A and state B can be mixed before lysis, 

fractionation and purification, eliminating the variability of these steps on the accuracy of 

quantification.  Stable isotope labeling by amino acids in cell culture (SILAC) has proven to 

be a simple yet very powerful metabolic labeling approach to quantitative proteomics.  

Amino acids containing stable isotopes, such as arginine bearing six 13C atoms, are supplied 

in growth media, thereby introducing this heavy amino acid to newly synthesized 

polypeptides in a sequence-specific fashion.  The SILAC procedure consists of growing two 

cell populations in media, containing either a light or heavy form of an essential amino acid.  

After several cell doublings, the complete cellular proteome will incorporate the supplied 

amino acid in each protein of the proteome.  Every peptide pair is separated by the mass 

difference introduced by the labeled amino acid and accuracy of quantification is only 

limited by the peptide signal observed.  Several amino acids have been used in the SILAC 

approach:  SILAC labeling with arginine and lysine and digestion by trypsin results in 

labeling of every peptide but the carboxyl-terminal peptide of the protein, as does labeling 

with lysine when digested with Lys-C [76, 77].  Amino acids of special interest such as 
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tyrosine or methionine can also be labeled to study relative levels of protein methylation [78, 

79]. 

1.1.4.2.  Label-free quantitative proteomics 

Although stable isotope-coded strategies have been widely used in quantitative 

proteomics, they often require expensive labeling reagents and additional sample preparation 

steps, suffer from an experimental dynamic range limitations of ~20:1 as well as an imposed 

limit on the multitude of samples in a single experiment.  By contrast, label-free 

quantification strategies are relatively simple, requiring no additional experimental steps or 

complex chemical labeling reactions.  Also, the label-free approaches are amenable to 

complex study designs, as they are applicable to all types of biological samples and not 

limited by sample numbers [80].  Currently, there are two widely used and fundamentally 

different label-free strategies: quantification based on identification frequency, and 

quantification based on peak intensity.  Unlike isotope-labeling methods, label-free 

approaches are susceptible to errors during parallel sample processing and suffer from 

analytical variability. To minimize these reproducibility problems and to ensure accurate 

quantification, these label-free methods are typically performed on the latest generation of 

mass spectrometers featuring high resolution, high mass measurement accuracy and high 

scanning rates, coupled to robust and high performance chromatography equipment.  

 

1.1.4.2.1.  Quantification based on spectral counting 

It has been observed that the number of peptides identifying a protein increases with 

increasing protein amount. This is the basis of a simple quantitative measure of protein 
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abundance in which the spectral count of observed peptides is normalized to the number of 

observable peptides for the protein under consideration (Figure 1.3b) [48][81].  Since 

quantification by identification frequency is based on a data-dependent acquisition [DDA] 

mode of analysis, there are several factors that can influence quantification using this 

approach.  For example, the dynamic exclusion of ions that have already been selected for 

fragmentation limits the number of spectra acquired per peptide ion and therefore limits the 

number of spectral counts.  In addition, a larger protein will generate more measurable 

peptides than a smaller one.  Other factors that can influence the correlation between spectral 

counts and protein abundance are peptide ionization efficiencies, unaccounted PTMs as well 

as the intrinsic random nature of DDA analysis based on its duty cycle [82, 83]. 

 

1.1.4.2.2.  Quantification based on peak intensity 

In an MS experiment, the intensity of the signal as the peptide elutes from the 

chromatographic column can be plotted over time.  The area under this curve is the extracted 

ion current (EIC) and, for the same peptide and experimental conditions, is linearly related to 

its amount.  It is not possible to predict the MS detector response to any particular peptide 

because of unknown extraction and peptide ionization properties and therefore EICs of 

different peptides of the same protein are also very different.  However, the average of the 

three most intense peptide EICs of a protein is a quantitative measure [84].  These 

abundances can be extracted from the raw data without additional data acquisition [63].  In 

order to improve on the simple presence or absence information provided by a purely 

qualitative experiment, the intensities of the same peptides can be integrated and compared 
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between two states.  Although comparing intensities between different peptides is not 

possible because of different extraction yields during sample preparation and different 

ionization efficiencies, these sources of error do not apply when comparing the same peptide 

in different chromatographic runs.  The two proteomes to be compared are processed and 

analyzed one after another and in exactly the same way.  Intensities of the same peptide 

observed in two separate runs as equivalent spectral features are compared to determine their 

relative abundance, prior to sequence determination (Figure 1.3c) [48].  In complex mixture 

analysis using DDA, not all peptides are selected for fragmentation in every run.  Therefore, 

a critical requirement is the ability to find and quantify the peptide in different runs, even if it 

has only been sequenced in one.  Modern high mass measurement accuracy and high-

resolution mass spectrometers, as well as the development of the required software, now 

make this task much more feasible [85]. 

For all quantitative methods, one must consider that not all peptides are analyzable by 

MS; some are too small or large and fall beyond the mass range analyzed, while others may 

not be favorably retained on the chromatographic column during analysis.  Furthermore, a 

direct measurement of abundance suffers from ‘propagation of quantitative errors resulting 

from variability in the processing steps’ [63] required for MS analyses. Unknown losses 

occur at each step - beginning with preparation of the protein sample in a microcentrifuge 

tube, during sample introduction and the ionization process, which are extremely sensitive 

steps to interfering substances such as detergents and abundant background proteins, in 

transit from the source region to the detector, and ending with saturation of the detector.  

Quantitative measures that do not take such factors into account are affected by these 
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nonsystematic errors and are therefore less accurate.  Some of these limitations can be 

minimized by normalizing between runs with spiked-in calibrants or by using abundant 

signature peptides as standard markers between runs [63]. 

 

1.1.4.3.  Label free quantification by LC/MSE 

The accurate mass and time tag (AMT) approach developed by the Smith group is a 

two stage strategy that exploits the high mass measurement accuracy and sensitivity of 

FTICR [86].  The first step is to generate a list of potential ‘mass and time tags’ that are 

tryptic peptides identified from the proteome of an organism, tissue or specific cell type by 

conventional LC/MS/MS analysis.  This list of potential peptides is validated by LC-FTICR-

MS analysis to create an AMT database which assigns an accurate mass and an LC-

normalized elution time (NET) for each signature peptide.  In the second step, the accurate 

mass NETs from each LC-FTICR-MS analysis is searched against the AMT database for 

peptide identification, and the intensity of the peptides from each analysis is used to calculate 

protein abundances.  

More recently, a variation of label-free quantification known as LC/MSE was 

introduced for Q-Tof mass spectrometers.  For this method, alternating scans of low collision 

energy and elevated collision energy during LC/MS analysis are used to obtain both protein 

identification and protein quantification data in a single experiment [87, 88].  The low-energy 

scan mode is used to obtain accurate precursor ion mass and intensity data for quantification, 

while the elevated collision energy mode generates fragmentation of all peptide precursors 

with associated accurate mass product ion information for database searching and subsequent 
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protein identification (Figure 1.4).  Unlike data-dependent LC/MS/MS, where the most 

abundant precursors in an MS scan are sequentially subjected to MS/MS fragmentation, MSE 

utilizes parallel, multiplex fragmentation where all peptide precursors are simultaneously 

fragmented throughout the chromatographic separation process regardless of intensity.  This 

allows identification of lower abundance peptides and provides increased proteome coverage 

and dynamic range of protein identification compared to data-dependent LC/MS/MS.   In 

addition, the LC-MSE mode of acquisition preserves the chromatographic profile of all the 

detected peptides and their associated fragment ions in a consistent and reproducible fashion 

[89].  These attributes of the LC/MSE approach enables the use of the integrated peptide peak 

area measurements for protein quantification.  In combination with high resolution and 

reproducible chromatographic methods such as Ultra Performance LC (UPLC), this data-

independent approach is better suited for quantification.  Quantification using the LC/MSE 

approach is based on the principle that both the precursor ions and product ions share the 

same chromatographic elution profile and apex retention time.  With the afforded mass 

measurement accuracy on both the product and precursor ions, the product ions are time-

aligned and correlated to precursor ions to generate a list of exact mass retention time 

(EMRT) signatures.  The relative intensities of EMRTs from different biological samples are 

correlated to the differences in protein abundance. This label-free quantitative approach has 

also recently been applied for absolute quantification of proteins with the spiking of an 

internal peptide standard [90, 91]. 
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1.1.5.  Viral proteomics 

There have been many studies using microarrays to profile cellular changes at the 

transcriptional level in response to viral infection or expression of an individual viral protein 

[92, 93].  However, there is a need to determine changes in the proteome, in part because 

changes observed in mRNA abundance do not always correspond to changes at the protein 

level [94].  In addition, many viral proteins affect protein turnover without affecting the 

transcription rate of the protein, for example, by promoting or interfering with 

polyubiquitination [95].   

As a result, proteomics is increasingly being applied to the analysis of virus-related 

samples.  2-DE -based experiments have been used to study changes induced by various 

viruses.  Ventelon-Debout et al. [96] found that rice yellow mottle virus changed 24 to 40 

cellular protein levels, mostly stress response proteins, depending on the cultivar of rice 

infected.  A similar plant study compared changes in tomato protein expression after 

infection with tobacco mosaic virus and found changes in antioxidant enzymes, peptidases, 

chitinases and proteins in the abscorbate-glutathione cycle [97].  The host interactions of a 

small number of animal viruses have also been studied by 2-D gel approaches.  Alfonso et al. 

[98] examined changes induced by African swine fever virus, and identified 12 upregulated 

cellular proteins, including two heal shock proteins.  Brasier et al. [99] reported changes in 

24 proteins upon infection with respiratory syncytial virus.  A study of Epstein-Barr virus 

(EBV) infection determined that similar changes in cellular protein expression were observed 



 21

upon EBV infection and expression of a single EBV protein, EBNA2, suggesting that it has a 

major role in affecting the cellular proteome in EBV infection [100]. 

Several groups used mass spectrometry-based approaches to identify differences in 

the abundances of host proteins after viral infecrion.  Go et al. [101] used ICAT and 18O 

labeling coupled with LC/MS/MS to monitor changes in Drosophila melanogaster cells 

infected with flock house virus and found 150 proteins that were upregulated and 66 proteins 

that were downregulated.  Baas et al. [102] used MS/MS after various chromatographic 

separations to identify changes induced by influenza virus infection of macaques and 

reported several changes for the 3,548 proteins identified.  Bartee et al. [103] examined the 

effects of expressing Kaposi’s sarcoma associated herpesvirus membrane-associated K5 

ubiquitin ligase protein in human cells using SILAC and identified over 100 cellular proteins, 

including 4 that were constantly down-regulated in the plasma membrane.  More recently, 

SILAC was the method used to study changes in the avian nucleolar proteome in infectious 

bronchitis virus-infected cells [104]. 

In the field of virology, detection of virus-induced changes in cellular proteome has 

been greatly facilitated by 2-DE approaches, ICAT and SILAC mass spectrometry methods.  

These advances have enabled a more comprehensive characterization of virions, virus-virus 

and virus-host interactions involved in infection and pathogenesis [105]. 

 

1.2.  Introduction to Marek’s disease 

Marek’s disease (MD) is a viral tumor-causing disease that afflicts susceptible 

genotypes of domestic chicken and other species of poultry.  The causative agent, gallid 
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herpesvirus-2 or Marek’s disease virus (MDV), is a cell-associated α-herpesvirus that shares 

many of its biological properties with the lymphotropic oncogenic γ-herpesviruses such as 

Epstein-Barr virus and Kaposi’s sarcoma-associated virus in humans [106].  This makes 

MDV an excellent experimental model in viral oncology [107]. 

MD affects both commercial and backyard poultry and may result in death or severe 

production loss, thus making it the most costly viral disease in the poultry industry [108] 

[109].  Release of cell-free virus from the feather follicle epithelium (FFE) through shedding 

of feathers and skin flakes from infected chickens has been shown to be the mechanism by 

which the virus is spread [110].  Natural infection is unavoidable, as it occurs through 

inhalation of this MDV-infective dander [111].  Although a vaccine was developed in the late 

1960s, new MDV strains of higher virulence have rendered the vaccine less effective and 

increased the re-emergence of the disease [112, 113].   

This section provides an overview of the disease and the virus, as well as recent 

advances in the MDV research field. 

 

1.2.1.  Disease history 

MD kills more birds than any other viral disease and causes severe production loss in 

both layer and meat divisions of the poultry industry.  It is a highly contagious viral 

neoplastic disease of chickens, first described as polyneuritis (a cellular inflammation of 

peripheral nerves) by Josef Marek [114].  Later findings by Pappenheimer et al. recognized 

that the disease was not one of the nervous system alone but rather a lymphoproliferative 

process resulting in lesions in peripheral nerves as well as tumors in visceral organs [115].  In 
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addition, due to similar pathology, confusion arose between MD and lymphoid leukosis, a 

neoplastic condition of the haemopoietic system of the domestic chicken.  It was only after 

the World Veterinary Poultry Association conference in 1960 that MD was distinctly 

defined, and subsequent comparative studies using lymphoid leukosis virus and the agent of 

MD showed that each of these agents produced characteristic and distinct disease patterns 

[116].   

Today, various signs and symptoms of the disease can be observed, ranging from 

enlarged reddened feather follicles and white bumps on the skin that form brown crusty 

scabs, progressive paralysis of the leg or wing from a lymphoid infiltration of peripheral 

nerves, eye lesions that lead to blindness, tumors on visceral organs such as heart, gonads, 

muscles and lungs, to atherosclerosis and a compromised immune system [117, 118].  

Although a vaccine was developed in the late 1960s, new MDV strains of higher virulence 

have challenged efforts to regulate the disease by vaccination.   

 

1.2.2.  Marek’s Disease Virus  

1.2.2.1.  Virus Classification 

Conclusive evidence demonstrated that MDV is the etiologic agent of MD.  MDV 

cell tropism and pathology are similar to those of γ-herpesviruses.  However, based on the 

overall genomic structure and collinearity of many MDV genes to those of α-herpesviruses, 

such as herpes simplex virus type 1 (HSV-1) and varicella-zoester virus (VZV), MDV has 

been classified as an alphaherpesvirus [119, 120]. 
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Consistent with this classification, MDV genomes are linear double-stranded DNA 

molecules 160 to 18- Kbp in length, consisting of two unique regions flanked by inverted 

repeats [120, 121].  In addition, the replication origins of the serotype 1 MDV, serotype 2 

MDV and HVT have structures similar to other α-herpesviruses [122, 123].  MDV makes for 

an excellent experimental model in viral oncology, as it harbors some obvious similarities 

with the Epstein-Barr virus and Kaposi’s sarcoma-associated herpesvirus in humans.   

 

1.2.2.2.  Oncogenic properties, attenuated strains, and vaccines 

MDV is classified into three serotypes based on agar precipitation and 

immunofluorescence.  Serotype 1 MDV (MDV-1) includes all oncogenic strains and their 

attenuated derivatives.  Serotype 2 MDV (MDV-2) consists of naturally occurring non-

oncogenic strains.  Serotype 3 MDV is a turkey herpesvirus (HVT) [124, 125].  Marek’s 

disease is controlled by live attenuated vaccines derived from apathogenic non-oncogenic 

strains of MDV from serial passages in cell cultures.  Although effective in preventing the 

development of lymphoid tumors and protecting against mortality, none of the currently 

available vaccines are able to completely block virus multiplication and shedding at the FFE.  

This phenomenon has driven the continued evolution of more virulent field strains of MDV-1 

[126, 127] [113]. 

Over the last 40 years, vaccination against Marek’s disease has used vaccines 

belonging to all three serotypes of virus, alone or in different combinations [128].  The first 

vaccine, developed shortly after the identification of the causative agent of the disease, was 

based on the oncogenic HPRS-16 strain of MDV-1 that had been attenuated by serial 
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passages using chicken kidney cell cultures [129].  By 1971, a new vaccine based on HVT 

(Fc126 strain) proved to be more effective, and it was licenced initially in the U.S.A. and 

quickly adopted worldwide [130].  In 1969, Rispens et al. [131, 132] reported that 

inoculation of an MDV-1 isolate of low pathogenicity into day-old MD susceptible chicks 

protected them from mortality and gross pathological lesions.  An attenuated vaccine strain, 

designated CVI988 (also called Rispens strain), was developed and licenced in 1973, but it 

was not launched in the U.S.A. until 1994.  In early studies, the HVT and Rispens vaccines 

provided similar protective benefits [133, 134], but later the Rispens vaccine was shown to 

provide better protection against highly virulent strains of MDV [135].  The first MDV-2 

licensed vaccine was the SB-1 strain [136] which was originally introduced in the mid-1980s 

in combination with the HVT vaccine.  The SB-1/HVT bivalent vaccine was reported to 

provide superior protection against ‘very virulent’ (vv) MDV-1 field strains compared with 

the administration of either vaccine separately [137, 138]. 

Currently, monovalent and polyvalent CVI988-based vaccines are still the ‘gold 

standard’, providing superior protection against highly virulent challenge strains of MDV.  

Nonetheless, the continued evolution of MDV towards greater virulence has prompted 

concern that the presently available vaccines will ultimately loose efficacy in controlling MD 

[139], thus motivating research to develop better strategies to control the disease. 
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1.2.3.  Pathogenesis of MDV infection 

1.2.3.1.  Pattern of virus infection with oncogenic virus (Serotype-1) 

Many infectious diseases proceed in a direct fashion from infection to a specific 

pathological expression.  In MD, infection leading to lymphoma formation in susceptible 

birds is complex, generally comprising of four sequential phases: 1) early cytolytic, 2) 

latency, 3) late cytolytic, and 4) transformation [140].  Although the first two stages are 

essentially distinct, and latent infection in certain cell types is a prerequisite to 

transformation, both latent and transforming infections may exist intermixed with cytolytic 

infections in different cell populations in the later stages, as lymphomas are developing.  In 

addition, a permanent immunosuppression develops concurrent with the late cytolytic phase. 

The infection occurs via the respiratory route with the cell-associated virus and is first 

detected in spleen lymphocytes and later in thymus and bursa cells.  As illustrated in Figure 

1.5, cytolytic infection of mainly B cells, but not resting T cells, occurs from 3 days post-

infection (dpi).  There is an inflammatory response to the cytolytic infection which recruits a 

range of inflammatory cells, including macrophages, granulocytes and lymphocytes.  The 

recruited activated T cells become infected, and as a result of the now developed immune 

response, the infection becomes latent.  Early in the infection, a cell-associated viraemia 

develops and transports to the FFE, which is the only site where a fully productive infection 

occurs, allowing the shedding of virus into the environment [110].  Cell-free virus particles 

are shed as well as virus in a keratinized form, capable of initiating additional infectious 

cycles for up to a year [141].  This observation provides a reason for the highly contagious 

nature of the disease.  Following latency, a second cytolytic stage occurs by the end of the 
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second week and results in damage to primary lymphoid organs.  Beginning as early as 12-14 

dpi to as late as several weeks or even months after infection, lesions may be observed in a 

number of lymphoid organs, visceral organs, muscle, skin, the eye, peripheral nerves, and 

brain.  By this stage, a permanent immunosuppression affecting both humoral and cell-

mediated immunity is generally apparent and may be so severe as to permit lethal infections 

with other organisms in the absence of any lymphomatous lesions. 

1.2.3.2.  Pattern of virus infection with nononcogenic MDV (Serotype 2) and HVT 

(Serotype 3) 

There are 3 types of nononcogenic virus that can be compared with the oncogenic 

serotype-1 MDV: attenuated serotype-1 MDV, naturally nononcogenic serotype-2 MDV, and 

serotype-3 HVT strains.  They all have a general pattern of tissue and organ infection 

comparable to the oncogenic serotype-1 variant, but attenuated MDV and HVT greatly differ 

in the complete absence of productive, cytolytic infection in lymphoid organs or other 

tissues, despite being able to be isolated from latently infected cells in lymphoid organs or 

blood.  Serotype-2 viruses cause a low level of cytolytic infection of lymphoid organs during 

the early infection period, but then the infection becomes latent [142].  In addition, serotype-

2 viruses can spread horizontally, while attenuated MDV and HVT cannot [143]. 

 

1.2.4.  Host immune responses to infection 

Infection with pathogens normally results in the activation of non-specific and 

specific immune responses.  Non-specific immune responses do not require specific antigen 

recognition and include activation of macrophages, natural killer (NK) cells and cytokine 
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production.  Specific immune responses are antigen-dependent and require lymphocyte 

activation to produce specific antibodies and antigen-specific CD4+ and CD8+ T cells.  

However, this division is not always clear, as some cytokines can be part of the non-specific 

response system but also part of the specific responses when released by antigen-specific 

cytotoxic T cells (CTL) [144]. 

The shift from a lytic infection mainly in B cells to a latent phase in the activated T 

cells, is poorly understood, but it is likely regulated by the initial host immune responses to 

infection.  It is speculated that host-virus interaction and subsequent immune responses play 

a critical role in latency regulation.  Studies have shown that impairment of immune 

responses during the early cytolytic infection delays establishment of latency with an 

extended lytic cycle and destruction of T and B cells, resulting in immunosuppressive effects 

[145].  Cytokines, macrophages, NK cells, cytotoxic T ymphocytes, and antibodies all play 

important roles in the outcome of MDV infection. 

Studies show that interferon (IFN)-γ expression as well as interleukin (IL)-6 and IL8 

transcriptional levels are upregulated in the spenocytes of MD susceptible birds upon 

infection [146].  The transcriptional activities of IL-6 and IL-8 were not detected in MD-

resistant birds, suggesting that they are driving factors in maintaining latent infection in 

resistant birds and leading to T-cell transformation in susceptible birds.  In addition, the 

expression level of inducible nitric oxide synthase (iNOS) that catalyzes the production of 

nitric oxide (NO) is positively influenced by increased transcriptional activity of IL-8 and 

IFN-γ, which correlates with the findings that the production of NO by activated 

macrophages has a direct inhibitory effect on MDV replication [147].  IL-8 has also been 
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reported as a chemoattractant to signal T cells towards the site of infection [148].  A 

continuous depletion of macrophages over the progression of the disease results in an 

increased incidence of MD-related complications and tumor development.  Chemokines, 

such as macrophage inflammatory protein 1 β (MIP1β) and K203, are upregulated in 

resistant chickens which may in turn increase the production of IFN-γ via NK cells [149].  

NK cells have also been reported to play a critical role in controlling early infection with 

enhanced cell activity and overall overexpression of NK lysine and granzyme A observed by 

3-4 dpi [150]. 

Cell-mediated immunity is the cornerstone of protective immune response to MDV 

infection.  Depletion of either CD4+ or CD8+ T lymphocytes by neonatal thymectomy, and 

injection of antibodies against CD4 and CD8 molecules in HVT-vaccinated and MDV-

infected chicken, was shown to prevent tumor development [151].  However, virus titers in 

CD4+ T cells were much higher in CD8-deficient vaccinated chickens than in untreated 

vaccinated chickens at the early stages of latency, suggesting an essential involvement of 

CD8+ T cells in anti-virus but not anti-tumor effects [152].  More recently, a global host gene 

expression analysis in the spenocytes of MVD-infected chickens revealed that more than 22 

immune response and related genes were downregulated and at least 58 genes were increased 

during the early cytolytic phase of infection, while 67 genes were downregulated and 6 genes 

were upregulated during latency [153].  Lysis of infected cells by antigen-specific CTL is a 

major component of acquired immunity to MDV due to its highly cell-associated nature 

[154]. 
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Although immune responses to MDV infection are predominantly cell-mediated, 

antibody-mediated virus neutralization and antibody-dependent cell cytotoxicity (ADCC) are 

essential components of the humoral immune response, specifically when MDV antigens are 

expressed on cell surfaces and target those infected cells for destruction [155].  Previous 

studies showed that antibodies to MDV glycoprotein B (gB) can inhibit virus penetration of 

host cells, syncytia formation, and cell-to-cell spread, all of which help to localize infection 

[156, 157].  Although ADCC-like responses have been reported for MDV, neither the 

effector cells nor the antigens have been characterized [145]. 

 

1.2.5.  Important MDV genes 

MDV replication follows the strictly regulated pattern of herpesvirus replication in 

which immediate early (IE) genes are transcribed first.  Their gene products transactivate the 

early genes needed for DNA replication followed by the activation of late genes coding for 

the structural proteins.  Many genes in the repeat areas are unique for serotype 1 MDV 

strains and have been implicated in the transformation of T cells or the establishment and 

maintenance of latency [158, 159]. 

A trademark of herpesviruses is the ability to establish latency in the host after the 

primary lytic infection.  This is an optimal host-pathogen relationship as the virus is present 

in the host without producing proteins that are recognized by immune responses.  In latently 

infected lymphocytes, there are less than five copies of viral DNA, and latency-associated 

transcripts are present in the form of a group of RNAs which map antisense to the homologue 

of the HSV-1 ICP4 gene [160, 161].  Following this phase, there is a second cytolytic stage, 
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resulting in damage to the primary lymphoid organs and immunosuppression.  In those 

infected birds that develop tumors, transformation of latently infected CD4+ T cell occurs 

[162].  Transformed cells contain a greater number of viral DNA copies (at least 10-20) than 

latently infected cells [158] and a number of viral genes are expressed.  The transformed cells 

form tumors and ultimately lead to the death of the host.   

A few viral genes have been identified as contributors to the transformation of T cells 

and the maintenance of that state.  During attenuation of an oncogenic MDV by passage in 

cell culture, the protein termed the ‘A’ antigen disappeared [129].  For this reason, it was first 

believed to be associated with pathogenicity.  However, it was later shown to be a 

glycoprotein, a homologue of gC of HSV, that was produced in small amounts by attenuated 

virus [163, 164].  A mutation in the gC gene of MDV greatly reduced its oncogenicity in 

chickens [165], and studies of pathogenesis of attenuated MDVs have suggested that 

attenuation greaty reduces the efficiency of infection, or replication in lymphocytes [166].  It 

is possible that the change in the regulation of gC is at least partly responsible for this 

reduced infection of lymphocytes and could be contributing to the reduction in oncogenicity. 

An important feature of the MDV genome is a region of 132 base pair direct repeats 

which are amplified upon attenuation of the oncogenic virus through serial passage in cell 

culture [167].  This region encodes MDV-specific genes that are expressed in transformed 

cell lines, namely Marek’s EcoRI-Q bZIP transactivator (meq), MDV-encoded IL-8 (vIL-8) 

[169], infected cell protein 4 (ICP4) [160-161] and an origin of lytic replication (Ori) [170].  

The Ori regulates the early lytic expression of the phosphoprotein-encoding gene, pp38 

[171].  Moreover, the reactivation from latency is marked by an increase in pp38 expression 
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[172].  Meq and vIL-8 are expressed from the Ori in the opposite direction of the pp38 gene 

[169].  During lytic infection, Meq is expressed as an IE gene, and its gene product is known 

to bind to a number of cell cycle regulatory proteins, and has the ability to transactivate or 

transrepress gene expression depending on its dimerization partner or phosphorylation state 

[173].  Downstream of the Meq gene is vIL-8, a true late gene with an apparent function in 

MDV early dissemination in vivo [174].  Since IL-8 is a chemoattractant for T cells [173], 

production of IL-8-like molecules by MDV-infected B cells could attract T cells to facilitate 

the switch from B to T cells during lytic infection [148].  Although v-IL8 does not appear to 

be important for the establishment of latency, its involvement in early cytolytic infection in 

lymphoid organs impacts the overall transformation efficiency of MDV [175].  It should also 

be noted that ICP4 is amongst the IE gene products of herpesviruses, and serves as a major 

transactivator that plays a crucial role in the regulation of transcription of many early and late 

genes [176].  The importance of ICP4 in MDV pathogenesis was demonstrated by a family of 

antisense transcripts in lymphoblast toid cells and lymphomas:  it has been suggested that 

these small RNA antisense to ICP4 acted as molecular switches for turning off MDV 

replication upon establishment of latency [177]. 

 

1.2.6.  Marek’s disease virus resistance 

Vaccination stimulates a variety of cellular and humoral immune responses primarily 

directed against viral antigens.  Although vaccination protects against lymphoma induction 

and reduces virus load following field challenge, it does not prevent chickens from becoming 

infected and shedding virulent virus.  Genetic factors associated with the B-locus or the 
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major histocompatibility complex (MHC) significantly influence the susceptibility of 

chickens to MD [178].  Numerous studies have demonstrated that following MDV infection, 

the disease develops at different rates in different chicken strains [179].  The MHC-linked 

resistance generally involves regulatory components of cell-mediated and/or humoral 

immune responsiveness or differences in the specificity of immune response to MDV or 

tumor cells.  An important study demonstrated that MD resistance is attributable to genes in 

the ‘minimal essential’ MHC region [180].  In addition to MHC genes, non-MHC genes also 

confer resistance to MD, affecting parameters such as cellular interactions, numbers or 

differences in infected target cells, and regulation of cytokines and innate immunity.  Using 

specific-pathogen-free chickens from a series of 19 recombinant congenic strains and their 2 

progenitor lines (one MD-resistant line and another MD-susceptible line), vaccine challenge 

experiments were conducted to examine the effect of host genetic variation on vaccine 

efficacy.  It was concluded that non-MHC host genetic variation significantly affects MD 

vaccine efficacy [181]. 

 

1.2.7.  Proteomics in the study of MDV infection 

The recent technological advances in DNA microarrays and MS-based proteomics 

have enabled a multitude of large-scale studies to identify differential transcript and protein 

expressions during MDV infection.  For example, DNA microarrays enabled comprehensive 

analyses of host immune responses induced by MDV infection between vaccinated and 

unvaccinated [182], MDV-resistant and MDV-susceptible [183] chickens, as well as 

profiling MDV genes during cytolytic and latent infection [184]. 
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A proteomic study of Marek’s disease lymphoma cells enabled the identification of a 

soluble form of the Hodgkin’s disease antigen CD30 [107].  This led to a more thorough 

characterization of an MDV-transformed cell line, with the conclusion that the pro-metastatic 

integrin signaling pathway and the ERK/MAPK signaling pathways were the two 

predominant signaling pathways represented by the identified proteins [185].  A more recent 

proteomic analysis of host responses to MDV infection in spleens of genetically resistant and 

susceptible chickens revealed differential expressed proteins involved in signal transduction, 

protein degradation, antigen representation, RNA processing and cell proliferation [186]. 

 

1.3.  Aim of dissertation project 

To identify key regulators during MDV infection and manifestation of MD, a MS-

based proteomic approach was developed.  A qualitative protein mining study was carried 

out, comparing mock-infected and MDV-infected chicken embryo fibroblast (CEF) cells 

using multidimensional liquid chromatography-tandem mass spectrometry.  To enable a 

quantitative approach, a novel isotope-coded labeling method was developed and optimized 

with a model peptide and protein system.  Due to complications encountered with the 

labeling approach on a proteome sample, a label-free quantitative approach was explored.  

The new strategy using LC/MSE was developed for an expression proteomics study using 

MDV-infected tumor cell lines during chemically-induced MDV reactivation.  An 

experiment was designed to monitor over time host and viral proteome-wide changes post-

virus reactivation. 
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1.5.  Figures 

Figure 1.1.  Peptide sequence elucidation from fragmentation mass spectra. 

a) Peptides are broken into smaller fragments in the mass spectrometer, producing families of 
fragments of differing masses.  b) The b- and y-ion series, generated by breaking peptides 
within peptide bonds, are commonly observed.  For example, fragmenting the peptide 
NQWFFSK between W and F produces the b3 ion NQW (m/z 429.19) and the y4 ion FFSK 
(m/z 528.28).  c) The resulting mass ladder of many such fragments can then be measured by 
the mass spectrometer, shown here in an experimental MS/MS spectrum of the peptide 
NQWFFSK.  d) The experimental spectrum is identified by computationally matching it to 
predicted product ion spectra, such as the one shown here for NQWFFSK.  A typical 
database might contain product ion spectra predicted for all tryptic peptides from all proteins 
encoded by a particular genome sequence.  Although experimental fragments clearly have 
varying abundances, predicted product ion spectra may not, depending on the methods used.  
(e) Phosphorylation of the serine in NQWFFSK increases the mass of all serine-containing 
fragments by 79.97, as shown in this predicted MS/MS spectrum.  For example, the b6 
fragment NQWFFS shifts from m/z 810.36 to m/z 890.32, whereas the b1 to b5 fragments 
remain unchanged.  Also, 'neutral loss' ions might now be observed in which the phosphate 
group is removed during mass spectrometry (e.g., y2–H3PO4).  Figure taken from Marcotte, 
Nature Biotechnology 25, 755 - 757 (2007) [8]. 
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Figure 1.2.  Schematic of the bottom up and top down approaches to protein 
identification. 

A.  In the bottom up approach, enzymatic digestion is used to cleave intact proteins into 
peptides.  Peptides are sequenced through tandem mass spectrometry analysis, and with the 
aid of a protein database, are matched to the corresponding protein for identification.  B.  In 
the top down approach, intact proteins are analyzed directly in the mass spectrometer without 
prior protease treatment.  Figure taken from Kellie et. al., Mol Biosyst. 6(9), 1532-1539 
(2010) [22].
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Figure 1.3.  Quantitative proteomics workflows. 

(a) In the stable isotope labeling workflow, proteins are labeled using a light (sample 1, red) 
or heavy (sample 2, yellow) mass tag, mixed, digested into peptides and analyzed by tandem 
mass spectrometry.  Spectral features observed in MS1 data (indicated as black dots in the 
m/z vs. retention time plots) are identified from the acquired MS/MS spectra.  Identified 
peptides are quantified from the signal intensities of MS1 features, and this information is 
used to infer the identity and relative quantification of their corresponding protein (protein 
A).  (b) In the spectral counting strategy, unlabeled protein samples are analyzed separately 
in parallel, and the relative protein quantification is established by comparing the number of 
MS/MS spectra identified for each protein.  (c) In the spectral feature analysis strategy, the 
analysis starts with alignment of MS1 data from different samples, extraction of spectral 
features and their quantification, all of which is done before the identification step.  Spectral 
features showing differential expression are then identified using a targeted MS/MS-based 
workflow.  Figure taken from Nesvizhskii, Nature Methods 4, 787 - 797 (2007) [48]. 



 58

 



 59

Elevated collision energy scan à accurate mass product ion information

Low collision energy scan à accurate precursor ion mass and intensity data

 

Figure 1.4.  LC/MSE data acquisition mode 

Data is acquired with alternating scans of low collision energy and elevated collision energy during LC/MS analysis.  The low 
collision energy scan mode is used to obtain accurate precursor ion mass intensity data.  The elevated energy scan mode generates 
multiplex peptide fragmentation of all peptide precursors with associated accurate mass product ion information.  The product ions 
are time-aligned and correlated to precursor ions.  Figure courtesy of Waters Corporation, Milford, MA (www.waters.com). 
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Figure 1.5.  Schematic representation of a hypothesis of sequential events in 
lymphocytes with MDV 

In a first stage, B cells are infected and undergo an early cytolytic phase causing an 
inflammatory response that recruits a range of inflammatory cells, including macrophages, 
granulocytes and lymphocytes.  The recruited activated T cells become infected, and as a 
result of the now developed immune response, the infection becomes latent.  Unknown 
events drive a second cytolytic stage, and subsequent neoplastic transformation and 
proliferation.  Figure taken from Schat and Xing, Developmental and Comparative 
Immunology 24, 201-221 (2000) [159]. 
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2.1.  Abstract 

Marek’s disease virus (MDV) is a highly oncogenic avian herpesvirus.  We have 

used a modified MudPIT analysis to examine the effect of MDV infection on the chicken 

proteome.  We identified 3561 unique non-phosphorylated peptides, representing 1460 

chicken proteins, in a mock-infected sample versus 4240 unique non-phosphorylated 

peptides, representing 1676 proteins, in an MDV-infected sample.  Of these unique 

peptides, 59.1% from the mock- and 49.6% from the MDV-infected samples were 

detected in both samples, and for the represented proteins, 69.1% from the mock- and 

60.2% from the MDV-infected samples were common to both samples.  In terms of 

phosphorylation, 357 and 506 phosphopeptides, representing 342 and 483 proteins, were 

detected in the mock- and MDV-infected samples, respectively.  At the phosphopeptide 

level, 10.1% from the mock- and 7.1% from the MDV-infected samples overlapped, and 

for the represented phosphoproteins 12.0% from the mock- and 8.5% from the MDV-

infected samples were common to both samples. There were no significant differences in 

the hydropathicity values and number of transmembrane domains of the identified 

protein sets. Subtle differences were observed for subcellular localizations of the 

identified proteins. These results suggest that MDV infection may alter host cell 

biochemistry by perturbing the host’s proteomic composition. 
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2.2.  Introduction 

Marek’s disease virus (MDV) is an oncogenic herpesvirus causing internal and 

cutaneous lesions, as well as an infiltration of the nervous system, that lead to paralysis 

or death in susceptible chickens.  MDV is genetically closely related to human 

herpesvirus 1 (herpes simplex virus type 1, HSV-1) and human herpesvirus 3 (varicella-

zoster virus, VZV), and is an effective natural model for Hodgkin’s disease in humans [1-

3].  MDV provides a unique small-animal model of general tumorigenesis, specifically 

virus-induced lymphomagenesis, where disease induction and progression can be studied 

in a natural virus-host system [4].  Determining the effects of MDV infection on the 

chicken proteome may provide fundamental insights towards tumorigenesis and may 

reveal new and novel targets for therapeutic investigation. 

In a previous study we implemented multidimensional protein identification 

technology (MudPIT) using an offline approach to probe for the presence of MDV 

proteins within the infected-host proteome [5].  Using MDV-infected and mock-infected 

chicken embryo fibroblasts, 82 MDV-proteins were identified with 56 of these proteins 

represented by at least two unique peptides.  Although a complete protein database 

derived from the genomic sequence of the MDV strain was used in our study, the lack of 

a reliable Gallus gallus database limited our ability to correctly identify a peptide as 

originating from the virus or the host.  Because of this limitation, the search for 

posttranslational modifications (PTMs), such as phosphorylation, was not possible due to 

increased statistical uncertainty when searching for differential modifications [6].  Thus a 

true proteome-wide analysis could not be adequately addressed without an appropriate 
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host protein database to search the product ion spectra.  The need to identify host proteins 

and their PTMs is necessary for our discovery-based proteomic search for key factors 

involved in MDV pathogenesis.   

In this report we have constructed a chicken protein database, which we used in a 

modified MudPIT analysis, to study the effect of MDV-infection on host protein 

expression and phosphorylation.  The developed analytical approach using strong cation 

exchange chromatography (SCXC) to fractionate the peptides prior to microcapillary 

reversed-phase liquid chromatography-tandem mass spectrometry (µrpLC/MS/MS) was 

technically reproducible between samples based on the physicochemical properties of the 

identified peptides between both samples.  The use of the newly created Gallus gallus 

database revealed a promising number of proteins, particularly in regard to 

phosphorylation.  Our results demonstrate that significant proteomic changes occur upon 

MDV infection and that such changes can be further examined in greater detail with more 

quantitative proteomic measurements. 

 

2.3.  Experimental procedures  

3.3.1.  Materials 

Sequence-grade modified trypsin was obtained from Promega (Madison, WI).  

HPLC grade acetonitrile and ACS reagent grade formic acid were from Aldrich 

(Milwaukee, WI).  Ammonium bicarbonate and ammonium formate were from Fluka 

(Milwaukee, WI).  Water was purified with a High-Q 103S water purification system 
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(Wilmette, IL).  Chicken embryo fibroblast (CEF) cells were prepared and either mock-

infected or infected with the Md5 strain of MDV as described previously [5].  

 

2.3.2.  Proteome extraction by acetone precipitation 

A lysis buffer containing 5 mM magnesium chloride, 10 mM HEPES (pH 7.5), 1 

mM EGTA, 0.2% NP-40, and 25 mM PMSF was added to 106 mock- or MDV-infected 

CEF cells.  After centrifugation at 16,000 x g to remove cell debris, the supernatant was 

collected separately.  A four-fold volume of cold acetone was added to the supernatant 

and the sample was vortexed prior to incubation for 60 min at -20 oC.  After centrifuging 

the sample at 14,000 x g, the supernatant was discarded and excess acetone was 

evaporated off the protein pellet at room temperature for 30 min.  The pellet was 

resuspended in 50 mM ammonium bicarbonate and denatured in 8 M urea and boiling 

water bath for 2 min. 

 

2.3.3.  Trypsin digestion  

The total protein concentration was measured using the Coomassie Plus Assay 

(Pierce Biotechnology Inc., Rockford, IL).  Proteins were reduced using 1 mM 

dithiothreitol, for 1 h at 37 oC followed by alkylation with 10 mM iodoacetamide for 1 h 

at 37 oC.  Tryptic digestion was performed overnight at 37 oC, using a 1:50 trypsin-to-

protein ratio.  Peptides were desalted by solid-phase extraction (SPE) as previously 

described [5], lyophilized and stored at -80 oC until strong cation exchange 

chromatography was performed. 
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2.3.4.  Strong cation exchange chromatography peptide fractionation 

Strong cation exchange chromatography (SCXC) was performed on a 4.6 mm x 

200 mm, 5 µm polySULFOETHYL column (PolyLC Inc., Columbia, MD) using an 

Agilent 1100 Analytical HPLC equipped with a UV-Vis diode array detector (Agilent 

Technologies Inc., Palo Alto, CA) as previously described [5].  The mobile phases 

consisted of (A) 75% 10 mM ammonium formate (pH 3.0) / 25% acetonitrile, and (B) 

75% 200 mM ammonium formate (pH 8.0) / 25% acetonitrile.  Peptides (200 µg) were 

solubilized in 100% A and loaded onto the column equilibrated with 100% A at 1 ml/min 

flow rate.  At 5 min post-injection, a linear gradient from 0 to 100% B over 30 min was 

performed, followed by a 25 min isocratic flow of 100% B.  The elution of peptides was 

monitored at 214, 254, 260, and 280 nm, while fractions were collected every 30 s 

throughout the entire separation.  Each fraction was then lyophilized and stored at -80oC 

until further analysis. 

 

2.3.5.  Microcapillary reversed-phase LC/MS/MS analysis of SCXC fractioned 

peptides 

Each SCXC fraction was analyzed by microcapillary reversed-phase liquid 

chromatography-tandem mass spectrometry (µrpLC/MS/MS) using an Agilent 1100 

Series capillary LC system (Agilent Technologies, Inc., Palo Alto, CA) in line with an 

LCQ Deca ion trap mass spectrometer (Thermo Electron, San Jose, CA).  A reversed-

phase capillary column of 60 cm × 360 µm o.d. × 150 µm i.d. (Polymicro Technologies 

Inc., Phoenix, AZ), was made in-house by slurry packing 5 µm 300 Å Jupiter C18 
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stationary phase (Phenomenex, Torrence, CA) retained by a 2 µm mesh in an HPLC 

stainless steel union (Valco Instruments Co., Houston, TX) containing a flame-pulled 

capillary tip on the opposite end.  The mobile phases consisted of (A) 0.1% formic acid 

in water and (B) 0.1% formic acid in acetonitrile.  Each SCXC fraction was dissolved in 

20 µl 95% A / 5% B, and a sample volume of 8 µl was injected onto the column with a 

1.50 µl/min flow rate at 5% B for 20 min.  A linear gradient was then initiated to increase 

the mobile phase to 95% B over a 90 min period, and the composition maintained at 95% 

B for 20 min to wash the column.  The column was equilibrated with 5% A for 60 min 

prior to the next sample injection.  The eluting peptides were ionized using an in-house 

manufactured electrospray interface operating in the positive ion mode at 2.2 kV.  The 

instrument was configured to acquire data by alternating between a survey MS scan from 

m/z 400-2000 followed by four tandem MS/MS scans on the four most intense precursor 

ions detected in the survey scan using a normalized collision-induced dissociation (CID) 

energy setting of 45%.  A dynamic mass exclusion was set at 2 min to allow the capture 

and fragmentation of less intense precursor ions.  

 

2.3.6.  Peptide and protein identification 

Peptides were identified by searching tandem mass spectra against an indexed 

chicken protein fasta database, using TurboSEQUEST (Bioworks 3.1, Thermo Finnigan, 

San Jose, CA).  In this study, tryptic peptides with cross-correlation scores (Xcorr) 

greater than 2.1 for +1 charged precursor ions, greater than 2.2 for +2 charged precursor 

ions < 1200 u, greater than 2.5 for +2 charged precursor ions ≥ 1200 u, and greater than 
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2.9 for +3 charged precursor ions, with a delta-correlation score (∆Cn) > 0.08 were used 

for identification as previously described for other global proteomic analyses [7, 8].  All 

indexed searches included a static carboxamidomethyl modification of 57.0 u on Cys 

residues due to alkylation and a differential phosphorylation modification of 79.98 u on 

Ser, Thr, and Tyr residues.  In addition, phosphopeptides that met the Xcorr selection 

criteria, but not the ∆Cn cutoff due to the uncertainty of the precise residue of 

phosphorylation, were reported as phosphopeptides with ambiguities of the 

phosphorylation sites appropriately indicated with square brackets. 

The chicken protein database in fasta format used in this study was constructed 

using sequence information from both EST and protein sequences.  Protein sequences 

were downloaded from Refseq at NCBI using ‘chicken’ and ‘Gallus gallus’ as the search 

constant to generate the initial fasta database.  EST data was obtained from TIGR 

(http://www.tigr.org) and the University of Delaware (Dr. Larry Cogburn, personal 

communication).  The original EST sequences were clustered into contig sequences by 

the CAP3 program [9], then annotated using the BLASTX tool at NCBI using an in-

house developed web agent.  Proteins with an E-value of 1e-04 or better were added to 

the fasta database.  Overlaps between these sets of data based on GenBank Identifier (GI) 

numbers were corrected, resulting in a fasta database consisting of 34,287 entries. 

For determination of the false discovery rates (FDRs) for peptide identification, 

reversed databases were constructed by reversing the amino acid sequence for each 

protein for assessment of the FDR.  In addition, scan numbers were manually verified to 

ensure no overlap between peptide search results of the forward and reversed databases 
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while ensuring that only one peptide was identified for a given product ion spectrum.  

The number of peptides identified from the reverse database was reported, as a 

percentage of the total number of peptides identified from both the forward and reverse 

searches, and represent a statistical measure of false positives [10].  A FDR of 7% was 

determined for all samples analyzed and are consistent for use in discovery-based 

proteomic studies [8, 10, 11]. 

 

2.3.7.  Determination of GRAVY values, transmembrane domain and subcellular 

localization 

The grand average of hydropathicity (GRAVY) values for all unique peptides and 

non-redundant proteins identified for each sample were determined using the ExPASY 

ProtParam sequence analysis tool (http://ca.expasy.org/tools/protparam.html) [12].  In 

addition, the number of transmembrane domains (TMDs) for each protein was 

determined by HMMTOP (http://www.enzim.hu/hmmtop/) [13].  WoLF PSORT 

(http://wolfpsort.org/) [14] was used as a second algorithm to determine TMDs and to 

determine protein localization.  

 

2.4.  Results  

2.4.1.  Proteomic comparison of mock-infected and MDV-infected CEF cells 

The use of offline SCXC fractionation and µrpLC/MS/MS analysis was used to 

identify peptides from CEF cells that had either been mock infected or pre-treated with 

the Md5 strain of MDV.  Using our constructed Gallus gallus fasta database with 
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SEQUEST analysis, a total of 11,100 peptides were identified in the mock-infected 

sample and 12,370 peptides were identified in the MDV-infected samples using a 

discovery-based 7% FDR.   

Although the total number of unique host peptides identified for each sample is 

similar (within 10% and greater than the calculated FDR), there are distinctive 

differences due to MDV-infection.  The peptide and protein identification for both mock- 

and MDV-infected samples is shown in Figure 2.1, which also includes phosphorylation.  

Overall, a total of 3561 unique non-phosphorylated peptides, representing 1460 chicken 

proteins, were identified in the mock-infected sample, where as in the MDV-infected 

sample 4240 unique non-phosphorylated peptides, representing 1676 proteins, were 

identified.  Of these unique peptides, 59.1% and 49.6% of the non-phosphorylated 

peptides of the mock- and MDV-infected sample were common to both samples.  In 

terms of protein overlap, 69.1% of the mock-infected sample is in common to 60.2% of 

the MDV-infected sample, a difference consistent with the percentages obtained for the 

peptides.  In terms of phosphorylation, 357 and 506 phosphopeptides, representing 342 

and 483 proteins, were detected in the mock- and MDV-infected samples, respectively.  

From these identifications, 10.1% and 7.1% of the phosphorylated peptides and 12.0% 

and 8.5% of the phosphorylated proteins for the mock- and MDV-infected sample were 

common to both samples.  Together these data suggest a heightened translation and 

phosphorylation activity in the MDV-infected cells, which could induce alterations in 

host cell biochemistry.   
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To better compare the differences between the proteins identified between the 

mock- and MDV-infected samples, all the uniquely identified peptides were grouped 

according to the number of unique peptides per protein as shown in Table 2.1.  In every 

category, the number of proteins identified unique to the MDV-infected sample contains 

an increased number of identified proteins relative to those of the mock-infected control, 

with approximately a two-fold increase for proteins identified with at least 3 (but less 

than 10) unique peptides.  These data are misleading, however, as they do not take into 

account proteins that are common to both non-phosphorylated and phosphorylated 

samples, but only the differences according to different numbers of unique peptides.  The 

protein comparison between the MDV-infected sample and the mock-infected sample is 

best illustrated in Figure 2.2, where 694 and 1059 proteins were found unique to the 

mock-infected sample and the MDV-infected sample respectively.  Of the 694 proteins 

found uniquely in the mock-infected sample, 63 were identified by at least 2 unique 

peptides, including 2 proteins identified by a maximum of 5 unique peptides.  In the 

MDV-infected sample, 112 proteins were identified by at least 2 unique peptides, 

including one protein identified by a maximum of 7 unique peptides.  Overall, most of 

the proteins identified were common to both samples.   

To evaluate this distribution further, the non-phosphorylated and phosphorylated 

peptides were considered separately as shown in Figure 2.3.  In the mock-infected 

sample, 58.9% (856 out of 1460) of the proteins were identified by one unique non-

phosphorylated peptide, whereas the MDV-infected sample contained 57.0% (956 out of 

1676).  As is the case with MudPIT-based proteomic analysis, identifications of most 
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proteins were identified with a single unique peptide [15, 16].  For the phosphoproteins, 

which are defined based solely on the detection of phosphopeptides, only 8 out of 342 

were identified by two or more unique phosphopeptides in the mock-infected sample and 

10 out of 483 phosphoproteins were identified in the MDV-infected sample.  The higher 

percentage of phosphoproteins identified by only one phosphopeptide (around 98% for 

both samples) is consistent with the low stoichiometry of phosphopeptides relative to the 

abundance of non-phosphorylated peptides present in proteomic digests [17]. 

 

2.4.2.  Fractionation efficiency during multidimensional LC/MS/MS analysis  

To ascertain whether the differences observed in our proteomic analysis of the 

mock-infected and MDV-infected samples were due to variability in SCXC fractionation, 

the number of unique peptides identified (including phosphopeptides) within each 

collected SCXC fraction were plotted as shown in Figure 2.4.  Based on µrpLC/MS/MS 

analysis of all fractions, a similar elution profile was observed for both samples with all 

detected peptides eluting between fractions 10 and 90.  The majority of the peptides, 95% 

and 97% for the mock-infected and MDV infected samples, respectively, elute between 

16 min (fraction 32) and 41 min (fractions 82).  The most striking difference between the 

two samples occurs between fractions 32 and 58, where the MDV-infected sample 

produced 298 ± 93 (average ± standard deviation) peptides/fraction compared to 197 ± 54 

obtained for the mock-infected sample.  However, for the later fractions (between 59 and 

82), the mock-infected sample contains 216 ± 94 peptides/fraction compared to 166 ± 56 

for the MDV-infected sample.   



 73

 

2.4.3.  Bioinformatic comparison of mock-infected and MDV-infected CEF cells 

To better assess the differences in SCXC fractionation for the mock-infected and 

MDV-infected samples in terms of peptide and protein physicochemical properties, 

several bioinformatic approaches were implemented.  Based on the SCXC separation, the 

GRAVY value for each peptide was determined and plotted according to the 

corresponding SCXC fraction as shown in Figure 2.5.  At the peptide level, the overall 

comparison of the GRAVY distribution revealed no marked differences as inferred from 

the similar elution profiles, with most values ranging between -1 to +1 for each fraction, 

irrespective of the amount of peptides identified from each fraction.  However, careful 

inspection of the later fractions in both samples indicated a slight bias towards 

hydrophobic peptides (i.e, those from 0 to more positive GRAVY values) earlier in the 

SCXC gradient between fractions 32 and 45, while hydrophilic peptides (i.e, those from 0 

to more negative GRAVY values) seem to dominate at higher retention times starting 

around fraction 55.  These observations are consistent with the nature of the SCXC 

separation where peptides eluting late in the gradient should have, on average, more 

positively charged residues and thus be more hydrophilic than those eluting earlier.   

Since the peptide GRAVY values indicated that the difference between the 

samples was not due to an aberrant SCXC separation, the potential differences in protein 

hydrophobicities between the mock-infected and MDV-infected samples were explored 

to determine if this contributed to the differences between the samples.  The GRAVY 

value for each protein was calculated and plotted according to whether it was identified 
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by a non-phosphorylated or phosphorylated peptide (Figure 2.6).  Other than the number 

of proteins identified for each GRAVY interval, there is no significant difference in the 

GRAVY profile for the proteins and phosphoproteins between both samples, each 

distribution having a median GRAVY value around -0.4.  Most of the proteins identified 

possessed GRAVY values less than zero, indicating that they are hydrophilic; however, 

this does not indicate that they are cytosolic proteins since some of them could contain a 

putative transmembrane domain (TMD).   

To assess whether the difference in protein identification between the mock- and 

MDV-infected cells is due to the presence of membrane proteins, the putative TMDs for 

each protein was determined using HMMTOP and WoLF PSORT.  The distribution of 

identified membrane proteins from both samples based on each algorithm is plotted in 

Figures 2.7 and 2.8.  According to the HMMTOP calculations, 534 proteins and 201 

phosphoproteins from the mock-infected sample, representing 37% and 59% of the total 

number of proteins or phosphoproteins identified, contain at least one putative TMD.  In 

the case of the MDV-infected sample, 656 proteins and 252 phosphoproteins, 

representing 39% and 52% of the total number of proteins and phosphoproteins 

identified, have at least one membrane-spanning region.  For the WoLF PSORT 

algorithm, 304 proteins and 143 phosphoproteins from the mock infected sample, as well 

as 393 proteins and 181 phosphoproteins from the MDV-infected sample, contain at least 

one putative TMD which represent 21%, 42%, 23% and 37% of the total number of 

proteins and phosphoproteins identified.  Of those phosphoproteins containing a TMD in 

the mock infected sample, 57% and 58% of them determined from HMMTOP and Wolf 
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PSORT, respectively, contain only one TMD compared to 54% and 49% for the MDV-

infected sample.  The majority of the proteins (more than 60%) from all samples were 

identified with two or fewer TMDs.   

 

2.4.4.  Functional comparison between proteins and phosphoproteins of mock-

infected and MDV-infected CEF cells 

Since the analytical assessment of the peptides and proteins identified from the 

mock-and MDV-infected samples were consistent overall, the large differences detected 

between each sample were the result of the cellular changes occurring due to the presence 

of MDV.  For determining the difference in protein subcellular localization, WoLF 

PSORT was used.  The assignments for both the non-phosphorylated and phosphorylated 

proteins for the mock-infected control and those of the MDV-infected sample appear in 

Figure 2.8.  In this analysis the percentage of non-phosphorylated proteins within each 

category are approximately the same, with subtle differences between the mock- and 

MDV-infected samples, particularly in regard to proteins localized in the plasma 

membrane, nucleus, and the endoplasmic reticulum (ER) ranging on the order of 2%.  In 

an attempt to identify proteins of significance in the presence of MDV, Gallus gallus 

proteins identified solely in the MDV-infected sample, by at least 3 unique peptides, 

were considered and are listed in Table 2.2.  Likewise, Gallus gallus proteins identified 

solely in the mock-infected sample, by at least 3 unique peptides, are listed in Table 2.3. 

In an attempt to gain insight on protein abundance changes of some specific 

proteins that have been suggested to play a role in MDV oncogenesis, the number of 
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peptides identified were compared between the mock-infected sample and the MDV-

infected sample and listed in Table 2.4.   

 

2.5.  Discussion 

2.5.1.  Protein identification using multidimensional LC/MS/MS analysis 

To characterize the effect of an MDV infection on the host proteome, an LC-

based method consisting of a ‘shotgun’ or ‘bottom-up’ strategy was used to examine 

proteome-wide changes in terms of the cellular protein complement and its state of 

phosphorylation.  In this approach proteome mixtures containing the same amount of 

protein from mock-infected and MDV-infected CEF cells were digested by trypsin.  For 

this study we employed our previously established offline SCXC gradient and solvent 

system to fractionate the peptides [5].  Each peptide SCXC fraction was subsequently 

analyzed by µrpLC/MS/MS using collision-induced dissociation (CID) of the positively 

charged peptides to generate product ion spectra of b and y ions that were identified by 

database searching using SEQUEST.  Proteins present in CEF cells infected with MDV 

and those present in cells subjected to a mock-infection were compared to assess changes 

in the host proteome due to MDV infection. 

Although LC-based methods are less discriminatory to hydrophobic or extremely 

acidic or basic proteins than in-gel techniques, the accuracy and efficiency of peptide, 

and hence, protein identification depends significantly upon the separation capacity of 

analyte fractionation and the data-manipulating algorithms used to analyze complex 

product ion data sets.  In this report, we addressed these issues in two ways.  First, we 
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performed an extensive SCXC fractionation and then employed long microcapillary 

reversed-phase C18 columns during LC/MS/MS in an effort to increase peptide 

resolution, and hence, identification by data-dependent CID using a Deca LCQ ion trap 

mass spectrometer.  Second, we constructed reliable MDV and Gallus gallus fasta 

protein databases that were compatible with SEQUEST analysis of the product ion 

spectra and determination of a discovery-based FDR rate of 7 % consistent with similar 

qualitative proteomic studies [8, 18] 

Due to the dynamic nature of data-dependent acquisition (DDA) in proteomic 

analysis, the determination of an FDR can be used as some measure of normalization for 

product ion data to enable comparisons to be made between two samples.  In this study, 

an FDR of 7 % was determined based on our SEQUEST score threshold values used to 

identify the peptides and phosphopeptides from the acquired product ion spectra from the 

mock- and MDV-infected samples.  Due to the lability of the phosphate moiety during 

CID, determination of the exact site of phosphorylation is not always possible due to a 

low ∆Cn value. However the peptide can still be considered a phosphopeptide so these 

identifications were retained according to the FDR [8].  This was important in our 

discovery-based effort to find interesting proteins that become phosphorylated during 

MDV-infection and may provide some insight into the host mechanisms involving MDV-

infection.   
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2.5.2.  Assessing peptide separation and protein detection.  

From our analysis 10,663 and 11,790 Gallus gallus peptides and 437 and 580 

phosphopeptides were identified in both mock- and MDV-infected cells, corresponding 

to 1460 and 1676 non-phosphorylated proteins and 342 and 483 phosphorylated proteins.  

These data represent one of the more comprehensive proteomic analyses of host proteins 

based on an MDV-infected cell line.  Based on the unique peptides and proteins from 

both samples, significant differences were detected as shown in the Venn Diagrams 

presented in Figure 2.1 and Figure 2.2 and are further categorized by the number of 

unique peptides per proteins in Table 2.1.  Most notable from our proteomic analysis is 

the fact that many more Gallus gallus proteins were identified in the MDV-infected 

sample, and while 694 proteins were unique to the mock-infected sample, 1059 proteins 

were unique to the MDV-infected sample, with 112 being identified by at least 2 unique 

peptides (Figure 2.2).  As is the case for MudPIT-type proteomic analyses, the majority 

of the proteins for both samples are identified with only one peptide as illustrated in 

Figure 2.3, which is on the order of 60% and reduces to about 10% when just considering 

those proteins identified by phosphopeptides.   

Although it is tempting to suggest that all of the proteins identified solely from 

the MDV-infected sample are due to MDV infection, they could possibly be attributed to 

SCXC fractionation or the DDA during µrpLC/MS/MS analysis.  To determine if 

alterations in SCXC separations were involved, the elution profiles for the mock-infected 

and MDV-infected samples were compared as shown in Figure 2.4 and revealed no 

difference between the two separations in terms of the number of peptides identified.  To 
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examine the reversed-phase separation for each fraction, the GRAVY value for each 

peptide was determined and displayed in Figure 2.5 according to the analyzed SCXC 

fraction.  Again, the similarity between the two samples was preserved, where the more 

hydrophobic peptide peptides eluted earlier in the gradient and those more polar eluting 

later in the SCXC separation.  When the GRAVY distribution of the proteins and 

phosphoproteins of both mock-infected and MDV-infected samples are compared, the 

distributions are nearly identical (Figure 2.6).   

Since the protein GRAVY distributions of identified proteins between the mock- 

and MDV-infected cells tend to be hydrophilic as shown in Figure 2.6, it was not 

possible to determine if this tendency towards hydrophilicity was due to the majority of 

the proteins being cytosolic or if there was a preponderance of hydrophilic membrane 

proteins that contain a few TMDs.  Although our sample preparation method did not 

target membrane proteins, the difference in the mock- and MDV-infected samples could 

be due to changes in the membrane proteome.  To address this from a bioinformatic 

perspective, the putative TMDs for each protein were determined using HMMTOP and 

WoLF PSORT.  Although one algorithm could be used for this assessment, two were 

implemented in an effort to eliminate any bias attributed to any one program.  As 

indicated for the distributions presented in Figures 2.7 and 2.8 for the HMMTOP and 

WoLF PSORT analyses, respectively, each algorithm provides a very similar distribution 

of membrane proteins based on the presence of TMDs.  Membrane proteins identified 

with no more than two TMDs for both samples based on two independent algorithms is 
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approximately 75%, and is in agreement with the protein GRAVY distribution presented 

in Figure 2.6.   

 

2.5.3.  Consequences of data-dependent acquisition 

Although the bioinformatic analyses provide compelling evidence that the 

difference between the samples is due to the differences in the extracted proteomes, the 

DDA used in our µrpLC/MS/MS analysis may also play a factor.  Our approach using 

SCXC and µrpLC/MS/MS was successful in identifying a large number of host proteins 

based on peptide detection in each SCXC fraction resulting in 1764 and 2129 proteins 

(Figure 2.2) in the mock- and MDV-infected sample, respectively.  Of the detected host 

peptides and phosphopeptides, the MDV-infected sample contained an additional 679 

(19.1 %) non-phosphorylated peptides and 149 (42.1%) phosphorylated peptides 

compared to the mock-infected sample with 2105 non-phosphorylated peptides and 36 

phosphopeptides detected in both samples (Figure 2.1).  Although this was not a 

quantitative study, the reproducibility of our sample preparation and multidimensional 

method indicates that some of the observed differences in the detected proteins are due to 

MDV-infection and not solely an artifact of DDA during MS/MS analysis. 

When considering that equal amounts of protein from the mock- and MDV-

infected samples were analyzed, the differences in the number of host proteins identified 

are striking, even for a qualitative DDA study for several reasons.  First, the extended 

fractionation used in our offline SCXC approach produces less complex peptide samples 

for subsequent µrpLC/MS/MS analysis which reduces the dynamic effect of DDA than if 
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less fractionation was performed.  Second, the MDV-infected sample also contained 

MDV proteins, which in effect, made the protein component isolated from the MDV-

infected cells more complex than the mock-infected sample because it contained both the 

host and MDV proteome.  In our previous study, we estimated that the MDV proteome 

could be has high as 10% of the overall protein content of a cell at the lytic stage of 

infection [5].  In this respect, the unique proteins identified in the MDV-infected sample 

are potentially under-represented relative to the mock-infected sample because during 

DDA the duty cycle is being devoted to capturing and fragmenting MDV peptides as 

opposed to only host proteins.   

To promote identification of MDV-induced differences in the proteome, the 

criterion of detecting two or more peptides by DDA for protein identification was used to 

provide more confidence than is achievable with a single peptide [15].  On the basis of 

two or more unique peptides, 246 proteins were unique to the MDV-infected sample 

compared to 166 proteins for the mock-infected sample (Table 2.1) and equates to a 50% 

increase in the number of host proteins that were observed upon MDV-infection.  This 

value increases to 152% when requiring three or more unique peptides and similar gains 

are produced for up to ten unique peptides per protein.  When comparing these levels to 

the total number of proteins identified in each sample, proteins identified by two to ten 

unique peptides in the MDV-infected sample averaged 33 ± 3% (n = 9) whereas the 

mock-infected sample elicited 19 ± 3% (n = 9).  Overall, these values indicate that the 

deviation obtained during DDA analysis was consistent for both samples across all 

analyses, and that the observed increases in the MDV-infected samples are due to 
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changes in the host proteome, not the DDA or the separations used in the MS/MS 

analysis. 

 

2.5.4.  Protein and phosphoprotein differences between mock-infected and MDV-

infected cells 

Based on the bioinformatic assessment of the data for the mock-infected and 

MDV-infected cells, the SCXC and µrpLC/MS/MS analysis is fairly reproducible and 

robust between both samples.  However, as shown in Table 2.1, there are significant 

differences in the proteins identified between the samples that could relate to protein 

function.  Since protein trafficking is a mechanism that could be involved during 

infection, the subcellular location of each protein and phosphoprotein was characterized 

using WoLF PSORT (Figure 2.9).  Based on this distribution, the comparison between 

the proteins for the mock-infected (Figure 2.9A) and the MDV-infected (Figure 2.9B) 

samples reveals subtle differences between categories.  Although these differences could 

be attributed to the dynamic nature of DDA and the FDR used in this study, the changes 

in these categories are note worthy since a 1% increase or decrease equates to 

approximately 4 phosphoproteins and 16 non-phosphorylated proteins between the mock-

infected sample and MDV-infected samples respectively.   

When considering the non-phosphorylated peptides there is an increase in 

proteins localized to the ER, plasma membrane, and those involved in extracellular 

processes, thus suggesting a reshuffling of proteins upon infection [19].  Similar trends 

are also observed when considering the phosphoproteins.  While ER proteins are known 
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to be involved in vesicle transport and the early secretory pathway of host cells, plasma 

membrane proteins play a role in selective transport across the phospholipid bilayer or as 

receptors and enzymes.  These effects of MDV infection of the host cells may facilitate 

transport of the virus particle within cells, as well as to neighboring cells.   

In addition there are changes involving the cytoplasmic and nuclear proteins, 

which for the non-phosphorylated proteins increase and decrease upon MDV-infection, 

respectively, but produce the opposite effect when considering the phosphoproteins.  

Since protein phosphorylation is an important regulatory event in signal transduction and 

cellular mechanisms, it is therefore not surprising that MDV infection alters many 

phosphorylation events (Figure 2.1). These events can be inversely proportional to 

protein abundances (Figure 2.9) since phosphorylation mechanisms are not necessarily 

coupled to translational (cytoplasmic) biochemistry.  However, the dramatic increase in 

the detection of phosphoproteins in the nucleus indicates a role of phosphorylation in 

transcription in the presence of MDV since many unique proteins are detected in the 

MDV-infected sample. 

The results of protein localization by WoLF PSORT indicates the consistency in 

sample preparation and analysis while suggesting some changes in the control 

mechanisms of the host due to the presence of MDV.  However real insight into the 

protein changes, both in terms of abundance and phosphorylation, requires examination 

of individual protein function.  As shown in Tables 2.2 and 2.3, some proteins that were 

identified by 3 or more unique peptides were unique to either the mock-infected sample 

or the MDV-infected sample.  We expected the proteins identified in the mock-infected 
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sample to also be identified in the MDV-infected sample, as they were mainly structural 

and cytoskeletal proteins.  This non-identification could be due to the complexity of the 

MDV-infected sample, in the presence of viral proteins.  The proteins identified solely in 

the MDV-infected sample supported changes due to MDV pathogenesis.  Specifically, 

Hyou1 protein has been suggested to be involved in metastasis, particularly breast cancer 

[20], and Pre-B-cell colony-enhancing factor 1 has been linked to colorectal cancer and 

cell cycle regulation [21].  The identification of mitogen-responsive prostaglandin 

synthase, suggests an excitation of transduction pathways, and is coherent with previous 

studies, which identify prostaglandin as a promoter of tumor growth [22, 23].  In 

addition, the identification of calcium transporting ATPase, and a protein similar to 

MGC68847, a glycolysis-mediating protein, supports the theory that changes in calcium 

signaling and an increase in glycolysis underlie the passage from normal to pathological 

cell growth and death control [24, 25].  Some of the proteins previously reported to be 

involved in MDV pathogenesis were generally identified with more unique peptides in 

the MDV-infected sample than in the mock-infected sample, with the exception of one 

protein which was identified by fewer peptides in the MDV-infected sample and could be 

attributed to DDA and the complexity of the MDV-infected sample (Table 2.4) [18]. 

 

2.6.  Conclusions 

The qualitative differences in the protein expression profiles of CEF cells from 

mock- or MDV-infected treatments reveal interesting proteome changes relating to the 

pathogenesis of MDV.  In addition to the differences in protein identification, significant 
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differences in phosphorylation were detected within each sample, thus establishing the 

extensive role of phosphorylation during MDV infection.  Such differential analysis 

provides a step towards a comprehensive view of the dynamic changes that occur within 

host proteins upon viral infection as compared to mRNA expression analysis using 

microarrays.  As shown in this study the nature of SCXC separation based on peptide 

identification is fairly consistent across the gradient for both mock- and MDV-infected 

samples.  Based on the GRAVY value of each identified peptide, hydrophobic peptides 

eluted prior to more hydrophilic peptides later in the gradient.  Although peptide 

fractionation by SCXC is essential prior to µrpLC/MS/MS to enhance identification, the 

dynamic nature of selecting precursor ions for CID by DDA still hinders identification.  

Increasing the number of SCXC fractions collected or implementing higher resolution 

reversed-phase separations would facilitate the identification of more peptides, yet such a 

DDA-based analysis would be difficult to perform routinely for quantitative 

measurements and will require multiple analyses.  Implementing newer technologies with 

increased peptide resolution during LC and faster MS acquisitions will increase peptide 

identification and promote the discovery of other proteins involved in MDV infection and 

pathogenesis. 
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2.9.  Tables and Figures 

 
Table 2.1.  Proteins identified for the mock-infected and MDV-infected samples 
based on the number of unique peptides determined by SCXC-µrpLC/MS/MS 
analysis.  
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Table 2.2.  Gallus gallus proteins identified by 3 or more unique peptides, detected only 
in the mock-infected sample. 
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Table 2.3.  Gallus gallus proteins identified by 3 or more unique peptides, detected only 
in the MDV-infected sample. 
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Table 2.4.  Gallus gallus proteins previously identified to be important in MDV 
pathogenesis.a 
 
 

 

 

 

 

 

 

 

 

 

a Buza, J. J., Burgess, S. C., Modeling the proteome of a Marek's disease transformed cell line: a natural 
animal model for CD30 overexpressing lymphomas. Proteomics 2007, 7, 1316-1326. 
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Figure 2.1.  Gallus gallus peptide and protein comparison between mock-infected 
and MDV-infected samples.   
 
Detected peptides from each sample were categorized to compare the number of unique 
peptides and their corresponding proteins between the mock-infected (circle) and MDV-
infected (square) samples using Venn Diagrams.  Non-phosphorylated and 
phosphorylated peptides appear in (A) and (B), respectively, with the corresponding non-
phosphorylated proteins and phosphoproteins appearing in (C) and (D).  The interaction 
between the square and circle are peptides or proteins detected in both samples. 
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Figure 2.2.  Overall Gallus gallus protein comparison between mock-infected and 
MDV-infected samples.   
 
All identified proteins from at least one peptide or phosphopeptide were categorized to 
compare the mock-infected (circle) and MDV-infected (square) samples using Venn 
Diagrams. 
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Figure 2.3.  Protein sequence coverage obtained from the mock-infected and MDV-
infected cells.  
 
Unique peptides were classified as being non-phosphorylated or phosphorylated, grouped 
according to protein identification, and plotted based on the number of unique peptides 
per protein for (A) mock-infected and (B) MDV-infected samples.  The phosphoproteins 
appear in the inset.  Since the histograms are a semi-log plot, unique peptides that 
correspond to just one unique protein are indicated with a star. 
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Figure 2.4.  SCXC peptide distribution for the mock-infected and MDV-infected 
samples.   
 
The distribution of the number of identified host peptides detected in each SCXC fraction 
determined by µrpLC/MS/MS using data-dependent acquisition from (A) mock-infected 
and (B) MDV-infected samples are shown.  Only SCXC fractions 10 to 90 are shown 
(retention time ranging from 5 to 45 min) since peptides were not detected outside this 
range.   
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Figure 2.5.  Peptide GRAVY distribution based on SCXC fractionation.   
 
GRAVY values of all detected peptides for the (A) mock-infected and (B) MDV-infected 
samples were plotted against their corresponding SCXC fraction numbers.  Each point 
corresponds to a detected peptide from a given fraction as determined by µrpLC/MS/MS 
analysis and illustrates the relationship between peptide hydrophobicity (positive 
GRAVY values) and hydrophilicity (negative GRAVY values) relative to peptide SCXC 
retention time. 
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Figure 2.6.  Protein and phosphoprotein GRAVY distribution for the mock-infected 
and MDV-infected samples.   
 
GRAVY values of all identified proteins and phosphoproteins for the (A) mock-infected 
and (B) MDV-infected sample were calculated and plotted according to 0.1 GRAVY 
value increments.  The white and black bars correspond to non-phosphoproteins and 
phosphoproteins, respectively.  The GRAVY values range from -2.1 to 0.8 corresponding 
to proteins that are hydrophobic (positive values) to hydrophilic (negative GRAVY 
values).  The median for all distributions is -0.4. 
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Figure 2.7.  Distribution of identified membrane proteins based on TMD assignment 
by HMMTOP.   
 
The number of putative transmembrane domains (TMDs) for each protein from the (A) 
mock-infected and (B) MDV-infected samples was determined using the HMMTOP 
algorithm.  The distributions for the non-phosphorylated proteins and phosphoproteins 
are indicated in each histogram by the white and black bars, respectively.  Relying on the 
presence of at least one putative TMD, the percentage of proteins for the mock-infected 
sample determined by HMMTOP to be localized within membranes was 58.8 % based on 
phosphopeptides, and 36.6% based on non-phosphorylated peptides.  For the MDV-
infected sample, 52.2 % were identified by phosphopeptides, and 39.1% were identified 
by non-phosphorylated peptides.  For membrane proteins with more than 12 TMDs, the 
mock-infected sample contained two proteins and two phosphoproteins whereas the 
MDV-infected proteins contained two proteins and three phosphoproteins. 
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Figure 2.8.  Distribution of identified membrane proteins based on TMD assignment 
by WoLF PSORT.   
 
The number of putative transmembrane domains (TMDs) for each protein from the (A) 
mock-infected and (B) MDV-infected samples was determined using the WoLF PSORT 
algorithm.  The distributions for the non-phosphorylated proteins and phosphoproteins 
are indicated in each histogram by the white and black bars, respectively.  Relying on the 
presence of at least one putative TMD, the percentage of proteins for the mock-infected 
sample determined by WoLF PSORT to be localized within membranes was 41.8 % 
based on phosphopeptides, and 20.8 % based on non-phosphorylated peptides. For the 
MDV-infected sample, 37.5 % were identified by phosphopeptides, and 23.4 % were 
identified by non-phosphorylated peptides.  For membrane proteins with more than 12 
TMDs, the mock-infected sample contained two proteins and five phosphoproteins 
whereas the MDV-infected proteins contained three proteins and three phosphoproteins. 
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Figure 2.9.  Protein subcellular localization obtained for the mock-infected and MDV-
infected samples.   
 
All identified unique proteins were classified according to their subcellular localization 
assignment as determined by WoLF PSORT.  The classifications for the (A) mock-infected 
and (B) MDV-infected samples are grouped according to their non-phosphorylated (left pie 
charts) and phosphorylated proteins (right pie charts).  All classifications produced by WoLF 
PSORT were considered and are represented as a percentage of all identified proteins based 
on the samples analyzed. 
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CHAPTER 3 

 

Development of a cysteine-specific isotope-coded acid-cleavable solid-phase tag for 

quantitative proteomics
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3.1.  Abstract 

Solid-phase isotope tagging of cysteine (Cys) residues of peptides has been used 

by others to increase the simplicity, sensitivity, efficiency and reproducibility of 

quantitative LC/MS/MS analysis between two distinct samples [1].  The approach 

typically involves the use of a photo-cleavage reaction to release Cys-labeled peptides, 

but LC/MS/MS detection is hampered by photoreaction by-products.  Here, we describe 

the synthesis of a novel solid-phase isotope-coded acid-labile reagent, to label cysteinyl 

peptides (Cys-peptides), with minimal reaction by-products for increased detection of 

Cys-labeled peptides by LC/MS/MS.  The method successfully and reproducibly yielded 

a significant number of labeled peptides from a model Cys-peptide sample of insulin-like 

growth factor I, as well as from a protein sample of BSA.  Our ability to confidently label 

at least 10 Cys residues out of 35 in BSA indicates that our labeling strategy is effective.  

For protein quantification studies, only one labeled Cys-peptide is required to represent a 

protein for comparative quantification studies, however our use of the reagent to label 

proteins from a CEF lysate indicated proteomic analysis was possible provided further 

optimization was performed. 
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3.2.  Introduction 

The ability to accurately quantify the changes in protein expression in response to 

a variety of physiological and environmental conditions is one of the most important 

goals of proteomics.  Up to now, label-based and label-free techniques have evolved for 

proteome-wide MS-based quantifications.  The label-based methods rely on differential 

stable isotope labeling to create a specific mass tag that can be recognized by mass 

spectrometry analysis, and at the same time, provide the basis for relative quantification.  

These mass tags can be introduced into the samples metabolically, enzymatically or 

chemically (Figure 3.1) [2].  In contrast, label-free approaches aim to directly correlate 

the mass spectrometric signal of proteolytic peptides or the number of product ion spectra 

with the sampled protein quantity [3].   

Proteins can be labeled during cell growth and division by stable isotope labeling 

by amino acids in cell culture (SILAC) [4].  The growth medium commonly contains 

13C6-arginine and 13C6-lysine which ensures that all tryptic peptides carry at least one 

labeled amino acid, resulting in a constant mass increment over the non-labeled 

counterpart (Figure 3.1a). 

The stable isotope labels can also be introduced into peptides during proteolytic 

digestion (Figure 3.1c) [5].  Generally, two protein samples are proteolytically digested in 

parallel, one in H2
16O and the other in H2

18O.  The incorporation of 18O atoms in the 

carboxy-termini of peptides is catalyzed by serine proteases (e.g. trypsin) via hydrolysis 

[6]. 
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A common method of introducing isotope-coded labels is through the use of 

chemical labeling reagents such as isotope-coded affinity tags (ICAT) (Figure 3.1b)[7].  

These chemical tags typically consist of a reactive group capable of labeling a defined 

amino acid chain (e.g. iodoacetamidyl group to modify Cys residues), an isotopically 

coded linker, and a tag (e.g. biotin) for the affinity isolation of labeled proteins or 

peptides (Figure 3.2).  One sample is labeled with the isotopically light (d0) tag and the 

other with the isotopically heavy (d8) version.  After both samples are combined, 

tryptically digested and subjected to affinity chromatography using immobilized avidin, 

the isolated labeled peptides are analyzed by LC/MS/MS.  The signal intensity ratios of 

co-eluting differentially mass-tagged peptide pairs are used as a measure of relative levels 

of proteins between the two samples [8].  In this method, the complexity of the peptide 

mixture is greatly reduced, as only Cys-containing peptides are retrieved, thus increasing 

the dynamic range of the mass spectrometric analysis [9]. 

The ICAT technology was later adapted towards the solid-phase isotope tagging 

(SIT) of Cys residues in complex peptide mixtures [10].  The labeling reagent consisted 

of a thiolate-specific reactive group attached to an isotopically modified leucine (either d0 

or d7) to a photocleavable linker bound to an aminopropyl-coated glass bead (Figure 3.3).  

After trypsin digestion of the two proteomes under comparison, Cys-containing peptides 

were captured with either the light or heavy form of the solid-phase reagent, combined, 

washed, exposed to UV light to induce photocleavage of the linker, and analyzed by 

LC/MS/MS.  Concurrently, a new class of chemically modified resins, termed acid-labile 

isotope-coded extractants (ALICE) was developed [11].  In this method, Cys-containing 
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peptides are retrieved by mild acid-catalyzed elution prior to LC/MS/MS analysis, 

circumventing photo-cleavage by-products (Figure 3.4). 

In an effort to combine the simplicity of solid-phase capture of Cys-containing 

peptides with the efficiency of peptide retrieval by acid cleavage, we synthesized a novel 

Cys-specific isotope-coded acid-cleavable solid-phase tag (CIAST).  The reagent 

combined the features of currently available tags to promote Cys-peptide labeling for 

subsequent protein quantitative studies: the solid-phase support simplifies the Cys 

labeling reaction, and the acid-labile linker eliminates photo-cleavage by-products. 

 

3.3.  Experimental procedures 

3.3.1.  Materials 

BSA and sequence grade-modified trypsin were purchased from Sigma-Aldrich 

(St. Louis, MO) and Promega (Madison, WI), respectively.  Insulin-like Growtth Factor I 

[57-70] peptide was purchased from American Peptide Company, Inc (Sunnyvale, CA).  

Guanidine hydrochloride, aminopropyl-modified controlled pore glass beads (amine 

content: 91 µmol/g) 550 Ǻ pore size, acetic anhydride (≥98.0%), piperidine(≥99.5%), N, 

N’- diisopropylcarbodiimide (DIC), N, N- dimethylformamide (DMF), 1-

Hydroxybenzotriazole (HOBt), acetonitrile (HPLC grade), triisopropylsilane (TIPS), 

trifluoroacetic acid (TFA), and formic acid (ACS reagent grade) were from Sigma-

Aldrich.  Fmoc-Rink linker and Fmoc-L-leucine were purchased from Novabiochem (San 

Diego, CA).  Ammonium bicarbonate was from Fluka (Milwaukee, WI).  Tris(2-

carboxyethyl)phosphine hydrochloride (TCEP·HCl) and N-succinimidyl iodoacetate 
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(SIA) were from Pierce (Rockford, IL).  Aminopropyl-modified controlled pore glass 

beads (91 µmol/g amine content, 500 Ǻ pore size) and Prevail C18 Extract-clean columns 

(1.5 mL, 50 µm particle size, 60 Ǻ pore size) were from Biosearch Technologies 

(Novato, CA) and Alltech Associates Inc. (Deerfield, IL), respectively.  N-α-Fmoc-L-

leucine (13C6, 98%; 15N, 98%) was from Cambridge isotope Laboratories, Inc.  Water (18 

MΩ) was distilled and purified using a High-Q 103S water purification system 

(Wilmette, IL).  DMF and piperidine were dried prior to use, by passing through a few 

grams of aluminum oxide.  All the reagents from Sigma/Aldrich/Fluka are from Fischer 

Scientific (San Jose, CA) unless otherwise stated. 

 

3.3.2.  Synthesis of the CIAST reagent 

In a 4 mL glass vial, 300 µmol each of HOBt (45.9 mg), Fmoc-Rink linker (161.9 

mg) and DIC (46.5 µl) were mixed with 1 mL of anhydrous DMF for 30 min.  An amount 

equal to 50 µmol of aminopropyl-coated control pore glass (CPG) beads were weighed 

(659 mg) and washed with DMF prior to the addition of the linker mixture.  The reaction 

was carried out for 90 min at room temperature with gentle stirring.  The beads were 

washed with 3 mL of DMF.  The unmodified amines were acetylated with 1 mL acetic 

anhydride for 90 min at room temperature with gentle stirring.  The beads were washed 

with 3 mL of DMF prior to two successive Fmoc removal reactions with 20% piperidine 

in DMF for 20 min.  In another glass vial, 300 µmol each of HOBt, DIC, DMF and 

Fmoc-L-leucine or N-α-Fmoc-L-leucine (13C6, 98%; 15N, 98%) , for the light or the heavy 

version of the reagent, respectively, were mixed and reacted for 30 min at room 
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temperature with gentle stirring.  The beads were washed with 3 mL of DMF prior to the 

addition of the Fmoc-leucine mixture.  The coupling reaction was carried out for 90 min 

at room temperature with gentle stirring.  The beads were washed with 3 mL of DMF and 

reacted with 1 mL acetic anhydride for 90 min at room temperature with gentle stirring.  

After another DMF wash, the Fmoc group was removed with 2 reactions with 20% 

piperidine in DMF for 20 min.  The beads were washed with 3 mL of DMF : 50 mM 

NH4HCO3, pH 8.3, (1:1, v:v) and DMF prior to being soaked in 600 µl of 50 mM 

NH4HCO3.  In a separate glass vial, 33 mg of N-succinimidyl iodoacetate (SIA) was 

weighed out, dissolved in 200 µl of DMF, and added to the beads.  The reaction was 

carried out for 2 hours in the dark, at room temperature, with gentle mixing.  After 5 

DMF washes and 3 methanol washes, the reagent was air dried and stored in the dark at – 

20 oC. 

 

3.3.3.  CIAST reactivity assay  

A 25 mg aliquot of CIST reagent was washed 3 times with 50 mM NH4HCO3, pH 

8.3, in a glass vial.  A total of one µmole of Cys-HCl in 250 µl of 50 mM mM NH4HCO3, 

pH 8.3, was added to the beads and the timer was started.  In a negative control, another 

vial contained 1 µmole of Cys-HCl in 250 µl of 50 mM mM NH4HCO3 and TCEP-HCl in 

the absence of CIAST beads.  Both reaction vessels were mixed gently in the dark at 

room temperature (20-25oC).  Over a total reaction time of 2 h, a 5 µl aliquot of 

supernatant was collected every 30 min, mixed with 5 µl 50 mM NH4HCO3 and analyzed 

by the 5, 5’ dithiobis (2-nitrobenzoic acid) (DTNB) assay to measure the remaining 
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sulfhydryl concentration [12].  The solutions used for the assay were (1) the assay buffer 

consisting of 0.12 M KH2PO4 containing 1 mM EDTA, pH 7.2, and (2) the DTNB 

solution containing 10 mM DTNB in 50 mM K2HPO4.  For each determination 30 µl of 

the DTNB solution were added to 460 µl of the assay buffer in a cuvette.  The reaction 

was initiated by the addition of 10 µl of sample and was allowed to proceed for 5 min at 

room temperature.  The concentration of Cys was determined by measuring the 

absorbance of 2-nitro-5-thiobenzoate (NTB) at 412 nm (ε412 nm = 13,600 M-1cm-1).  The 

decrease in accessible Cys concentration was plotted overtime as a measure of reagent 

capacity. 

 

3.3.4.  CIAST labeling of Cys-peptide 

A 100 µl aliquot of 100 µg ILGF-I peptide (ALLETYCATPAKSE, 1496.7 Da) in 

50 mM NH4HCO3, pH 8.3, was incubated with 2-fold molar quantity of CIAST reagent 

in a glass vial.  The reaction was carried out in the dark at room temperature for 90 min.  

The beads were washed twice with 50 mM NH4HCO3, pH 8.3, twice with methanol : 50 

mM NH4HCO3, pH 8.3, (1:1, v:v) and once with 100 % methanol. 

 

3.3.5.  Preparation of BSA peptides 

An aliquot of BSA (100 µg) was dissolved in 50 µl of 50 mM NH4HCO3, and denatured 

by the addition of guanidine hydrochloride (6M final concentration) and incubated in a 

boiling water bath for 5 minutes.  TCEP-HCl was added to a final concentration of 8 mM, 

and the reduction reaction was carried out for 30 min at 37oC.  The sample was diluted 
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1:6 with 50 mM NH4HCO3, calcium chloride was added to 1 mM final concentration, 

trypsin was added at a 1:50 (enzyme: protein) ratio, and the reaction was carried out 

overnight at room temperature. 

 

3.3.6.  Solid-phase extraction 

Peptides from each digested sample were purified by solid-phase extraction (SPE) 

using a Prevail C18 Extract-Clean column connected to a vacuum manifold to produce a 

flow rate of 1 ml min-1.  The columns were equilibrated with 5 ml of water and 2 ml of 50 

mM NH4HCO3 followed by sample loading.  The column was then washed with 3 ml of 

50 mM NH4HCO3, 3 ml of H2O and 20:1(v/v) of acetonitrile/water with 0.1 % formic 

acid, lyophilized, and then stored at -80o C. 

 

3.3.7.  CIAST labeling of BSA peptides 

An aliquot of BSA was reduced with TCEP-HCl for 15 min before being added to 

10-fold more moles of beads.   Enough 50 mM NH4HCO3 was added to ensure that the 

total reaction volume is double the bead volume.  The reaction was carried out for 90 min 

at room temperature in the dark with gentle mixing.  The beads were washed four times 

with 50 mM NH4HCO3, four times with 1:1(v/v) of methanol/50 mM NH4HCO3, and 

twice with 100% methanol. 
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3.3.8.  Release of isotopically labeled peptides by acid cleavage 

The peptide-containing beads were resuspended in 100 µl cleaving solution 

containing 80 % TFA, 19.5 % H2O and 0.5 % TIPS.  The reaction was carried out for 30 

min at room temperature in the dark with gentle mixing.  The supernatant was collected 

in a siliconized microfuge tube and another 30 min reaction was carried out with a fresh 

100 µl aliquot of cleaving solutionl.  The supernatant was collected, lyophilized and 

stored at – 20oC until MS analysis. 

 

3.3.9.  LC/MS/MS analysis of labeled peptides 

An 8 µl sample injection was chromatographically separated using an Agilent 

1100 series capillary LC system (Agilent Technologies, Inc., Palo alto, CA) coupled on-

line with a LCQ Deca ion trap mass spectrometer (Thermo Scientific, San Jose, CA).  

The reversed-phase capillary HPLC column containing 5µm Jupiter C18 stationary phase 

(Phenomenex, Torrance, CA) was slurry-packed in-house into a 150 µm i.d. x 30 cm 

length capillary (Polymicro Technologies Inc., Phoenix, AZ).  The mobile phase 

consisted of (A) 0.1% formic acid in water and (B) 0.1% formic acid in acetonitrile. BSA 

and ILGF peptides were resuspended to a final concentration of ~ 0.1 ng µl-1, and CEF 

peptides to a final concentration of ~ 1 ng µl-1 in 95% A / 5% B.  The injected sample 

was loaded onto the column with a 1.5 µl/min flow rate at 5% B for 20 min.  A linear 

gradient was then initiated to increase the mobile phase to 95% B over a 30 min period, 

and the composition maintained at 95% B for 20 min to wash the column.  The column 

was equilibrated with 5% A for 60 min prior to the next sample injection.  The eluting 
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peptides were ionized using an in-house manufactured electrospray interface operating in 

the positive ion mode at 2.2 kV.  The instrument was configured to acquire data by 

alternating between a survey MS scan from m/z 400-2000 followed by four tandem 

MS/MS scans on the four most intense precursor ions detected in the survey scan using a 

normalized collision-induced dissociation (CID) energy setting of 45%.  A dynamic mass 

exclusion was set at 2 min to allow the capture and fragmentation of less intense 

precursor ions.  

 

3.3.10.  Peptide identification 

Peptide identification was achieved by searching tandem mass spectra against a 

database containing the ILGF-I and BSA sequences, using TurboSEQUEST (Bioworks 

3.1, Thermo Scientific, San Jose, CA).  Peptides with cross-correlation scores (Xcorr) 

greater than 2.0 for +1 charged precursor ions, greater than 2.0 for +2 charged precursor 

ions, and greater than 2.5 for +3 charged precursor ions, with a delta-correlation score 

(∆Cn) > 0.08 were used for identification.  All searches included a differential 

modification of 170 u and 177 u on Cys and Tyr residues for samples labeled with the 

light and heavy versions of the reagent, respectively.  In addtition, a differential 

modification  of 16 u accounting for oxidation was assigned to methionine residues. 

 

3.4.  Results and discussion 

The labeling reagent was synthesized using Fmoc chemistry (Figure 3.5).  The 

iodoacetyl group is the thiol-reactive moiety that captures Cys peptides.  The rink linker 
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is an acid-labile linker that works like a trityl group.  The acid sensitivity in this linker is 

a consequence of the two electron donating methoxy groups.  Treatment with TFA 

releases the labeled peptide and generates a stabilized carbocation (Figure 3.6).  TIPS, a 

strong nucleophile because of its electron-donating alkyl group, is added as a scavenger 

to minimize acidolyis side-reaction products  other than released peptides [13]. 

The ILGF-I peptide, ALLETYCATPAKSE, was a used as a model Cys peptide to 

establish optimal reaction conditions.  The molecular weight of the unlabeled peptide is 

1496.7 amu.  The light version of the label confers a ∆m=+170.1 u upon reaction with a 

Cys residue, yielding a m/z 1667.8 labeled ILGF-I peptide.  A doubly labeled peptide 

(m/z 1837.9) was detected after initial labeling experiments (Figure 3.7) of 120 min.  

From the product ion spectra, the other site of labeling was determined to be on an 

adjacent tyrosine (Tyr) residue.  As the capture reaction was carried out at pH 8.3, the 

hydroxyl functional group of Tyr, with a pKa of 10.5, readily reacted with the iodoacetyl 

group of the labeling reagent.  A decrease in the incubation time of the reaction to 90 min 

minimized the occurrence of double labeling to < 5%.  Subsequent labeling reactions 

were carried out for 90 min. 

The labeling capacity of the heavy version of the reagent was assessed and found 

to be comparable to the light reagent (Figure 3.8).  Incubation of the model peptide with 

the heavy version of the reagent for 90 min yielded a singly labeled peptide, 7 u heavier 

than the light-labeled peptide (Figure 3.9).  The presence of [13C6 15N] leucine in the 

heavy version of the reagent does not alter the physico-chemical properties of the 

labeling tag, and accounts for the +7 Da, mass difference from the light counterpart. 
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The optimal labeling conditions, as established using the model peptide labeling 

studies, were used to label a sample of BSA.  Incubation of the sample with 5-fold excess 

of reagent, and a series of 5 washes after labeling, yielded more unlabeled peptides than 

labeled peptides.  To maximize labeling, a 10-fold excess of reagent was used, and the 

number of washes after peptide capture was doubled.  These new labeling conditions 

successfully and consistenly labeled at least 10 out of the 35 Cys residues in BSA (Figure 

3.10).   

It is important to note, however, that some unlabeled peptides were still 

recovered, despite the additional washing steps (Figure 3.11).  Some Tyr residues were 

labeled, but only on peptides with at least one labeled Cys residue.  This double labeling 

was observed in less than 5% of recovered peptides containing both a Cys and a Tyr 

residue.  The lack of Tyr labeling on non-Cys peptides suggests that Tyr residues get 

labeled by being in close proximity to the reactive iodoacetamide group of the reagent 

once a neighboring Cys residue has been labeled; this could be prevented by using a 

longer linker.  

The labeling method was also applied to proteome samples of chicken embryo 

fibroblast cell lysates.  After acetone precipitation, the extracted proteome sample was 

dissolved in 50 mM NH4HCO3, pH 8.3, and assessed for protein concentration using the 

BCA assay.  Using the approximation of 25,000 g of protein per mole and 6 Cys per 

protein, 1 mg of extracted protein or protein digest was incubated with up to 20-fold 

excess of CIAST reagent (120 mg for 25 mg/µmol reagent capacity) after a quick 15 min 

reduction reaction with TCEP-HCl.  An aliquot of 1 mg of protein was tryptically 
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digested prior to the CIAST labeling reaction.  After some extensive washing steps, 

standard acid cleavage was carried out to release any labeled peptides.  The peptides were 

analyzed by LC/MS/MS analysis on a NanoAcquity UPLC coupled to a Q-Tof Premier 

mass spectrometer (Waters Corporation, Milford, MA), and searched against an in-house-

built Gallus gallus protein database using IDENTITYE (Waters).  Both workflows 

showed similar results, with less than 30% of the total peptides identified being CIAST-

labeled.  Furthermore, many Tyr peptides were observed (as high as 100% of the labeled 

peptides), suggesting a greater affinity for the CIAST reagent towards Tyr than Cys in 

these reaction conditions.  In addition, despite acetone precipitation, interfering 

substances such as detergents, and protein/peptide mixture complexity may have 

precluded efficient labeling.   

Although this novel solid-phase Cys labeling reagent shows potential in 

quantitative analysis of simple protein samples, preliminary results suggest that further 

optimization is required for proteome applications. 
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3.6.  Figures 

Figure 3.1.  Schematic representation of methods for stable-isotope protein labeling 
for quantitative proteomics. 

a) Proteins are labeled metabolically by culturing cells in media that are isotopically 
enriched (i.e.. containing 15N salts or 13C-labeled amino acids).  b) Proteins are labeled at 
specific sites with isotopically encoded reagents.  The reagents can also contain affinity 
tags, as in the case of ICAT, allowing for the selective isolation of the labeled peptides 
after protein digestion.  The use of chemistries of different specificity enables selective 
tagging of classes of proteins containing specific functional groups.  c) Proteins are 
isotopically tagged by means of enzyme-catalysed incorporation of 18O from 18O water 
during proteolysis.  Each peptide generated by the enzymatic reaction carried out in 
heavy water is labeled at the carboxy terminal end.  In each labeling method, labeled 
proteins or peptides are combined, separated and analysed by mass spectrometry and/or 
tandem mass spectrometry for the purpose of identifying the proteins contained in the 
sample and determining their relative abundance.  The patterns of isotopic mass 
differences generated by each method are indicated schematically.  The mass difference 
of peptide pairs generated by metabolic labeling is dependent on the amino acid 
composition of the peptide and is therefore variable.  The mass difference generated by 
enzymatic 18O incorporation is either 4 Da or 2 Da, making quantitation difficult.  The 
mass difference generated by chemical tagging is one or multiple times the mass 
difference encoded in the reagent.  Figure taken from Aebersold and Maan, Nature 422, 
198-207 (2003) [2].
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Figure 3.2.  Scheme of experiment employing the isotope-coded affinity tag (ICAT) 
technology. 

The ICAT reagent consists of a reactive group capable of labeling a defined amino acid 
side chain (e.g. iodoacetamidyl group to modify cysteine residues), an isotopically coded 
linker, and a tag (e.g. biotin) for the affinity isolation of labeled proteins/peptides.  For 
the quantitative comparison of two proteomes, one sample is labeled with the isotopically 
light (d0) tag and the other with the heavy (d8) version.  To minimize error, both samples 
are then combined, digested with a protease (e.g. trypsin), and subjected to affinity 
chromatography (e.g. immobilized avidin) to isolate labeled peptide.  These peptides are 
then analyzed by LC/MS/MS.  The ratios of signal intensities of differentially mass-
tagged peptide pairs are quantified to determine the relative levels of proteins in the two 
samples.  Figure taken from Adam et al., Mol Cell Proteomics 1, 781-790 (2002) [8]. 
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Figure 3.3.  Scheme of experiment employing the solid-phase isotope tagging  (SIT) 
approach. 

The label is synthesized by applying an o-nitrobenzyl photolabile linker onto 
aminopropyl-coated glass solid-phase.  Using solid-phase peptide synthesis, leucine 
containing 7 atoms of hydrogen or deuterium is attached to the photolabile linker.  A 
sulfhydryl-specific iodoacetate group is attached to the N-terminal leucine.  After 
proteolytic cleavage, one sample is labeled with the light (d0) reagent and another sample 
is labeled with the heavy (d7) reagent.  Both samples are combined, washed and subjected 
to UV-light treatment.  This results in the release of the isotope containing leucine tail 
from the solid-phase.  These peptides are then analyzed by LC/MS/MS.  The signal 
intensity ratios of differentially mass-tagged peptide pairs are quantified to determine the 
relative levels of proteins in the two samples.  Figure taken from Adam et al., Mol Cell 
Proteomics 1, 781-790 (2002) [8]. 
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Figure 3.4.  Cysteinyl peptide labeling using acid-labile isotope-coded extractants 
(ALICE). 

These synthesized labeling reagents contain a thiol-reactive group that labels cysteines 
and can be stable-isotope-incorporated for quantitation.  Unlike ICAT or SIT, these 
reagents have an acid-labile linker that connects the cysteine-containing peptides to a 
non-biological polymer support.  Figure taken from Qiu et al., Anal Chem. 74, 4969-4979 
(2002) [11]. 
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Figure 3.5.  Synthesis of CIAST reagent. 

Using standard Fmoc chemistry for solid-phase peptide synthesis, Rink linker is attached 
to aminopropyl-coated glass beads.  After a deprotection step by removal of the Fmoc 
group, activated Fmoc-Leu-OH is coupled to the linker.  Another deprotection step, 
followed by coupling of SIA introduces a reactive iodoacetyl functional group. 

 

SIA 

N-succinimidyl iodoacetate (SIA) 

Acid cleavage site 

Fmoc-Leu-OH 
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Figure 3.6.  Mechanism for the release of the labeled peptide via cleavage of the 
Rink linker by TFA. 
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Figure 3.7.  Tyrosine labeling by proximity. 

A.  CIAST labeling incubation time of 120 min for the model Cys-peptide resulted in a 
doubly labeled peptide, modified at both the Cys and Tyr residues.  The singly charged 
pair of labeled peptides differ by 170 u, and the doubly charged pair differ by 85 u.  B.  
CIAST labeling incubation time of 90 min for the model Cys-peptide with labeling 
reagent eliminated the production of doubly labeled peptide, with the Cys residue being 
confidently identified as the site of labeling. 
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Figure 3.8.  Determination of CIAST labeling capacity. 

DTNB assay was performed as described in the text.  The depletion of 1.0 µmole of cysteine was monitored over 120 min for both 
the light (square) and heavy (triangle) versions of the CIAST labeling reagent.  A control vial (circle) contained 1.0 µmole of 
cysteine in the absence of the CIAST reagent.
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Figure 3.9.  ILGF-I labeling with the heavy version of the CIAST reagent. 

The MS spectrum from LC/MS/MS analysis reveals a singly labeled ILGF-I peptide as 
the [M+H]+ and [M+2H]2+ ions.  The product ion spectrum of the doubly charged 
precursor reveals confident identification of the labeling site as the Cys residue with 
significant fragment ion coverage. 
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Figure 3.10.  Peptides recovered from BSA using CIAST labeling. 

To illustrate the peptides identified for a typical CIAST labeling of BSA, a list of 
peptides for one of the samples from Figure 2.10.  is presented.  Each peptide sequence 
represents a unique product ion spectrum.  The CIAST label is indicated with an asterix.  
Peptide identification was achieved by searching product ion spectra against a database 
containing the BSA sequence using TurboSEQUEST (Bioworks 3.1, Thermo Scientific, 
San Jose, CA).  Peptides with cross-correlation scores (Xcorr) greater than 2.0 for +1 
charged precursor ions, greater than 2.0 for +2 charged precursor ions, and greater than 
2.5 for +3 charged precursor ions, with a delta-correlation score (∆Cn) > 0.08 were used 
for identification.  All searches included a differential modification of 170.1 u on Cys and 
Tyr residues, and a differential modification of 16.0 u accounting for oxidation of 
methionine residues.  In addition to some labeled Cys peptides (yellow), some unlabeled 
peptides (blue) and a few Cys and Tyr labeled peptides (green) were identified.  No 
peptides with only a labeled Tyr residue were detected.
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-.[K].DDPHAC*Y*STVFDKL[K].H.-
-.[K].DDPHAC*Y*STVFDKL[K].H.-
K.AFDEKLFTFHADIC*TLPDTEK.Q
K.ATEEQLKTVMENFVAFVDK.C
K.ATEEQLKTVMENFVAFVDK.C
K.DDPHAC*YSTVFDKLK.H
K.DDPHAC*YSTVFDKLK.H
K.DDPHAC*YSTVFDKLK.H
K.DDPHAC*YSTVFDKLK.H
K.DDPHAC*YSTVFDKLK.H
K.LFTFHADIC*TLPDTEK.Q
K.LFTFHADIC*TLPDTEK.Q
K.LFTFHADIC*TLPDTEK.Q
K.LFTFHADIC*TLPDTEK.Q
K.LFTFHADIC*TLPDTEK.Q
K.LFTFHADIC*TLPDTEK.Q
K.LFTFHADIC*TLPDTEK.Q
K.LFTFHADIC*TLPDTEK.Q
K.LFTFHADIC*TLPDTEKQIK.K
K.LFTFHADIC*TLPDTEKQIK.K
K.LKPDPNTLC*DEFK.A
K.LKPDPNTLC*DEFK.A
K.PDPNTLC*DEFKADEK.K
K.QNC*DQFEKLGEYGFQNALIVR.Y
K.QNC*DQFEKLGEYGFQNALIVR.Y
K.QNC*DQFEKLGEYGFQNALIVR.Y
K.QNC*DQFEKLGEYGFQNALIVR.Y
K.QTALVELLK.H
K.VASLRETYGDMADC*C*EK.Q
K.YIC*DNQDTISSK.L
K.YIC*DNQDTISSK.L
K.YIC*DNQDTISSK.L
K.YIC*DNQDTISSK.L
K.YIC*DNQDTISSK.L
K.YIC*DNQDTISSK.L
K.YIC*DNQDTISSK.L
R.ALKAWSVAR.L
R.ALKAWSVAR.L
R.ALKAWSVAR.L
R.LC*VLHEK.T
R.LC*VLHEK.T
R.LC*VLHEK.T
R.LC*VLHEK.T
R.LC*VLHEK.T
R.LC*VLHEK.T
R.M#PC*TEDYLSLILNR.L
R.M#PC*TEDYLSLILNR.L
R.M#PC*TEDYLSLILNR.L
R.M#PC*TEDYLSLILNR.L
R.MPC*TEDYLSLILNR.L
R.MPC*TEDYLSLILNR.L
R.MPC*TEDYLSLILNR.L
R.MPC*TEDYLSLILNR.L
R.MPC*TEDYLSLILNR.L
R.MPC*TEDYLSLILNR.L
R.MPC*TEDYLSLILNR.L
R.RPC*FSALTPDETYVPK.A
R.RPC*FSALTPDETYVPK.A

MKWVTFISLLLLFSSAYSRGVFRRDTHKSEIAHRFKDLGEEHFKGLVLIAFS
QYLQQCPFDEHVKLVNELTEFAKTCVADESHAGCEKSLHTLFGDELCKVA
SLRETYGDMADCCEKQEPERNECFLSHKDDSPDLPKLKPDPNTLCDEFKA
DEKKFWGKYLYEIARRHPYFYAPELLYYANKYNGVFQECCQAEDKGACLL
PKIETMREKVLTSSARQRLRCASIQKFGERALKAWSVARLSQKFPKAEFVE
VTKLVTDLTKVHKECCHGDLLECADDRADLAKYICDNQDTISSKLKECCDK
PLLEKSHCIAEVEKDAIPENLPPLTADFAEDKDVCKNYQEAKDAFLGSFLYE
YSRRHPEYAVSVLLRLAKEYEATLEECCAKDDPHACYSTVFDKLKHLVDEP
QNLIKQNCDQFEKLGEYGFQNALIVRYTRKVPQVSTPTLVEVSRSLGKVGT
RCCTKPESERMPCTEDYLSLILNRLCVLHEKTPVSEKVTKCCTESLVNRRP
CFSALTPDETYVPKAFDEKLFTFHADICTLPDTEKQIKKQTALVELLKHKPKA
TEEQLKTVMENFVAFVDKCCAADDKEACFAVEGPKLVVSTQTALA

10/35 labeled Cys residues
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CHAPTER 4 

 

Quantitative proteomic analysis of virus reactivation of lymphoblastoid cells 

transformed with Marek’s Disease Virus 
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4.1.  Abstract 

Marek’s disease virus (MDV) infection of susceptible genotypes of chickens 

causes T cell lymphomas.  Although the disease symptoms have been controlled through 

vaccination strategies, infection is not prevented and the virus continues to replicate, 

spread horizontally and evolve into more virulent strains.  In an effort to gain insight on 

the mechanism that confers resistance to transformation in non-susceptible chickens, 

studies have been carried out on in vitro-cultured MD tumor cell lines.  These 

lymphoblastoid cells are a good system to study MDV-induced cellular transformation as 

the virus is present in its latent stage, but can be chemically reactivated.  A time course 

experiment was designed to monitor both host and virus proteome changes up to 36 h 

post virus reactivation for lymphoblastoid cell lines MDCC-RP2 and MDCC-CU115.  A 

data-independent mass spectrometry acquisition method known as LC/MSE was 

implemented to measure changes along the time course.  Data were processed and 

statistically analyzed using the Rosetta Elucidator System to generate 385 differentially 

expressed proteins including 3 MDV proteins in MDCC-RP2 cells and 788 differentially 

expressed proteins including 33 MDV proteins in MDCC-CU115 cells.  This is the first 

endeavor to characterize host and viral protein expression profiles induced after MDV re-

activation. 

 

4.2.  Introduction 

Marek’s disease virus (MDV) is an oncogenic α-herspevirus that causes multiple 

lesions in peripheral nerves as well as tumors in visceral organs of susceptible genotypes 
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of domestic chicken and other species of poultry [1].  Marek’s disease affects both 

commercial and backyard poultry and may result in death or severe production loss, 

making it the most costly viral disease in the poultry industry [2, 3].  Release of cell-free 

virus from the feather follicle epithelium (FEE) through shedding of feathers and skin 

flakes from infected chickens has been shown to be the mechanism by which the virus is 

spread [4], as infection occurs naturally through inhalation of virus-containing dust and 

dander [5].  While in the lungs, MDV-infected macrophages begin to migrate to 

peripheral lymphoid tissues, and cytolysis is induced in B cells from 3 days post-infection 

(dpi).  Subsequently, around 7 to 10 dpi, MDV enters its latency in infected, recruited 

CD4+ T cells.  In genetically susceptible chickens, latency is followed by a second 

cytolytic phase and transformation of CD4+ T cells, resulting in the generation of tumors 

in various organs [6].  In resistant chickens, the virus remains perpetually latent. The 

mechanism for the switch from latency to the second cytolytic phase is unknown.   

Although vaccination campaigns have been developed to control the disease by 

preventing tumor development and curbing mortality, none of the current vaccines are 

able to completely block virus multiplication and shedding at the FFE, driving the 

continued evolution of more virulent field virus strains [7].  A better understanding of 

viral pathogenicity, with specific regards to the switch from latency, would be greatly 

insightful in identifying targets for future therapeutic endeavors. 

Global gene expression profiling has been used to identify genes that are 

differentially expressed in response to MDV infection [8].  Morgan et al. [9] initially 

studied the changes in host cell gene expression in chicken embryo fibroblasts (CEF) 
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after MDV infection, and found that genes involved in inflammation, cell growth, antigen 

presentation, apoptosis, signal transduction and transcription and interferon-mediated 

responses had increased expression in infected cells compared to mock-infected control 

cells.  Other microarray studies aimed to measure responses to MDV infection of MD 

resistant and MD susceptible chickens identified consistently differentially expressed 

genes that represent prime targets for future studies of resistance to MD [10, 11].  

Examining the host response to vaccination in MDV infected chickens has also provided 

additional insight into the immune response.[12]  More recently, host responses during 

the various stages of viral pathogenesis were studied, with a marked difference between 

gene expression at the lytic and latent stages of infection [13].   

Despite the wealth of knowledge afforded by gene transcript profiles in 

discovering important genes and pathways involved in pathogenesis and immunity, 

transcriptome analyses lack information regarding protein expression and post-

translational modifications.  Increasing numbers of proteome-wide studies in the area of 

MD have begun to emerge.  A comprehensive qualitativeproteomic analysis of the MDV-

transformed cell line, UA-01, by 2D-LC/MS/MS has revealed several predominant 

biological processes consistent with the cancer phenotype of the UA-01 cells, and 

inferred the involvement of the integrin and extracellular signal-regulated 

kinase/mitogen-activated protein kinase (ERK/MAPK) pathways in metastasis from the 

proteins expressed [14].  A quantitative proteomic analysis of host responses to MDV 

infection in spleens of genetically resistant and susceptible chickens has also been 

reported and revealed some differentially expressed proteins that may be important in the 
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underlying mechanism of genetic resistance to MD [15].  We previously reported a 

modified multi-dimensional LC/MS/MS analysis of MDV infected and mock-infected 

CEF which allowed the simultaneous identification of host and MDV proteins including 

some phosphoproteins [16].  Although the study was only a qualitative comparison, the 

utility of the approach was its amenability to stable isotope coding for quantitative 

analysis. 

The most commonly used approaches for relative peptide and protein quantitation 

by mass spectrometry rely on stable isotope coding where stable isotopes are 

incorporated metabolically in SILAC [17] or by means of chemical tagging [18].  These 

methods are capable of capturing fairly accurate relative quantitative information, but 

sample numbers often exceed the number of available analytical tags per experiment.  In 

addition, labeling reagents can be costly, and the labeling process can introduce 

additional variation or bias. 

As an alternative, label-free approaches to peptide and protein quantitation by 

mass spectrometry have been developed [19-22].  The most common label-free methods 

utilize either spectral counting or ion intensity comparisons.  The spectral count method 

is where the total number of recorded product ion spectra of peptides from a given 

protein in a given LC/MS/MS analysis is used to compare differential abundance between 

samples, based on the fact that protein abundance correlates with the number of product 

ion spectra collected for its peptides.  Comparison of ion intensities is a method where 

LC/MS runs are compared to identify differentially abundant ions at specific m/z and 

retention times, based on precursor signal intensity.  Typically the average intensity of 
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the three most intense peptides of a particular protein is linearly proportional to the 

concentration of the protein and is used for quantification [23]. 

Data-dependent acquisition has been a limiting factor of the quality of 

information generated, as some low abundant precursor ions are not selected for 

fragmentation.  To eliminate this analytical restriction, a label-free quantification method 

using a new data acquisition method known as LC/MSE was introduced for Q-Tof mass 

spectrometers.  For this method, alternating scans of low collision energy and elevated 

collision energy during LC/MS analysis are used to obtain both protein identification and 

protein quantification data in a single experiment [23, 24].  The low-energy scan mode is 

used to obtain accurate precursor ion mass and intensity data for quantification, while the 

elevated collision energy mode generates fragmentation of all peptide precursors with 

associated accurate mass product ion information for database searching and subsequent 

protein identification.  Unlike data-dependent LC/MS/MS, where the most abundant 

precursors in an MS scan are sequentially subjected to MS/MS fragmentation, MSE 

utilizes parallel, multiplex fragmentation, where all peptide precursors are simultaneously 

fragmented throughout the chromatographic separation process, regardless of intensity.  

This allows identification of lower abundance peptides and provides increased proteome 

coverage and dynamic range of protein identification compared to data-dependent 

LC/MS/MS analysis.[25]  In addition, the LC/MSE mode of acquisition preserves the 

chromatographic profile of all the detected peptides and their associated fragment ions in 

a consistent and reproducible fashion [26].  These attributes of the LC/MSE approach 

enable the use of the integrated peptide peak area measurements for protein 
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quantification.  In combination with high resolution and reproducible chromatographic 

methods such as Ultra Performance LC (UPLC), this data-independent approach is better 

suited for quantification.  Quantification using the LC/MSE approach is based on the 

principle that both the precursor ions and product ions share the same chromatographic 

elution profile and apex retention time (RT).  With the afforded mass measurement 

accuracy on both the product and precursor ions, the product ions are time-aligned and 

correlated to precursor ions to generate a list of exact mass retention time (EMRT) 

signatures.  The relative intensities of EMRTs from different biological samples are 

correlated to the differences in protein abundance. 

Lymphoblastoid cell lines (LBCLs) have been established from MDV-induced 

tumors [27] to serve as models for latency as well as transformation.  The presence of 

mostly CD4+ supports the theory that transformed cells arise from the pool of latently 

infected T cells [28].  Most lytic genes are not expressed in these cell lines, but treatment 

with iododeoxyuridine and other nucleoside analogs induces expression of lytic genes 

and production of viral antigens [29].  This makes these cell lines a great model to study 

latency and virus reactivation.  In an effort to identify proteins involved in MDV-induced 

transformation, MDV transformed T-cell lines were chemically reactivated and 

expression proteomic studies using UPLC/MSE were carried out at 0 h, 12 h and 36 h 

post reactivation. 
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4.3.  Experimental procedures 

4.3.1.  Materials 

Sequencing grade-modified trypsin was from Promega (Madison, WI).  

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

Aldrich (Milwaukee, WI).  Ammonium bicarbonate was from Fluka (Milwaukee, WI).  

Water was distilled and purified using a High-Q 103S water purification system 

(Wilmette, IL).  All other chemicals and reagents were from Sigma/Aldrich/Fluka or 

Thermo Fischer Scientific (San Jose, CA) and of highest purity unless otherwise stated. 

 

4.3.2.  Tumor cell line growth and MDV reactivation 

T cell lymphoma cell lines MDCC-RP2 and MDCC-CU115 were grown in 

RPMI-1640 medium containing 10% FCS, 10% tryptose phosphate broth and 1% sodium 

pyruvate.  Cell cultures were maintained in 5% CO2 at 41 oC.  Viral reactivation was 

carried out with a 2 mM n-butyrate treatment, and cells were collected at 0 h, 12 h and 36 

h after reactivation. 

 

4.3.3.  Protein extraction 

Cells were lysed with 10 mM sodium phosphate buffer, pH 7.0, 0.5% SDS.  Cell 

debris was removed by centrifugation at 16,000 x g, and the collected supernatant was 

analyzed for protein content by the BCA assay (Thermo Fischer Scientific).  For each 

sample, 2 aliquots of 40 µg of protein were loaded on a NuPAGE Novex Bis-Tris 1.5 mm 

4-12% Mini Gel (Invitrogen, Carlsbad, CA) and electrophoresed for 40 min at 200 V.  
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Each gel was stained for 4 h using the Colloidal Blue Stain Kit (Invitrogen, Carlsbad, 

CA) and destained overnight in water.  For each lane, 10 gel slices of 5-10 mm were 

excised down the entire length of the gel.  The gel fractions for replicates corresponding 

to the same horizontal row were pooled, subsequently destained with 100 mM NH4HCO3, 

pH 8.3 : acetonitrile (1:1, v:v), reduced with dithiothreitol, alkylated with iodoacetamide 

and in-gel digested with trypsin as previously described [30]. 

 

4.3.4.  Mass Spectrometry analysis 

Each digested protein sample was spiked with pre-digested yeast alcohol 

dehydrogenase (ADH) (Waters Corporation, Milford, MA) at a level of 150 fmol per 10 

µl injection.  Samples were analyzed by data-independent LC/MSE analysis using a 

NanoAcquity ultra-performance liquid chromatograph (UPLC) in line with a Premier 

quadrupole time-of-flight (QToF) mass spectrometer equipped with a nanolockspray ion 

source (Waters).  Samples were injected on-line onto a Waters Symmetry C18 trapping 

cartridge (300 µm i.d. x 1 cm length) at a flow rate of 10 µl/min.  Peptides were separated 

by in-line gradient elution onto a 75 µm i.d. x 25 cm column packed with BEH C18 

stationary phase (Waters), 1.7 µm particle size, at a flow rate of 300 nL/min using a linear 

gradient from 2-40% B over 60 min (A = 0.1% formic acid in water, B = 0.1% formic 

acid in acetonitrile).  The gradient was then set to 95% B and maintained for 6 min, 

before being returned to initial mobile phase composition.  Each analysis consisted of an 

85 min of acquisition with alternating 2 s scans of low (4 V) or elevated (step from 10-32 

V) collision energy.  Glu-1-Fibrinopeptide B at a concentration of 200 fmol/µl (m/z 
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785.8426) was infused via the nanolockspray ion source at a flow rate of 600 nl/min and 

sampled every 30 s as the external mass calibrant. 

 

4.3.5.  Data processing and database searching 

Each raw data file was processed using ProteinLynx Global Server (PLGS) 

software (version 2.4; Waters) to generate charge state reduced and deisotoped precursor 

mass lists and associated product ion mass lists (pkl files) for subsequent protein 

identification and quantification.  Each pkl file was then searched against a protein 

database using the IdentityE search algorithm within PLGS 2.4 to generate ion accounting 

files of annotated peptides and proteins [31].  The protein database was compiled by 

downloading the nonredundant protein database (nrpd) from the National Center for 

Biotechnology Institute (NCBI; 11/18/09), creating an avian nrpd subset and an MDV 

fasta database as  previously described [32].  Default mass accuracy search parameters 

(10 ppm for precursor ions and 15 ppm for product ions) were used for database 

searching, with at least three product ions per peptide, seven product ions per protein, and 

one peptide per protein required as matching criteria [33].  Up to one missed tryptic 

cleavage site was permitted and a fixed carbamidomethyl-Cys modification was used.  

The following variable modifications were included in the database search parameters:  

acetylation of the N-terminus, deamidation of Asn and Gln, oxidation of Met, 

dehydration of Ser and Thr, and phosphorylation of Ser, Thr, and Tyr. 
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4.3.6.  Feature extraction 

Raw MS spectra, pkl files, ion accounting files and the protein database were 

imported into Rosetta Elucidator (v3.3, Ceiba Solutions, Cambridge, MA).  Retention 

time (RT) alignment, feature identification, and feature extraction across the entire 

chromatographic time profile were performed using the PeakTeller algorithm.  This 

algorithm performed a dynamic background substraction and smoothing across the 

alignment window (both in RT and m/z dimensions) and used a maximum alignment 

mass accuracy of 60 ppm and time correction of ± 4 min.  Each feature (RT x m/z 

surface) was scored a goodness of fit where a score of 0 indicated uncorrelated 

intensities, and a score of 1 corresponded to the ideal peak shape.  Only features with 

scores of greater than 0 and 0.5 for time and m/z, respectively, were saved.  After an 

initial principal component analysis (PCA) of aligned data for technical replicates, the 

two most clustered replicates were selected and used for subsequent analysis. 

 

4.3.7.  Protein annotation 

For each cell line, the experiment definition was described in Elucidator as a 

differential multidimensional LC workflow with three time points (0 h, 12 h, and 36 h 

post virus reactivation) that include 10 fractions, each of which included two technical 

replicates.  Retention time alignment, feature identification, and feature extraction across 

the entire chromatographic time profile were performed using the PeakTeller algorithm.  

Features with scores of greater than 0 and 0.5 for time and m/z, respectively, were saved 

and annotated with IdentityE results from imported pkl and ion accounting files.  
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Statistical determination of differentially expressed features was carried out by first 

performing intensity scaling (conversion to Z-scores) 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 between runs.  Scaled intensities were then combined within time points, 

including all fractions, by the sum squeeze method to output protein IDs.  An error-

model-based transformation algorithm was used to combine data of all fractions and 

replicates per time point and to transform these data to account for homogenous variance.  

Data were statistically analyzed by analysis of variance (ANOVA) and only high quality 

protein IDs with a p-value ≤ 0.01 were retained. 

 

4.3.8.  Identification of similar protein expression patterns 

For each cell line, expression data signals of annotated proteins were compared 

across all three time points.  Only proteins annotated in all combined data with a p-value 

≤ 0.01 were included in the trend plot.  A self organizing map (SOM) algorithm was used 

to cluster the data into 9 different expression patterns with an error-weighted cosine 

correlation as the similarity measure.  Expression patterns were clustered with a cutoff of 

p-value ≤ 0.01, and only proteins identified in all time points were retained. 

 

4.3.9.  Protein localization and functional analysis 

Data were analyzed through the use of the demo version of Ingenuity Pathways 

Analysis [34].  GI Numbers from each expression pattern cluster were uploaded into the 

application, mapped to their corresponding objects in Ingenuity’s Knowledge Base and 
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designated a cellular location.  The Functional Analysis application identified the 

biological functions that were most significant to the dataset.  Right-tailed Fisher’s exact 

test was used to calculate a p-value determining the probability that each biological 

function assigned to that data set is due to chance alone. 

 

4.4.  Results and discussion 

4.4.1.  Sample preparation  

A previous proteomic study of MDV-infected and mock-infected CEF cells 

utilized an NP-40-supplemented lysis buffer and an acetone precipitation step to extract 

proteins [16].  A comparison of different lysis conditions revealed that SDS-

supplemented buffer increases protein recovery and acetone precipitation accounts for a 

significant loss of protein (Figure 4.1).  Therefore for this study, an SDS-based lysis 

buffer was used and the acetone precipitation step was omitted. 

Detergents such as SDS can interfere with mass spectrometry analysis.  To 

circumvent the interference of SDS with mass spectrometry analysis while adding a 

dimension of protein fractionation, the extracted proteome was separated by SDS-PAGE.  

Equal amounts of protein were loaded and separated in a similar fashion across time 

points and cell lines (Figure 4.2).  Bands were cut down the length of the gel as shown, 

and replicates corresponding to the same horizontal row were pooled prior to standard in-

gel digestion.  Each gel fraction was analyzed in triplicates by LC/MSE with a 150 fmol 

alcohol dehydrogenase standard peptide digest (Waters) added to each sample to serve as 

an internal standard.  Sample injections were randomized to minimize sampling errors, 
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and a 250 fmol injection of phosphorylase B standard peptide digest (Waters) was queued 

up every 10 injections and used to monitor instrument operation and sensitivity during 

the course of the experiment. 

 

4.4.2.  Differential protein expression patterns 

The PeakTeller algorithm was executed through an image processing pipeline, 

where time and m/z were plotted on two axes and intensity was represented by brightness 

of color.  Spectra were aligned across runs while removing noise and background to 

create peak regions referred to as features.  The Elucidator System corrected for run-to-

run LC retention time variability and matched and detected features across multiple 

replicates and conditions.  Due to a noticeable shift in RT over the course of the 

experiment, features with RT scores of greater than 0 were saved and a more stringent 

selection was defined in the m/z dimension.  After an initial PCA of aligned technical 

replicates, one technical replicate per sample was discarded (Figure 4.3).  Alignment of 

fraction replicates and combining of features for all fractions yielded a total of 677,266 

features and 1,023,458 features for RP2 and CU115, respectively.   

After pkl files were loaded and features were matched to their corresponding ions 

with a p-value ≤ 0.01, RP2 was left with 93,266 annotated features accounting for 23,301 

peptides and 3,003 proteins, and CU115 retained 144,208 annotated features 

corresponding to 38,540 peptides and 4,180 proteins.  After further statistical analysis, 

namely ANOVA, 524 and 1,013 proteins with p-values of less than 0.01 were retained 

for RP2 and CU115, respectively.  PCA of the ANOVA-significant combined data at the 
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peptide level (Figure 4.4) and protein level (Figure 4.5) shows greater inter- than intra-

treatment variation of both analyses, a testament of good technical reproducibility.  In 

addition, manual verification of peptide identification at the MS level substantiated the 

confidence of both peptide and protein assignments (Figure 4.6). 

To confidently illustrate trends of protein expression, only proteins which were 

identified in all three time points were retained after performing an intensity scaling 

transformation to Z-scores (424 for RP2 and 839 for CU115).  Similar expression 

patterns were clustered using the SOM algorithm and the data were summarized in Figure 

4.7 and Figure 4.8 for RP2 and CU115, respectively.  As indicated by manual plots of the 

spiked ADH internal standard, proteins that were not differentially expressed between all 

three time points were neither plotted nor clustered.  To evaluate the quality of the data, a 

protein recognized as differentially expressed in RP2 was verified manually to confirm its 

expression profile trend from identified features (Figure 4.9).  

 

4.4.3.  Protein localization 

Each cluster of proteins was uploaded as a dataset in Ingenuity.  Out of the 385 

proteins that were differentially expressed in RP2, 263 (68%) were matched to an entry in 

IPA.  In the case of CU115, 520 out of 788 (66%) proteins were annotated with a cellular 

location.  The localizations of the matched proteins were compared between the two cell 

lines (Figure 4.10).  For RP2, the number of unique proteins identified was 50% less than 

in CU115, and 32% of the annotated proteins localized to the cytoplasm compared to 
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40% of the annotated CU115 proteins.  Nuclear proteins accounted for 21% of the IPA 

annotated proteins from the RP2 cell line and 24% of the proteins from CU115. 

Because the SOM algorithm models similar patterns depending on the given data 

set, the time profiles are different for RP2 and CU115.  In order to draw some 

conclusions regarding similar expression between the two cell lines, the time profiles 

were examined and categorized based on the time point with the highest intensity.  For 

some time profiles, the apex of the protein trend was either ambiguous, or at two distinct 

time points.  Those profiles were assigned to more than one time point, so that in RP2, 

upregulation at 0 h was represented by time profiles 4, 5 and 6; 12 h by time profiles 2, 5 

and 7; and 36 h by time profiles 1, 3, 8 and 9 (Figure 4.11).  For the CU115 cell line, 

upregulation at 0 h post viral reactivation was represented by time profiles 3, 5 and 7; 12 

h by time profiles 1, 4, 6 and 8; 36 h by time profiles 2, 5 and 9 (Figure 4.12).  To assess 

the changes across time points, the annotated cellular localizations for those combined 

time point datasets were charted for RP2 (Figure 4.13) and CU115 (Figure 4.14).  An 

increase in the proportion of cytoplasmic proteins at 12 h post viral reactivation is 

observed in both cell lines.  This is consistent with the concept of increased cellular 

activity due to virus reactivation. 

 

4.4.4.  Protein functional analysis 

A preliminary look at the significant protein functions interpreted by a free trial 

version of Ingenuity revealed that many proteins that are differentially expressed during 

the time course are involved in molecular and cellular functions ranging from cell cycle 
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regulation, to cell signaling and post-translational modification.  The threshold is set at p-

value = 0.01 to illustrate the statistical significance of those assigned functions.  Analysis 

of the 36 h post virus reactivation time point in RP2 was not included due to restrictions 

attached to the free trial from the software provider.  A look at the most significant 

molecular and cellular functions assigned to the proteins clustered to peak at 0 h post-

virus reactivation in CU115 (Figure 4.15) reveals that post-translational modification 

(PTM) is one of the most significant functions assigned for that time point and not the 

other two.  This makes sense considering that signaling events modulated by PTMs 

would be the first concern of the cell in response to virus reactivation.  A ranking of the 

most significant functions assigned to proteins clustered to peak at 12 h for RP2 reveal 

cell signaling, drug metabolism, molecular transport and nucleic acid metabolism as 

important functions (Figure 4.16).  Those functions rank low on significance in the other 

time points and may prove important in the onset of transformation.  These results are 

just preliminary as no further investigation of functional pathways was carried out in 

Ingenuity. 

 

4.4.5.  MDV protein identification 

Of the 385 proteins differentially expressed over the time course experiment in 

RP2, only 3 MDV proteins were identified.  DNA packaging protein UL32 was in time 

profile 1, peaking at 36 h post virus activation, while ICP4 was most expressed at 12 h 

after re-infection.  ICP4 has been reported in the literature as being an immediate early 

gene responsible for transactivating other genes and is involved in the maintenance of 
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transformation of MDCC-MSB1, another MDV-transformed lymphoblastoid cell line 

(35).  Our data supports the literature as ICP4 is one of the proteins that cluster in group 

7. 

For CU115, 33 MDV proteins were found to be differentially expressed out of the 

clustered 788.  Most of those proteins (73%) are more abundant at 12 h and 36 h post 

virus reactivation.  One protein, however, tegument protein VP22 was clustered in group 

5, one of the ambiguous cluster groups with two possible maximum abundances at 0 h 

and 36 h post virus reactivation.  However, a trend plot of the individual protein indicated 

a general increase over time, with the highest abundance at 36 h post virus reactivation. 

Overall, the expression of MDV proteins is concurrent with virus reactivation, as 

the virus was awaken from a state of latency, to a lytic phase of virus replication and 

production. 

 

4.5.  Conclusion 

This label-free approach presented a successful quantitative proteomic analysis of 

Marek’s disease virus transformed cell lines at three different time points post virus 

reactivation.  The combination of an efficient lysis buffer and a gel-based protein 

fractionation step yielded a total of 524 and 1013 proteins identified with p-values less 

than 0.01 for RP2 and CU115, respectively.  The identification of 385 and 788 

differentially expressed host and virus proteins in RP2 and CU115 respectively is of 

significance, as only proteins that were confidently detected at each time point were 

included.  The reproducibility of analysis was assessed and proven consistent among 
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technical replicates, and the differences between the two cell lines show altering 

behaviors upon virus reactivation.  To complement this analysis, a T-lymphoma cell line 

derived from MDV1-BC1 strain-induced tumors and a reticuloendotheliosis virus T 

transformed T cell lymphoma cell line as an MDV-negative transformed cell line could 

be studied and shed more light on the pathways involved in virus reactivation. 
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4.8.  Figures 

Figure 4.1.  Protein recovery comparison between extraction methods. 

Absolute quantification by LC/MSE was used to compare four methods of extracting CEF 
proteins.  Cells were lysed with either an NP-40 or an SDS-supplemented lysis buffer, 
and were either acetone precipitated or not acetone precipitated.  A.  Number of unique 
proteins identified from each extraction method indicated that SDS-based lysis buffer and 
the omission of acetone precipitation was the most efficient extraction method.  B.  
Comparison of the number of proteins recovered without acetone precipitation indicated 
that the SDS-supplemented buffer is 25% more efficient than the NP-40-based buffer in 
extracting proteins.  C.  Comparison of the number of proteins recovered using SDS-
based lysis buffer indicated a dramatic reduction in the number of unique proteins 
identified with the addition of an acetone precipitation step. 
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Figure 4.2.  1-D SDS PAGE fractionation of cellular proteins. 

Each cell lysate (40 µg per lane) was separated by SDS-PAGE.  Each lane was divided 
into 10 sections and proteins were in-gel digested with trypsin and analyzed in triplicate 
by data-independent LC/MSE.
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Figure 4.3.  Principal component analysis of aligned data to reveal replicate outliers. 

Data reduction allows the visualization of the relationship between multiple samples in 
only 3 dimensions to reveal the distance relationship between each sample.  Three 
technical injections were compared for each sample, and in this case, replicate 2 was 
removed from subsequent analyses. 
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Figure 4.4.  Principal component analysis of precombined peptide data. 

Principal component analysis of a peptide (YELVDISQDNALR of protein 
‘PREDICTED: similar to P1725’) identified in all time points reveals that intra-group 
variance (technical replicates) is smaller than inter-group variance (time points).
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Figure 4.5.  Principal component analysis of protein data. 

Principal component analysis of protein ‘PREDICTED: similar to P1725’ identified in all 
time points reveals that intra-group variance (technical replicates) is smaller than inter-
group variance (time points).



 166

Peptide: VYSTSVTGSR Protein: PREDICTED: similar to P1725 [Gallus gallus]

Peptide: YELVDISQDNALR Protein: PREDICTED: similar to P1725 [Gallus gallus]

 

Figure 4.6.  Peptide sequence elucidation by Rosetta biosoftware.  

For a protein ‘PREDICTED: similar to P1725’ identified in RP2, manual verification of 
peptide identification was performed.  Each peptide identified is displayed with its 
respective MS spectrum, product ion spectrum and peptide sequence coverage. 
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Figure 4.7.  Clustering of differentially expressed proteins in RP2. 

A.  Heat map of SOM clustering.  The top left color bar represents the Z-score coloring 
scheme in the heat map.  A total of 9 protein time profiles of similar expression patterns 
are represented illustrating Z-score transformed intensities at 0 h, 12 h and 36 h post virus 
reactivation for RP2.  B.  Trend plot of the differentially expressed proteins in RP2.  The 
x-axis displays the time points and the y-axis represents Z-scores of intensity.  Lines are 
colored according to the time profile groups represented in panel A.  C.  Individual trend 
plots of distinctive time profiles from Panel A.  D.  Trend plot of the ADH internal 
standard added to each RP2 sample prior to MS analysis.   

.
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Figure 4.8.  Clustering of differentially expressed proteins in CU115. 

A.  Heat map of SOM clustering.  The top left color bar represents the Z-score coloring 
scheme in the heat map.  A total of 9 protein time profiles of similar expression patterns 
are represented illustrating Z-score transformed intensities at 0 h, 12 h and 36 h post virus 
reactivation for CU115.  B.  Trend plot of the differentially expressed proteins in CU115.  
The x-axis displays the time points and the y-axis represents Z-scores of intensity.  Lines 
are colored according to the time profile groups represented in panel A.  C.  Individual 
trend plots of distinctive time profiles from Panel A.  D.  Trend plot of the ADH internal 
standard added to each CU115 sample prior to MS analysis.  
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Figure 4.9.  Protein expression profile from feature intensity data  

For a protein ‘PREDICTED: similar to p1725’ differentially expressed in RP2, the 
aligned data of three time points and two technical replicates are shown.  The feature 
intensities are transformed to Z-scores and are profiled on a trend plot. 
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Figure 4.10.  Cellular localization distribution of annotated differentially expressed 
proteins from RP2 and CU115. 

Only proteins that were matched with an entry in the Ingenuity Pathway Analysis 
database are shown in this figure. In RP2, 263 proteins representing 68% of the total 
number of differentially proteins identified are displayed.  For CU115, 520 proteins 
representing 66% of the total number of differentially proteins identified are displayed.
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Figure 4.11.  Cellular localization distribution of annotated differentially expressed 
proteins at 0 h, 12 h and 36 h post-virus reactivation in RP2. 

Each cluster of differentially expressed proteins was designated a time point at which 
protein expression was at its peak, except in the case of cluster 5 (refer to Figure 4.5) 
which was designated to both 0 h and 12 h.  Only proteins that were matched in the IPA 
database are shown. 
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Figure 4.12.  Cellular localization distribution of annotated differentially expressed 
proteins at 0 h, 12 h and 36 h post-virus reactivation in CU115. 

Each cluster of differentially expressed proteins was designated a time point at which 
protein expression was at its peak, except in the case of cluster 5 (refer to Figure 4.6) 
which was designated to both 0 h and 36 h.  Only proteins that were matched in the IPA 
database are shown.
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Figure 4.13.  Significant molecular and cellular functions assigned to identified 
differentially expressed proteins in CU115 at 0 h post-virus reactivation. 

Bar graph representation of significant functions of proteins identified for RP2 at 0 h and 
12 h after virus reactivation, and for CU115 at 0 h, 12 h, and 36 h post-virus reactivation, 
based on the most significant functions assigned to CU115 at 0 h .  The threshold line is 
set at p-value = 0.05. 
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Figure 4.14.  Significant molecular and cellular functions assigned to identified 
differentially expressed proteins in RP2 at 12 h post-virus reactivation. 

Bar graph representation of significant functions of proteins identified for RP2 at 0 h and 
12 h after virus reactivation, and for CU115 at 0 h, 12 h, and 36 h post-virus reactivation, 
based on the most significant functions assigned to RP2 at 12 h .  The threshold line 
represents p-value = 0.05. 
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