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Summary
Protein phosphorylation mediated cellular signaling is a highly regulated, dynamic process that
controls many aspects of cellular biology. Over the past few years many methods have been
developed to quantify temporal dynamics of protein phosphorylation, including mass spectrometry,
which can be applied in both an unbiased, discovery mode and in a targeted mode to monitor specific
phosphorylation sites. Other methods, such as kinase activity assays and antibody microarrays, have
been applied to quantify central nodes in the signaling network, yielding intriguing biological
insights. This review provides a concise overview of the latest advances in quantitative analysis of
signaling dynamics including a brief commentary on the future of the field.

Introduction
Almost all aspects of cell biology and physiology are regulated by protein post-translational
modifications (PTMs), which regulate protein conformation, activation, degradation, sub-
cellular localization, and protein-protein interactions. Perhaps the best studied PTM is
reversible phosphorylation of serine, threonine and tyrosine residues. Protein phosphorylation
mediated signaling networks regulate cellular response to environmental cues including
mechanical stress, growth factors and cytokines, cell-cell interactions, and cell-matrix
interactions. Moreover, protein phosphorylation plays a key role in regulating most cellular
processes including proliferation, migration, apoptosis, gene transcription, including
alternative splicing, and protein translation. Given the importance of this PTM, it is not
surprising that dysregulation of protein kinases and phosphatases has been linked to a vast
number of pathologies, including cancer [1], auto-immune diseases [2], metabolic disorders
[3], and pathogenic infections [4].

Over the past decade, many methods have been developed with the ultimate goal of determining
signaling pathways and phosphorylation events regulating normal and abnormal cellular
processes. The challenges facing these phosphoproteomic methods are similar to those facing
many proteomic methods: limited sample amounts, highly complex samples, and huge dynamic
range. Adding to these challenges, phosphorylation site stoichiometry is usually less than 100%
and can be dynamic and tightly regulated. Quantifying temporal dynamics therefore requires
high sensitivity, accurate quantification, analysis of multiple time points, and sample
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preparation procedures that effectively freeze enzymatic processes to capture the physiological
state of the biological sample. Data generated in these efforts will typically be very complex
(e.g. many phosphorylation sites quantified at each of multiple time points across multiple
biological conditions), requiring computational algorithms to decipher the signaling networks
and yield biological insight [5]. Over the past two years, several recently developed methods
have successfully addressed these issues and have now provided the first glimpses of
phosphorylation-mediated signaling network dynamics.

Mass spectrometry based analysis of ErbB signaling dynamics
The ErbB cellular signaling network plays a central role in many biological processes and has
been associated with multiple human cancer types. Over the past four years several manuscripts
have attempted to define this network and quantify temporal dynamics in response to receptor
stimulation. This series of studies highlights several important issues about the trajectory of
discovery-mode phosphoproteomics experiments; here a short description of each method will
be followed by a brief commentary on some of these issues. In the first study, stable isotope
labeling of amino acids in cell culture (SILAC) was used to quantify changes in the EGFR
signaling network at 5 time points following immunoprecipitation of tyrosine phosphorylated
proteins [6]. Enrichment at the protein level enabled the quantification of both tyrosine
phosphorylated proteins as well as associated proteins that co-precipitated with tyrosine
phosphorylated proteins. However, much of the quantification was performed on non-tyrosine
phosphorylated peptides, and only a few phosphorylation sites were identified. In the second
manuscript, iTRAQ (isobaric tag for relative and absolute quantification)-labeled tyrosine
phosphorylated peptides were immunoprecipitated from EGF-stimulated samples at four time
points, providing site-specific identification and quantification of temporal dynamics for over
one hundred tyrosine sites within the EGFR network [7]. By using a pan-specific antibody to
perform unbiased enrichment for tyrosine phosphorylated peptides, this study was now able
to quantify temporal dynamics of many novel tyrosine phosphorylation sites. This enrichment
technique was subsequently applied to quantify the effects of increased HER2 (ErbB2)
expression in the context of EGF and HRG stimulation [8]. To gain functional insight, dynamic
phosphoproteomic data was compared to cell phenotypic data to determine tyrosine
phosphorylation sites that were most strongly correlated to migration and proliferation.
Although putative linkages were provided for many tyrosine phosphorylation sites in this study,
serine and threonine sites were absent unless they occurred on a tyrosine phosphorylated
peptide. To obtain a more global perspective on ErbB signaling dynamics, a recent study
eliminated the immunoprecipitation step altogether and instead employed a combination of
strong cation exchange (SCX) and TiO2 (titanium dioxide) to enrich for phosphorylated
peptides. This strategy was applied to SILAC-encoded cells stimulated with EGF at five time
points, and resulted in identification of >6000 phosphorylation sites, including over 1000 sites
whose phosphorylation was modulated by EGF stimulation [9]. A subcellular fractionation
step was included to quantify dynamic changes in phosphorylation in nuclear vs. cytosolic
compartments at each time point, since spatial information is critical for many aspects of
cellular signaling.

Biological insight from mass spectrometry-based phosphoproteomics
Together, these four manuscripts provide an overview of the progression of the field of
phosphoproteomics, and perhaps of the proteomics field as a whole. As expected, each
subsequent effort has resulted in a significant increase in the size of the phosphoproteomics
data set, a trend that is driving continued methodological and instrument development.
However, it is important to consider the advantages and disadvantages, summarized in Table
1, of each of these methods, as there may be a “sweet spot” in which biological insight may
be maximized. For instance, a very large amount of mass spectrometric analyses (117 LC-MS/
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MS analyses) were required to obtain the massive data set in the Olsen et al. manuscript, a
level of effort that is not compatible with multiple biological replicates across multiple
biological conditions. As an alternative to very large scale data collection for a single
perturbation condition, it may be beneficial to target a subset of the phosphoproteome and
monitor temporal dynamics across multiple biological conditions, as in the Wolf-Yadlin et
al. manuscript. Coupling this set of phosphoproteomics data to quantitative phenotypic
measurements also insures that the perturbation and corresponding modulation of the signaling
network had the desired phenotypic effect, thereby providing a critical check on the biological
relevance of the stimulation conditions. This “targeted discovery” approach can be extended
to serine/threonine phosphorylation sites by performing a peptide immunoprecipitation with
either phospho-specific antibodies [10] or motif-specific antibodies [11], as has been
demonstrated recently with ATM/ATR substrates in the DNA damage response.

The need for validation of mass spectrometry data
One concern with the trend toward massive phosphoproteomic data sets is the inability to
properly validate MS/MS spectral assignments for each phosphorylated peptide. Performed
properly, spectral validation requires the assignment of all abundant ions in the spectrum,
necessitating a significant time commitment. To bypass this bottleneck, many mass
spectrometry labs have utilized decoy search strategies and statistical methods to estimate false-
positive identification rates [12]. Statistical validation is a greater concern for
phosphoproteomics as compared to the larger field of proteomics, since each phosphorylation
site is typically defined by a single MS/MS spectrum. Unfortunately, using statistical methods
it is impossible to tell if any given phosphorylation site is correctly identified, as the MS/MS
spectrum remains unvalidated. False positive identifications are particularly dangerous for
biologists interested in studying the function of these selected phosphorylation sites, as each
phosphorylation site may take 1–2 years to fully investigate. This situation is exacerbated
because most biologists do not have the requisite expertise to assess the accuracy of the
assignment even if the raw MS/MS spectrum is provided, and it is often mistakenly assumed
that all published phosphorylation assignments are correct.

Protein vs. peptide analysis
From these same set of four manuscripts another interesting trend can be observed. Over the
past decade, mass spectrometry-based phosphoproteomics has shifted from a protein-centric
focus, in which spots on 2D-gels were isolated and characterized or thin-layer chromatography
was used to detect phosphorylated peptides resulting from single protein digests, to a peptide-
centric focus, driven by the desire to obtain larger data sets with more phosphorylation sites.
This shift in the field is highlighted by comparing the Blagoev et al. and Zhang et al.
manuscripts [6,7], where the cost of obtaining site-specific phosphorylation information was
the failure to detect interacting proteins. In order to understand dynamic regulation of
phosphorylation mediated signaling networks it will be necessary to shift our attention back
to a more protein centric strategy, to uncover the regulatory pattern on individual proteins. For
instance, of the approximately 20 potential phosphorylation sites on EGFR, how many can be
phosphorylated simultaneously? Which sites exhibit positive or negative cooperativity [13],
and how does the combination of different sites then affect the downstream signaling network?
In the near future, one of the most significant challenges will be to understand the dynamics
of combinatorial signaling for many proteins across the network. Although difficult, especially
given the size of the proteins and number of modifications, this task should be feasible, as
indicated in Figure 1, by combining lessons learned from top-down analysis of protein post-
translational modifications (e.g. histone modifications [14]) with mass spectrometry based
phosphoproteomics techniques, including electron transfer dissociation (ETD) [15,16].
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Targeted analysis of cellular signaling dynamics
Although mass spectrometry-based phosphoproteomics has the potential to uncover novel
components and provide unprecedented coverage of signaling networks, much of the success
in quantifying phosphorylation-mediated cellular signaling dynamics over the past few years
has come from targeted approaches, including flow cytometry, kinase activity assays, western
blots, antibody microarrays, targeted mass spectrometry, and ELISAs. These techniques
typically have much greater throughput and improved sensitivity relative to discovery-mode
mass spectrometry, and therefore enable analysis of much smaller sample sizes at many more
time points across multiple biological conditions. Of course, the major limitation of these
approaches is the inability to detect novel phosphorylation sites, and quantification is therefore
limited to pre-selected components within the signaling network. However, by properly
choosing the nodes to be analyzed, very interesting insights can be achieved through
quantification of a relatively small number of proteins within the network.

Dynamics in the apoptotic signaling network
To assess the role of differential cues in activating apoptosis, phospho-specific western blots
were combined with antibody microarrays and kinase activity assays to quantify the state of
11 central nodes in the apoptosis signaling network at 13 time points in response to multiple
individual or combined doses of EGF, Insulin, or TNF [17]. This quantitative, dynamic
phosphoproteomics dataset was then complemented with multiple quantitative phenotypic
readouts for apoptotic response under these same stimulation conditions. Computational
analysis of these data sets highlighted the role of select kinases (e.g. IKK, JNK1) at early vs.
late response times in regulating the cellular apoptotic response. Interestingly, even though
only 11 nodes were quantified, most of the dynamic measurements could be discarded without
adversely affecting the predictive power of the computational model, indicating that measuring
even fewer nodes may still suffice to give relevant biological insight. This concept has recently
been extended to quantify the role of five key kinases in regulating apoptosis in response to
adenovirus [18]. Intriguingly, quantification of any single kinase activation state could not
predict response across multiple cell types, since each kinase may be differentially activated
in each cell type. However, by quantifying the activity of all five kinases together, it was
possible to generate a model in one cell line and apply it to correctly predict response in two
other cell lines, indicating the presence of common effectors to process the information and
program the proper cell response.

Targeted analysis by mass spectrometry
Most of the mass spectrometry based phosphoproteomics studies to date have taken an
unbiased, “discovery-mode” approach in order to identify, and in some cases quantify, protein
phosphorylation sites within particular signaling networks. Although these studies have often
discovered novel phosphorylation sites, the reproducibility of these analyses has been poor. In
fact, replicate analyses typically yield only 50–70% reproducibility at the peptide or protein
level [19]. To address this concern, a targeted multiple reaction monitoring (MRM)-based
analysis has recently been applied to quantify temporal dynamics in the EGFR signaling
network [20]. In this method, cells were stimulated with EGF for 7 different time points and
analyzed by anti-phosphotyrosine peptide immunoprecipitation followed by IMAC-LC-MS/
MS. The initial analyses were performed in discovery mode to identify nodes within the
network, but subsequent, targeted analyses were performed using MRM to specifically quantify
226 phosphorylation sites within the network, with high reproducibility (~90% across 4
replicate analyses). This MRM method can now be applied to quantify changes in these specific
phosphorylation sites across many biological perturbations, providing a higher-throughput
approach to network-level analysis of cellular signaling.
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Single cell phosphorylation profiling by FACS
Targeted analysis of signaling networks has also been demonstrated for signaling studies of
single primary human lymphoma and leukemia cells [21,22].In this approach, cells were fixed
and permeabilized prior to incubation with fluorophore-labeled phospho-specific antibodies.
Multi-color fluorescence detection by FACS (fluorescence-activated cell sorting) enabled
quantification of multiple phosphorylation sites simultaneously in thousands of single cells.
This technique has now been used to stratify acute myeloid leukemia (AML) patient response
to chemotherapeutic agents [22], and when combined with statistical modeling, has enabled
mapping of signaling network connectivity [23].

Validation of targeted methods
As with MS-based phosphoproteomics, these targeted approaches also require extensive
validation, often prior to application of the methodology. For instance, the multiplex kinase
activity platform used in the above experiments was validated for dynamic range, linear
response, and specificity prior to implementation in the apoptotic response studies [24]. For
antibody-based approaches, extensive validation of antibodies is required prior to using them
to quantify phosphorylation state of given proteins, since the vast majority of phospho-specific
antibodies may have a significant amount of non-specific binding [10,25]. Proving the need
for extensive validation, in a recent comparison of western blots and antibody microarrays,
only 4 of 63 phospho-specific antibodies gave a single band on the western blot and gave data
similar in trend and magnitude between the two methods [25]. Empirical evidence has
demonstrated that many commercially available phospho-specific antibodies do not give a
single band on a western blot, automatically invalidating them for use in antibody microarray
or phospho-FACS formats. Luminex and ELISA approaches may be less vulnerable to non-
specific antibody binding if there is a sandwich of 2 antibodies that both recognize the protein
or peptide.

Conclusions
With either unbiased, discovery mode or targeted methods, it has now become possible to
generate a systems-level view of quantitative protein phosphorylation dynamics within
selected signaling networks. The combination of these techniques should provide
unprecedented breadth and depth of coverage in signaling networks, while enabling higher
throughput analyses of selected nodes under a multitude of conditions. However, obtaining
biological insight from this data is not obvious, and phosphoproteomics data by itself is not
sufficient to understand the mechanisms by which cells interpret multiple environmental
perturbations to achieve the proper cellular response. Minimally, as indicated in Figure 2, it is
necessary to collect phosphoproteomics data under multiple conditions and correlate this
information to cellular phenotypic data quantified under the same conditions. In the near future,
it will be necessary to extend these studies to obtain higher resolution data, both temporally
and spatially, as phosphorylation changes may occur very rapidly [26] and spatial localization
can change functional consequence. Although spatial localization is a critical component in
regulating cellular signaling, it is exceedingly difficult to perform subcellular fractionation
while eliminating enzymatic activity, including kinases, phosphatases, and proteases;
improved methodology therefore needs to be developed.

In the more distant future, it will be necessary to query for additional protein modifications
(e.g. glycosylation, acetylation, ubiquitination, nitrosylation) in addition to protein
phosphorylation, as the signaling networks are not solely regulated by phosphorylation. Of
course, the complexity of the network will increase greatly when these additional modifications
are considered, but a thorough understanding of the biological system will require this level of
complexity. Ideally, the methods that have been recently developed for dynamic protein
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phosphorylation analysis will be applicable to other PTMs, enabling rapid progression toward
these future goals.
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Figure 1.
Current peptide-centric mass spectrometry-based phosphoproteomics methods digest proteins
to peptides, resulting in loss of protein state information, although phosphorylation-site specific
quantification is possible. In the future, in order to understand how coordinated
phosphorylation affects protein function and signaling, it will be necessary to analyze either
intact proteins or very large peptides (similar to those that could be generated with a CNBr
cleavage). These proteins would then be analyzed by LC-MS/MS with ETD to provide
sequence and phosphorylation site occupancy.
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Figure 2.
By combining discovery-mode mass spectrometry with multiple targeted phosphoproteomic
methods, it will be possible to obtain a much better systems-wide view of dynamic cellular
signaling networks. Combining this information with quantitative phenotypic assays will
provide biological insight into the key network components responsible for regulating selected
biological responses to cellular perturbations.
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Table 1
A comparison of the mass spectrometry-based phosphoproteomics methods that have been applied to quantify temporal
dynamics in the ErbB signaling network.

Mass Spectrometry Method # of Sites # of MS Analyses Spatial Information Biological Insight
Protein pTyr Immunoprecipitation
[6]

10’s 2 per 5-point
timecourse

No Interacting proteins

Peptide pTyr Immunoprecipitation
[7,8,20]

100’s 1 per 4-point
timecourse, multiple
biological conditions

No Site specificity,
Correlation with
phenotype

SCX-TiO2 1000’s >100 per 5 point
timecourse

Yes cytosolic vs.nuclear Site specificity, Spatial-
temporal regulation
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