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Abstract

Dynamic modification of cell proteins with phosphate is one of the key regulators of the cellular 

response to external stimuli. Phosphorylation-based signaling networks mediate cell proliferation, 

differentiation, and migration, and their dysregulation is the basis of multiple diseases. However, 

the transient nature of the regulatory protein phosphorylation and low site occupancy mean that 

only a fraction of the protein is phosphorylated at a given time, and it is a challenge to measure the 

degree and dynamics of phosphorylation using traditional biochemical means. Technological 

advances in the field of mass spectrometry (MS) made it possible to generate large sets of 

phosphoproteomics data, probing the phosphoproteome with great depth, sensitivity, and accuracy. 

Therefore, quantitative phosphoproteomics emerged as one of the essential components of the 

systems biology approach for profiling of complex biological networks. Nowadays, the challenge 

lies in validation of the information and in its integration into the comprehensive models of cell 

decision processes. This article reviews the role of phosphoproteomics in systems biology, the 

MS-based approach, and technical details of the methods. Recent examples of quantitative 

measurements and methodologies as well as applications to the studies of the immune system and 

infectious diseases are presented and discussed.

INTRODUCTION

The aim of systems biology is to understand the mechanisms ruling the biological systems, 

and to create dynamic models, which can then be used to predict the possible outcomes of 

various perturbations of a system. Although usually hypothesis-driven, systems biology 

relies on collection of large sets of quantitative measurements of changes in the biological 

components of a system, such as a cell or a population of cells. The components, e.g., 

transcripts, proteins, protein modifications, and interactions between molecules are dynamic 

and their spatial and temporal distributions are essential for building reliable and testable 

models. The recent technological advancements made accurate measurements of many 

components at once possible, quick, and reproducible.

MS has long been a method of choice for detection of peptides, proteins, and protein 

modifications in biological preparations. Only recently, however, identification and 
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quantification of many proteins in complex biological mixtures have become possible with 

the development of experimental and computational methodologies.

Protein phosphorylation is a ubiquitous post-translational modification (PTM), which, due to 

its reversible and dynamic nature, is crucial in signal transduction, regulating processes like 

cell proliferation, metabolism, motility, membrane transport, and apoptotic cell death.1 The 

impact of individual phosphorylation events on cell behavior is immense and deciphering 

them is key for the systems biology approach to cellular signaling networks.2

Proteins can be reversibly phosphorylated on serine, threonine, and tyrosine residues. The 

process is enzymatically catalyzed by protein kinases and phosphate groups are removed 

from proteins by phosphatases. Phosphoproteomics is defined as the study of the 

complement of proteome that undergoes phosphorylation, the stoichiometry of the protein 

phosphorylation status at individual residues, and the changes in phosphorylation in 

response to perturbations. Currently, there are 78,783 vertebrate phosphorylation sites in the 

PhosphoSite database (http://www.phosphosite.org), 20,002 sites from different eukaryotic 

species in the PhosphoELM database (http://phospho.elm.eu.org/), and 70,095 sites from 

eukaryotes and bacteria in the Phosida database (http://www.phosida.org/).

Tyrosine phosphorylation is especially intriguing, because, despite its ultra low abundance 

[it was initially estimated to constitute 0.05% of the phosphoproteome,3 but recent large-

scale studies4 placed the number of tyrosine-phosphorylated peptides in human cells at 

1.8%, Figure 1(a)], it is most often involved in disease. Changes in tyrosine phosphorylation 

signaling networks contribute to many oncogenic malignancies. Many of these changes are 

caused by dysregulation of kinases or directly by activating and inactivating mutations in 

kinases and phosphatases.5

Of the 518 kinase sequences encoded by the human genome (1.7%), 430 are expected to be 

catalytically active.6,7 The tyrosine kinase family, with 90 members [Figure 1(b)], is the 

largest of 134 families in the human kinome,6 and can be divided into two subfamilies. The 

RTK subfamily, with 58 members, gathers transmembrane proteins, usually activated by the 

binding of a ligand to the extracellular region, which causes dimerization and 

autophosphorylation of the intracellular tyrosine kinase domains. The 32 proteins from the 

nn-RTK subfamily act rather downstream in the signaling pathways, but can also respond to 

extracellular stimuli through modification of the modular units such as Src homology 2 

(SH2), Src homology 3 (SH3), or pleckstrin homology (PH) domains. Tyrosine 

phosphorylation temporal dynamics, especially for RTKs (such as epidermal growth factor 

(EGF) receptor signaling) differs substantially from that of serine/threonine phosphorylation, 

the former peaking much faster than the latter.4

Phosphorylation plays a pivotal role in the regulation of the immune system function—rapid 

signaling is essential for changes in adaptive and innate immune system components when 

dealing with infectious agents, and aberrations result in succumbing to infection or in 

defects such as allergies and autoimmunity. Tyrosine phosphorylation is key for signal 

transduction through antigen receptors, integrins, and cytokine receptors. On the other hand, 

pathogens can induce specific signaling changes in the host to help them evade the immune 
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response. Therefore, identification of phosphorylation sites and their dynamics upon 

treatment with a plethora of stimulatory and infectious agents is crucial for the development 

of therapeutic strategies and combating major health challenges of today.

This review highlights quantitative phosphoproteomics by MS, with special focus on the 

methodology for quantification of tyrosine phosphorylation and recent advances in 

phosphoproteomic approaches to the studies of the infectious diseases and the immune 

system.

STRATEGIES FOR MS-BASED PROTEOMIC TYROSINE 

PHOSPHORYLATION ANALYSIS

Tyrosine phosphorylation, rare, but indispensable in the cellular regulatory pathways, has 

been a special challenge in phosphoproteome analysis, because of the dynamic range (from 

high to extremely low, down to a few copies per cell) of phosphorylated protein levels, 

transient nature of the modification, heterogeneity of phosphorylation sites on any given 

protein, and high background of much more abundant serine and threonine phosphorylation 

sites. Typically, tyrosine phosphorylation sites have been identified on individual proteins, 

using a combination of protein-specific anti-phosphotyrosine (anti-pTyr) antibodies in 

Western blot and gel band MS analysis. Immunohistochemistry, immunofluorescence, and 

flow cytometry are additional methods for probing phosphorylation cascades. In recent 

years, though, identification and quantification of hundreds of tyrosine phosphorylation sites 

at a time in complex samples by MS has become a reality. Currently, the workflow (Figure 

2) includes a specific pTyr-specific enrichment step in addition to the general enrichment of 

phosphorylated peptides followed by liquid chromatography directly coupled with ESI-MS.

Enrichment and Quantification

Anti-pTyr antibodies are used for immunoprecipitation (IP) of tyrosine-phosphorylated 

proteins and peptides from cell and tissue lysates.8 Commercially available anti-pTyr 

antibodies can be used to capture the phosphopeptides. The proven specificity of anti-pTyr 

antibodies is unique, because general anti-phosphoserine (anti-pSer) and anti-

phosphothreonine (anti-pThr) antibodies are not available, although there are reports of 

specific antisera successfully used for subsets of serine- or threonine-phosphorylated 

peptides.9 Variations of the method include binding of the antibodies to the beads prior to 

sample application versus incubation of antibody solution with the sample and adding beads 

as the last step, and IP of whole phosphoproteins directly from cell lysates10,11 versus IP of 

phosphopeptides from predigested sample.12–15 The experimental optimization is advised 

for individual experiments, since the differences in sample composition result in suboptimal 

recovery, when published protocols standardized for another cell type or conditions are used. 

The antibodies, although pTyr-specific, can display different levels of affinity to surrounding 

amino acids, so use of the antibody mix and varying the ratios is recommended. The IP 

supernatant might be checked for remaining pTyr-containing peptides, although they may be 

very difficult to detect by MS due to low abundance among unbound non-phosphorylated 

peptides. Only if protein IP is performed, enrichment in tyrosine-phosphorylated peptides 

can be evaluated by Western blot. Further enrichment of the IP-eluted sample can be 

Nita-Lazar Page 3

Wiley Interdiscip Rev Syst Biol Med. Author manuscript; available in PMC 2019 January 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



performed using affinity chromatography method, such as immobilized metal affinity 

chromatography (IMAC), or metal oxide affinity chromatography (MOAC), most often used 

with titanium dioxide (TiO2),16,17 but also with zirconium dioxide,18 both based on the high 

affinity of acidic peptides in metal ions. IMAC, most often used in phosphoproteomics with 

metal ions such as Fe(III), Ga(III),19 Zn(II),20 and metal-chelating resins such as POROS-

MC, has been widely used offline and online, coupled with nano-LC and ESI-MS. MOAC 

with use of TiO2 has recently gained popularity and some companies offer mini-columns in 

pipette tips, a practical alternative to columns with greater bed volume. Since 

phosphorylated peptides tend to be more acidic than their unmodified counterparts, 

significant phosphopeptide enrichment can be achieved in this step, although the non-

phosphorylated acidic peptides can still be retained, contaminating the preparation. 

Conversion of peptides to corresponding methyl esters renders IMAC more selective toward 

phosphorylated peptides and this derivatization method has been successfully used in global 

phosphorylation analysis.21,22 The IP step in tyrosine phosphorylation analysis, however, 

can be used in combination with IMAC without methyl esterification and the non-specific 

binding is negligible.13,23,24 Another commonly used enrichment/fractionation step, strong 

cation exchange (SCX) utilizes the charge difference between peptides bearing negatively 

charged phosphate groups and the unmodified peptides for separation.25,26 Although less 

selective than IMAC and TiO2 enrichments, SCX has been a method of choice for reduction 

of sample complexity in many studies.

All the enrichment methods described above work well with the labeling approaches used 

for relative quantification. Labels relying on metabolic incorporation in vivo (e.g., SILAC27) 

and post-processing chemical derivatization (e.g., iTRAQ28 and iTRAQ 8-plex29) are 

compatible with anti-pTyr IP and IMAC/MOAC13,23,24 and allow multiplexed analyses 

within one MS run. If the sample is labeled, and the quantitative changes in tyrosine 

phosphorylation are to be observed, the sample preparation-related variation has to be 

excluded. The easy way is to normalize the labeled peptides from the IP supernatant. The 

peptides from specific proteins unchanged by the experiment, as well as the average ration 

of supernatant peptides, should be close to 1 and the correction factor can be calculated and 

applied to the sample. Detailed description of the labeling methods is beyond the scope of 

this review and they have been reviewed recently,30,31 but it is important to note that 

growing interest in systems biology use of quantitative MS data has been fueling efforts in 

bioinformatics-based approaches to label-free and absolute quantification. Some of the 

recently developed methods for improving the accuracy of absolute quantification and 

comparisons between many LC-MS runs are not yet applicable to phosphorylated peptides32 

but some are being designed with phosphoproteomics in mind,33,34 and offer great promise 

for the modeling of cellular signaling pathways regulated by phosphorylation. Indeed, these 

methods may be crucial in moving from analysis of the cells to the whole animal; isotopic 

labeling, although attempted, is expensive and challenging.35 Other challenges connected 

with quantitative analysis of whole animals are difficulties in separating different cell 

populations from tissues and increased errors in data reproducibility.
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Instrumentation

Relative stability of pTyr in comparison to serine and threonine phosphorylation facilitates 

the MS analysis. For tyrosine phosphorylation, there is usually no neutral loss of 80 Da, 

unlike for serine and threonine-phosphorylated peptides. Instead, the MS/MS spectra of 

peptides containing pTyr (precursor mass difference +80 Da) are characterized by the 

presence of a specific pTyr immonium ion of m/z 216.0426, and otherwise produce series of 

y and b ions, which can be used for peptide sequencing. Consequently, no MS3 (another 

round of MS, which selectively isolates the backbone peptide after neutral loss in MS/MS, 

and targets it with higher collision energy, enabling peptide sequencing) or multistage 

activation (which uses both MS spectra of intact modified peptide and neutral loss MS/MS 

spectra to get even more complete information about peptide sequence) are necessary to 

identify the peptide sequence and phosphorylation site.

For tyrosine phosphorylation alone, the stability of the phosphate is not an issue; the 

quantification method is the most important constraint on the instrument choice. SILAC-

labeled samples, quantified on the MS level, yielded good results already on quadrupole 

time-of-flight (Q-TOF) instruments, but now they are analyzed mostly on instruments 

equipped with quadrupole ion trap and Fourier- transform-based ion detectors, which seem 

to provide even more accurate data. iTRAQ-labeled samples, quantified using MS/MS 

spectra, require instruments capable of registering low m/z ions and with high resolving 

power, because the marker ions are slightly above 100 Da, a region in the spectra where 

many contaminants can be found. Numerous successful studies have been performed with 

hybrid Q-TOF instruments.13–15,23,24 LTQ Orbitrap, which collects collision-induced 

dissociation (CID) and high-energy collisional dissociation (HCD) spectra sequentially for 

peptide identification and quantification, respectively, has been shown to gather good quality 

data.36 Since tyrosine-phosphorylated peptides are often additionally modified on serine and 

threonine residues (e.g., in human Erk1, residues: T202, Y204 can be phosphorylated and 

are located in one tryptic peptide24), these labile modifications should be taken into 

consideration if the study is supposed to be fully informative. Electron transfer dissociation 

(ETD) has been demonstrated to be especially useful in the detection of labile modifications, 

such as serine and threonine phosphorylation.37 If it is necessary to choose one mass 

spectrometer for a variety of phosphoproteomic studies, again, LTQ Orbitrap equipped with 

ETD seems to be the most versatile instrument.

Careful validation of the data is essential for correct assignment and quantitative analysis of 

phosphorylation sites. False negative and false positive phosphorylation site assignments 

occur during automated site assignment. Misassignments in peptides containing more than 

one potentially phosphorylated amino acid are common. In global phosphorylation, 

diagnostic neutral loss of 98 Da (phosphoric acid) can be wrongly assigned (especially in 

low-resolution instruments) and confused with the neutral loss of 2-(methylthio)acetamide, 

modification introduced during sample preparation using alkylation with iodoacetamide. 

Other modifications introduced during this process can be mistaken for phosphorylation, 

e.g., 79 Da mass shift connected with carbamidomethylation with sodium adduction or loss 

of 80 Da from O-sulfated peptides.38 Manual spectra validation (visual inspection) by an 

experienced researcher is the best method to distinguish between these artifacts and real 

Nita-Lazar Page 5

Wiley Interdiscip Rev Syst Biol Med. Author manuscript; available in PMC 2019 January 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



peptide phosphorylation, and it is used successfully in tyrosine phosphorylation analyses, 

with hundreds of sites,12,13 but it is not realistic for the datasets consisting of thousands of 

phosphorylation sites. For large datasets, the general methods to minimize false 

identifications of peptides include searches using at least three different algorithms, or using 

a scrambled database to establish a false positive rate. Commercially available software 

includes phosphorylation site assignment algorithms (e.g., Ascore in Sequest), and there are 

constant efforts to develop more effective algorithms (e.g., PhosphoScore,39). Careful 

validation greatly increases the credibility of the datasets so it is worth the effort even if time 

consuming.

APPLICATIONS OF PHOSPHOPROTEOMICS IN IMMUNOLOGY

Many combinations of enrichment, quantification, and instrument choices described above 

have been used to explore the phosphoproteome. In immunology-related studies, the focus 

so far has been rather on method development than on addressing the systems biology 

questions. Mainly, global phosphorylation changes in response to stimuli such as cytokines, 

chemokines, or Toll-like receptor ligands have been explored. There are, however, a handful 

of reports focusing on tyrosine phosphorylation, especially in the T-cell receptor (TCR) 

signaling (Table 1). Recently, a few studies of changes in phosphorylation levels upon 

infection with whole pathogens have been performed and are worth reviewing.

Tyrosine Phosphorylation in TCR Signaling

Activation of T-cells is triggered by co-stimulation of TCR and CD 28 co-receptor, and 

many proteins involved in the signaling pathway have been identified.43,44 Tyrosine kinases, 

including Lck and Zap-70, are recruited to the proximity of TCR–CD3 complex, and their 

phosphorylation results in signaling cascades leading to activation of NF-κB and calcium-

dependent pathways. The signaling relies heavily on tyrosine phosphorylation, so the TCR 

signaling network has been chosen as one of the models for early studies of tyrosine 

phosphorylation dynamics. Most of the initial phosphoproteomics studies have been 

conducted with the use of cultured cells (which still are a useful model because of their 

availability and ease of treatment with ligands or inhibitors), and for TCR signaling studies 

Jurkat T-cell leukemia cell line has been most widely used. Pioneering study in Jurkat cells 

stimulated with anti-CD3 and anti-CD4, mimicking TCR ligation, yielded 19 tyrosine-

phosphorylated peptides increased after antibody stimulation in an experiment combining 

enrichment with anti-pTyr IP, methyl esterification and IMAC, followed by LC–ESI–MS.40 

Improvements in the technology platform allowed assignment of tyrosine phosphorylation 

sites on 138 different proteins in Jurkat cells,10 either associated with T-cell-specific 

functions, or with general cellular processes. With further refinements of the technique and 

iTRAQ labeling for relative quantification, over 100 tyrosine phosphorylation sites were 

analyzed in Jurkat cells stimulated with anti-CD3 alone or anti-CD3 and anti-CD28,13 

demonstrating differences in tyrosine phosphoproteomes of T-cells receiving only TCR 

signal or double signal through TCR and co-receptor, which, according to the two-signal 

theory, is indispensable for T-cell activation.

Nita-Lazar Page 6

Wiley Interdiscip Rev Syst Biol Med. Author manuscript; available in PMC 2019 January 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



An alternative method for identification and relative quantification of phosphorylation sites 

based on dendrimer conjugation coupled with anti-pTyr IP and stable-isotope labeling has 

been developed by Aebersold’s lab41 and applied to identify and quantify all known tyrosine 

phosphorylation sites within the immunoreceptor tyrosine-based activation motifs (ITAM) of 

the TCR–CD3 chains, and previously unknown tyrosine phosphorylation sites on 97 proteins 

in human T-cells. Jurkat cells activated with pervanadate were used in this study.

A quantitative comparison between T-cell and B-cell signaling has been performed recently.
11 Jurkat cells and Namalwa (lymphoblastoid cell line) cells labeled with SILAC were 

stimulated with anti-CD3 and IgM, respectively, for specific receptor cross-linking 

stimulation, and with sodium pervanadate, for non-specific tyrosine phosphorylation 

induction. The comparison, including pervanadate-stimulated non-lymphoid HEK293 cells 

as a control, uncovered many universal and pathway-specific components of pTyr-mediated 

signaling.

A comprehensive recent study42 employed multi-disciplinary approaches to couple 

proteomic discovery and quantification of tyrosine phosphorylation sites in TCR signaling 

networks in isogenic Zap-70 tyrosine kinase null and reconstituted Jurkat T-cells with 

elucidation of the biological roles of these sites using site-directed mutagenesis and protein 

disruption. Here, label-free quantification was used in parallel to SILAC labeling of Jurkat 

cells.

Cultured cells, although amenable to metabolic labeling and possible to grow in large 

quantities, are not an ideal model for the studies of the immune system. Also, stimulation 

with antibodies does not reflect the in vivo T-cell activation, which involves multiple stimuli. 

Ideally, primary T-cells stimulated with antigen-presenting cells would be necessary to 

measure the changes upon activation of adaptive immune response to infection. The primary 

cells are often hard to obtain and the initial amount of protein used in phosphoproteomics 

experiments on Jurkat cells has been isolated from rather large numbers of cells—from 1 × 

10910 to 1 × 107 cells.13 So far, only a couple of phosphoproteomic studies have been 

extended to the primary T-cells. A global phosphoproteomic analysis of plasma-derived T-

cells, utilizing a sequential enrichment strategy with IMAC and TiO2 resulted in 

identification of 281 phosphorylation sites, but only four of the unambiguously assigned 

sites were tyrosine phosphorylation sites and no function has been attributed to them.45 The 

comparison of T-cells isolated from lymph nodes of diabetes-prone (NOD) and resistant 

(B6.H2g7) mouse strains, stimulated in vitro with anti-CD3 antibodies, and subsequently 

iTRAQ-labeled, identified 77 tyrosine phosphorylation sites, which could be quantified for 

comparison between mouse strains and stimulated and unstimulated cells.12

Global Phosphoproteomics

Global phosphorylation-dependent signal transduction has been a focus of many qualitative 

and semi-quantitative proteomic studies.

One of the interesting early applications of phosphoproteomics to immunological questions 

was the analysis of the naturally processed phosphopeptides presented by MHC molecules 

in several EBV-transformed B lymphoblastoid cell lines.46 The detection of phosphopeptides 
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in the pool of more than 10,000 peptides binding class I MHC was facilitated by IMAC 

enrichment and the phosphorylated peptides were identified in MS using neutral loss scan—

only serine and threonine-phosphorylated peptides were detected. Up to 60 phosphorylated 

peptides could be detected using this method, depending on the cell line.

The phosphoproteomes of other cells of leukocyte lineage such as AML14.2D10 eosinophil 

cell line47 or WEHI-231 B-cell lymphoma48 upon various treatments have been successfully 

probed in a qualitative way, identifying novel sites phosphorylated in specific signaling 

pathways.

A combination of enzymatic (alkaline phosphatase digest following the TiO2 enrichment) 

and data-mining methods provided a unique approach to profile the phosphoproteome of 

J774 macrophages upon interferon (IFN)-γ stimulation. A total of 1143 phosphopeptides 

from 432 different proteins were identified using LTQ Orbitrap and 125 sites exhibited a 

twofold change with INF-γ exposure.49

Again, examples of global phosphoproteomic analyses in primary immune cells began to 

appear only recently. Serine and threonine phosphorylations have been assessed in total 

population of human primary leukocytes derived directly from blood using SCX combined 

with phosphochip (TiO2) enrichment and high mass resolution Q-TOF instrument, resulting 

in identification of 960 different phosphorylation sites and in the conclusion that the white 

blood cell phosphoprotein level is low compared to cancer cells (osteosarcoma U2OS) 

analyzed in parallel.50 The method for exploring CXCL12-mediated signaling in human 

chronic lymphocytic leukemia (CLL) cells has been published in 2009.51 Collectively, 1036 

phosphopeptides were identified on the total of 251 proteins from all the five time points 

assessed. The method, consisting of stimulation of primary CLL cells isolated from patient 

blood, stimulation with recombinant CXCL12, IMAC and LC-MS/MS on a LTQ ion trap, 

can be applied to alternative studies involving chemokine/receptor signaling networks as 

well as other types of signaling networks. It is of note that the authors did not label the 

peptides obtained from different time points, but rather tried to compare the numbers of 

detected phosphopeptides between different LC-MS/MS analyses, which is a very rough 

estimation. Therefore, results are semi-quantitative at best, but the study resulted in 

identification of many novel downstream targets—phosphoproteins with roles in lymphocyte 

proliferation, differentiation and activation, and immune system development, whose 

biological roles are being pursued.

Characterization of the changes in phosphoproteome in real disease, i.e., upon challenge of 

the host with whole pathogens instead of single molecules is a logical step toward 

characterization of real, complex, and systemic immune responses. Critical host cell 

receptors interact with pathogen-produced molecules, initiating unique signaling cascades. 

Pathogen invasion of host cells is generally associated with the activation of NF-kB, 

mitogen-activated protein kinases (MAPKs) and (IFN) regulatory factor signaling pathways. 

It is of interest to analyze both host and pathogen signaling pathways during the course of 

infection (see Box 1: Phosphorylation in pathogenic bacteria). Because experimental design 

and analysis are obviously much more difficult than in the case of stimulation of cells with 

purified ligands, the studies are being attempted only just now. An analysis of the 
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phosphoproteome of spleens from mice infected with Bacillus anthracis has been performed 

recently.52 Phosphopeptides were quantified using a label-free approach and comparison 

between the results obtained from mice infected with a lethal strain and those infected with 

an asymptomatic strain yielded 188 significantly altered phosphopeptides, which can 

translate into presymptomatic diagnostic markers of anthrax infections.

CONCLUSION

Technological advances in phosphoproteomics will allow collection of large sets of accurate, 

time-resolved data suitable for systems biology. Now, we are able to monitor and quantify 

thousands of phosphorylation sites in different experimental setups. The development of 

label-free quantification methods and sophisticated instrumentation will facilitate progress in 

the analysis of rare cell populations in vivo (as demonstrated by the latest proteomic analysis 

of dendritic cells56). The shift toward absolute quantification will enable the construction of 

more complex mathematical models with a real predictive power. A steady improvement of 

all aspects of systems biology and combination of high-throughput genomic, proteomic, 

single-cell monitoring, and gene knockout data should allow us to closely follow 

physiological changes in the infection process and immune response and provide a deeper 

understanding of disease leading to the improvement of clinical applications.
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BOX 1

PROTEIN PHOSPHORYLATION IN PATHOGENIC BACTERIA

Successful pathogens coordinate the action of virulence factors to colonize the host and 

to evade the subsequent immune response. Many bacteria are able to counteract the host’s 

immune response. Serine, threonine, and tyrosine phosphorylation have been identified in 

bacteria. Serine, threonine, and tyrosine kinases are implicated in the control of 

pathogenicity functions of numerous pathogens, controlling virulence, drug resistance, 

and immune response evasion by interference with host signaling. The first site-specific 

phosphoproteomic studies in bacteria yielded long lists of phosphorylated proteins,53,54 

but quantitative and time-resolved approaches are needed to truly understand the 

regulation of pathogen-host interactions.55
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FIGURE 1. 
(a) Relative abundance of serine, threonine, and tyrosine phosphorylations. (b) Tyrosine 

kinase family, divided into receptor tyrosine kinase (RTK) and non-receptor tyrosine kinase 

(non-RTK) subfamilies, in relation to the total number of kinase sequences in the human 

genome.

Nita-Lazar Page 13

Wiley Interdiscip Rev Syst Biol Med. Author manuscript; available in PMC 2019 January 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 2. 
Example of the workflow for quantitative phosphorylation analysis using iTRAQ labeling. 

Cultured cells are stimulated with specific ligands for a series of time points and lysed 

without detergent. The lysates are treated with a reducing agent to break the disulfide bonds 

and the free cysteine residues are modified to prevent the reformation of disulfide bonds. 

Subsequently, the lysates are digested with trypsin, the samples are labeled with iTRAQ (up 

to eight conditions can be distinguished) and combined. For tyrosine phosphorylation 

analysis, immunoprecipitation (IP) with anti-pTyr antibodies is performed prior to 

immobilized metal affinity chromatography (IMAC) enrichment; for global phosphorylation 
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analysis, phosphopeptides are enriched only with IMAC. After elution from IMAC column, 

phosphorylated peptides are analyzed by LC-MS/MS.
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