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Abstract
Quantitative measurement of specific protein phosphorylation sites is a primary interest of
biologists, as site-specific phosphorylation information provides insights into cell signaling
networks and cellular dynamics at a system level. Over the last decade, selective phosphopeptide
enrichment methods including IMAC and metal oxides (TiO2 and ZrO2) have been developed and
greatly facilitate large scale phosphoproteome analysis of various cells, tissues and living
organisms, in combination with modern mass spectrometers featuring high mass accuracy and
high mass resolution. Various quantification strategies have been applied to detecting relative
changes in expression of proteins, peptides, and specific modifications between samples. The
combination of mass spectrometry-based phosphoproteome analysis with quantification strategies
provides a straightforward and unbiased method to identify and quantify site-specific
phosphorylation. We describe common strategies for mass spectrometric analysis of stable isotope
labeled samples, as well as two widely applied phosphopeptide enrichment methods based on
IMAC(NTA-Fe3+) and metal oxide (ZrO2). Instrumental configurations for on-line LC-tandem
mass spectrometric analysis and parameters of conventional bioinformatic analysis of large data
sets are also considered for confident identification, localization, and reliable quantification of
site-specific phosphorylation.

Introduction
Protein phosphorylation is one of the most widespread post translational modifications
(PTMs) occurring on amino acid side chains of Ser, Thr, Tyr, His, Cys, Glu, Asp, Arg, and
other residues in both eukaryotic and prokaryotic cells (1). The acid stable
phosphomonoesters of Ser, Thr, and the relatively stable Tyr are easily amenable to
proteomic analysis while the low stability of phosphohistidine and other phosphorylated
residues makes their analysis problematic by conventional proteomic methods (2).
Reversible phosphorylation and dephosphorylation are controlled by the dynamic interplay
between protein kinases and phosphatases on their target proteins. Reversible
phosphorylation, as a key mechanism of regulating protein activities, participates in diverse
cellular processes including metabolism, cell communication, cell growth and development.
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Abnormal control of phosphorylation events due to an imbalance of kinase and phosphatase
activities has been linked to a large number of disease states, including cancer (3–6),
diabetes (7, 8), and Alzheimer’s disease (9–11). Phosphorylation is a central process in
signal transduction to activate and propagate signals through phosphorylation cascades in
response to specific stimuli such as hormones, growth factors, and drugs (1, 12, 13). In
addition, phosphorylation has a broad range of effects on target proteins, including control
of subcellular localization, protein structure, protein interactions, and enzymatic activity.
These direct effects of phosphorylation on protein function make quantitative
phosphoproteome analysis useful for identifying and characterizing changes in protein
function and for mapping control pathways. The use of quantitative phosphoproteome
analysis in conjunction with time course studies (1, 12, 14) and genetic interventions (1, 15),
are particularly useful in deciphering signal transduction pathways and provide direct
insights into many biological processes (16–26).

Modern mass spectrometers featuring high mass accuracy and resolution combined with the
utility of various tandem mass spectrometry (MS/MS or MS2) techniques are capable of
accurately and rapidly identifying, in a single experiment, thousands of peptides in a
complex mixture derived from a whole cell digest. However, significant challenges remain
in phosphopeptide analysis by mass spectrometry. In most cases, phosphorylation is a
transient event (27–29), typically occurring at low stoichiometry, so detection of
phosphorylated peptides in the presence of a large excess of non-phosphorylated peptides
can still be a challenging task. The intrinsic negative charge of phosphomonoesters lowers
phosphopeptide ionization efficiency in positive mode relative to non-phosphorylated
peptides, while rendering enhanced ionization for phosphopeptides in negative ion mode
relative to unphosphorylated cognates. Their low levels in complex mixtures also complicate
the detection of phosphopepitdes due to ion suppression, limited sampling efficiency and
detection thresholds of current mass spectrometers. These issues can be overcome in part by
selective isolation methods to capture and concentrate phosphopeptides from complex
mixtures before MS analysis.

Over the last decade, many phosphopeptide enrichment methods have been developed and
applied to phosphorylation analysis by mass spectrometry. The most widely applied
phosphopeptide enrichment methods are affinity chromatography using metal oxide supports
(TiO2 or ZrO2) (30, 31), immobilized metal ions (IMAC) (32–34), and anti-phosphotyrosine
immunoaffinity techniques (35–37). Metal oxides and IMAC have strong affinities toward
p-Ser, p-Thr, and p-Tyr under slightly acidic conditions over other competing amino acid
residues. This selectivity allows highly efficient phosphopeptide enrichment methods. Some
selectivity of these materials towards highly acidic peptides (rich in Asp and Glu residues)
can interfere and methods have been fine tuned to reduce background adsorption of acidic
peptides. Methyl esterification of Asp and Glu residues in peptides prior to affinity
enrichment do reduce background levels of acidic, non-phosphorylated peptides but
generally do not warrant the additional effort (38, 39). Although each of these methods
shares similar properties of ion affinity towards phosphate groups, they exhibit different
isolation specificities with their own advantages and disadvantages. IMAC has been
reported to have higher affinity for multiply phosphorylated peptides over singly
phosphorylated peptides under typical conditions, while metal oxides appear to exhibit
moderate or less preference for multiply phosphorylated peptides (31, 40). The efficiency
and selectivity of affinity chromatography for phosphopeptide enrichment are greatly
influenced by various factors, such as buffer concentration, pH, the ratio of sample to
affinity support, and the levels of non-phosphorylated peptides and other ions present in the
final sample. Several studies have shown that combining multiple enrichment methods into
one analytical pipeline provides more comprehensive coverage of phosphopeptides in
complex samples (12, 36, 41, 42). The affinity based enrichment methods have been
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modified and applied for enrichment of intact phosphorylated proteins. However in the
subsequent MS analysis, the enriched phosphoproteins generate mixtures of phosphorylated
and non-phosphorylated peptides due to low stoichiometries of phosphorylation at
individual sites, making it difficult to detect and characterize the phosphorylated peptides.
Most enrichment techniques have focused on enriching phosphorylated peptides from
enzymatic digests which provides more highly enriched phosphopeptides.

Due to the low levels of Tyr-phosphorylated peptides in general(1), Tyr-phosphopeptides
represent a very low fraction of phosphopeptides isolated using IMAC and metal oxide
based enrichment relative to Ser/Thr-phosphopeptides. Anti-phosphotyrosyl (pY)-antibodies
are frequently used to selectively enrich Tyr-phosphorylated proteins and peptides which
enhances their detection (4, 12, 35–37, 43). Immunopurification of Tyr-phosphopeptides
using anti-pY-antibodies has been successfully employed for quantitative studies of Tyr-
directed phosphorylations, including receptor tyrosine kinase (RTK) signaling pathway
analysis (35, 44–47). This approach can also be used prior to the general phospho-affinity
media mentioned above to provide separate pools of Tyr-phosphorylated and Ser/Thr-
phosphorylated peptides. Several anti-phosphoserine/threonine antibodies are commercially
available, which recognize phosphorylated Ser/Thr residues in specific sequence motifs
(48). These phospho-motif-antibodies that can be used in immune-blotting and
immunoprecipitaion are recently gaining increased attention as a useful tool to identify
novel kinase substrates and to investigate kinase activities but care must be taken to validate
specificity(48–52). Other enrichment methods based on chemical modification (53, 54) are
rarely used for complex mixtures in part because the high degree of sample handling, side
reactions, yields, and variability in stoichiometry often leads to significant sample loss, false
positives, and increases in sample heterogeneity.

In conjunction with phosphopeptide enrichment, peptide fractionation techniques such as
SCX (strong cation exchange chromatography) (55, 56), HILIC (hydrophilic interaction
chromatography) (57–59), and gel electrophoresis (60–62) have been applied to improve the
efficiency of phosphopeptide enrichment in large scale phosphoproteomic analysis. SCX
separates peptides based on peptide charges under acidic conditions (e.g., pH 2.7) and is a
most efficient and widely used as a prefractionation method prior to phosphopeptide
enrichment either by IMAC or metal oxides.

Although the ‘bottom-up’ approach, in which proteins are digested and the resulting
peptides are separated by chromatography and analyzed by MS, is routinely applied due to
the advantages of convenient peptide separation, ionization efficiencies, and efficient
peptide fragmentation often yielding enough sequence information for protein identification,
it is not optimal in global proteomics to detect combinatorial effects at multiple
phosphorylation sites in a single protein. This is particularly the case when sequence
coverage is low. ‘Top-down’ (intact) protein analysis can provide highly valuable
information on protein variant forms and information for all PTMs present, as well as the
combinatorial properties of multiple PTMs in the same protein (63–65). However
fragmentation of intact protein ions is more challenging to generate sequence informative
fragments and generally less efficient than fragmentation of peptide ions (66–68). As the
increase of ion internal energy induces fragmentation in MS, large ions redistributing extra
energy amongst many vibrational modes (degrees of freedom) requires higher internal
energy to induce dissociation. Especially in low-energy collision-induced dissociation (CID)
adapted in most of the modern hybrid type instruments, the amount of kinetic energy
converted into internal energy by the collisions with target gases is limited to fragment large
ions at observable time (66–68).
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When phosphoproteome enrichment and MSMS approaches are combined with
quantification methodologies, the relative abundances of up to a few thousand specific
phosphorylation sites can be obtained. It is important to note that careful statistical analysis
is required for quantitative phosphoproteomics. In addition to probabilities for confident
peptide identification, it is necessary to establish probabilities for precise localization of
phosphorylation sites and for reliable measurement of the quantitative changes in
phosphorylation at those sites. In most cases investigators are interested primarily in those
peptides that change their levels of phosphorylation and p-values based on frequency
distribution are particularly useful in this regard. In situations where the absence of change
is significant, p-values are less useful and coefficients of variation or other indications of
variance are more appropriate. Manual verification of important phosphorylation sites/
events identified from a proteomic experiment is highly advisable to verify the site
assignment. Confirmation might be possible by simple inspection or may require de novo
analysis. In rare cases, synthesis of the phosphopeptide to confirm the fragmentation pattern
may be necessary. The previous identification of a site of phosphorylation in a
phosphopeptide database is not sufficient precedence to confirm your site of
phosphorylation, particularly if the same software packages are used for the reference
dataset. High quality spectral data with sufficient sequence information to meet the stringent
requirements for confident peptide identification is best achieved using high resolution, high
mass accuracy instruments to minimize the impact of false positives. This is particularly
important for phosphoproteome analysis where each identification is essentially a single
peptide hit.

Profiling changes in protein phosphorylation in response to stimuli is particularly useful for
elucidation of cell signaling pathways mediated by dynamic phosphorylation. Several
methods for protein or peptide quantification are compatible with phosphoproteome
analysis. Stable isotope labeling methods incorporating 2H, 13C, 15N, or 18O atoms into
proteins or peptides via metabolic (69, 70), chemical (71–73), or enzymatic processes (74,
75) provide the most precise quantitative comparisons of multiple samples. The higher
precision of isotope enrichment methods generally allow more sensitive detection of
changes in phosphorylation levels but the isotopic impurity does limit the dynamic range to
some extent. Stable isotope labeling in amino acids during cell culture (SILAC) (69) is
widely applied for in vitro cell culture to acquire highly precise relative quantification of
protein expression and phosphorylation levels in multiplex (routinely up to three
conditions). Chemically identical isotope pairs/triplets in the downstream sampling
processes can be detected and quantified simultaneously by measuring the relative
intensities of isotope-labeled peptides with specific mass shifts in the mass spectrometer.
Alternatively, iTRAQ (11, 76, 77), covalent chemical labeling of peptides with isobaric
mass tags, and related methods have become feasible for quantitative phosphoproteomics
using newer mass spectrometers with improved collision chambers and ion optics. The
isobaric tags have the advantages of high multiplexing capacity and broad application to
samples not amenable to SILAC.

The label free quantification method provides a useful alternative approach, in which
quantitative information is acquired by spectral counting (55, 78, 79) or from extracted ion
intensities (80) of peptides from separate LC-MS runs for each sample. This approach
provides comparisons of large numbers of samples and great flexibility for different
isolation methods and sample types. However, the phosphopeptide enrichment step
performed individually in phosphoproteomic analysis can introduce potentially large
variance in the quantification unless considerable attention is paid to reproducibility and
significant numbers of replicates are run. Phosphopeptides having low signal intensities or
spectral counts may be difficult to quantify, particularly with the missing data problem of
current proteomics technologies (low overlap of peptide IDs in replicate runs). Label-free
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approaches have been applied to large scale phosphoproteomics with the above caveats. In
this article, we focus primarily on providing practical methods for large scale quantitative
phosphoproteomic analysis based on the highly precise and sensitive SILAC labeling
method, comprised of dual affinity chromatography-based phosphopeptide enrichment
(IMAC, and ZrO2), and reversed-phase LC-MSMS with CID in an LTQ-Orbitrap. We also
discuss certain aspects of data analysis pertinent to phosphoproteomics and briefly discuss
alternative workflows. Here, we demonstrate dual phosphopeptide enrichment techniques
combining IMAC and ZrO2 for phosphopeptide analysis of sub-milligram mouse
macrophage cells; IMAC enrichment on a whole cell tryptic digest followed by ZrO2
enrichment from IMAC flowthrough. Figure 1 schematically outlines workflows for
identification and quantification of a large scale phosphoproteomics study using SILAC. In
the particular example shown, more unique phosphopeptides were identified from sub-
milligram quantities of mouse macrophage protein extract using the second approach (single
IMAC enrichment on whole cell lysate and ZrO2 enrichment of IMAC flow through). This
approach reduces sampling steps, which reduces potential sample variance, yet provides
similar or improved phosphoproteome coverage relative to the first example. A large
number of alternative workflows for phosphoproteome analysis have been published that
can be applied to a broad range of sample types and experimental aims (42, 81–84) and
phosphoproteome analysis continues to evolve rapidly.

SILAC quantification is usually based on the ratios of integrated signal intensities for
labeled (heavy) peptides in a chromatogram (XIC, extracted ion chromatography) relative to
the signal intensities of the corresponding unlabeled (light) peptides for duplex analysis (and
light to medium to heavy isotope ratios for triplex studies). For the examples shown, we
used Mascot (ver. 2.2), MaxQuant (ver. 1.0.13.13) (85), and the PTM-score embedded in
MaxQuant to identify peptides, determine phosphorylation sites, and quantify
phosphorylations from SILAC proteome data acquired with an LTQ-Orbitrap instrument.

Methods
2.1 Establishing optimized phosphopeptide enrichment methods

SILAC labeling has been widely discussed elsewhere (19, 69, 86) and so is not discussed in
detail here except to indicate that isotope incorporation proceeds effectively for most cells
with medium to fast doubling times. Heavy isotope labeled Arg can be converted into heavy
labeled Pro in some slow growing cells which complicates interpretation (86–90).
Incorporation efficiency can be determined from a simple 1D LC-MSMS analysis of
trypsinized extracts of cells grown on heavy isotope labeled Arg and Lys amino acids after
an appropriate number of doublings. Major ions will be observed for the most abundant and
highly ionizable peptides which are used to determine the efficiency of heavy isotope
incorporation.

Reproducibility in phosphoproteomic analysis can be achieved through optimizing and
standardizing enrichment methods. Especially for label-free quantification in which all
samples are individually prepared and compared, each sample handling step needs to be
performed carefully to reduce sample variability. Also minimizing sampling steps prior to
MS analysis is critical.

Optimization of conditions for phosphopeptide enrichment should consider the binding
specificities of sorbents, ratio of sample to sorbent, binding capacities of sorbents, buffer
conditions, ambient temperature, and compatibility with subsequent sample preparation and
analysis steps. In large-scale phosphoproteomic analysis, metal oxides (TiO2, ZrO2) and
IMAC are typically used owing to their high recovery and selectivity for phosphopeptides.
As mentioned above, each affinity material exhibits different specificities; the specificity for
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multiply phosphorylated peptides is generally IMAC > TiO2 > ZrO2 (42, 83). Consistent
with previous applications of multiple affinity enrichment media, combining two
complementary enrichment steps, IMAC(NTA-Fe3+) and ZrO2, allows a more
comprehensive analysis of phosphopeptides from sub-milligram quantities of mouse
macrophages in the basal state. Mouse bone-marrow derived macrophages were SILAC
encoded with normal and heavy Arg(6C13, 4N15) and Lys(6C13) during cell culture. Cells
were lysed using a micro-sonic probe with protease inhibitors (complete, EDTA free,
Roche) and phosphatase inhibitors (Pierce). Protein concentrations in cell lysates were
determined by Bradford assay. Cell extracts were combined in a 1:1 ratio of protein amount
(420 μg each, total 840 μg), treated with DTT and IAA to reduce and alkylate disulfide
bonds, and digested with trypsin (TPCK-modified porcine trypsin) overnight.
Phosphopeptides were enriched by IMAC(NTA-Fe3+) and ZrO2 successively, as in Figure
1B, by following procedures in section 2.1.1 below.. We evaluated the performance of
phosphopeptide enrichment methods by comparing the ratio of the number of identified
phosphopeptides versus the number of all peptides identified. Phospho-enriched fractions of
IMAC and ZrO2 were analyzed by nanoLC-MSMS with an LTQ-Orbitrap XL (Thermo)
interfaced with a 2D nanoLC (Eksigent). The analytes were separated over a 120 min
gradient at a flow rate of 200 nL/min on a reversed-phase capillary column, packed in-house
(75 μm ID × 15 cm) with 3 μm C18 resin (Sepax HP-C18). Separation method was used as
follows: 0–5min, 10% B; 5–100, 10–40% B;100–110 min, 40–100% B; 110–120 min, 100%
B, where solvent A (0.1% formic acid) and solvent B (90% acetonitrile with 0.1% formic
acid). Peptides were identified and quantified by MaxQaunt(ver1.0.13.13) by applying
p<0.01 for peptide and protein identification and modification site localization. Results of
two LC-MSMS replicates of each fraction were combined for evaluation of one enrichment
experiment. From the two LC-MSMS analyses of the IMAC(NTA-Fe3+) eluent, 378 unique
phosphorylated peptides and only 17 non-phosphorylated peptides (acidic) were identified,
providing 96% enrichment efficiency. Phosphorylated peptides identified in the IMAC
fraction were composed of 77% singly phosphorylated, 21% doubly phosphorylated, and 2%
triply or more highly phosphorylated peptides. In the fraction of the ZrO2 enrichment from
IMAC flowthrough, 187 unique phosphopeptides and 525 unique non-phosphorylated
peptides were identified, showing 26% enrichment efficiency. Of the 187 phosphopeptides
eluted from the ZrO2 resin, 91% were singly phosphorylated peptides (Figure 2A.). The
overlap of the identified phosphopeptides between IMAC and the consecutive ZrO2
enrichment was 12% (Figure 2B.). Overall, we identified 504 unique phosphopeptides
containing 683 unique phosphorylation sites in 294 proteins in basal state sub-milligram
mouse macrophage samples after four LC-MSMS runs.

As mentioned above, the ratio of affinity resin to sample quantity is also an important factor
for the selectivity of IMAC and metal oxides for phosphopeptides (31). Use of high ratios of
affinity materials to peptides can lead to the increased binding of non-phosphorylated
peptides competing with phosphopeptides. In practice, it is recommended to use lower ratios
of resin to sample, considering the very low stoichiometry of phosphorylation and restricted
quantities of biological samples. Also note that excess amounts of samples over the binding
capacity of the resin can lead to sample loss and reduction in total phosphopeptide
identifications. At more moderate ratios, high sample to resin ratios can skew the enrichment
towards multiply phosphorylated peptides. As large amounts of proteins, typically more than
2 milligrams up to several tens of milligrams, can be used for large scale phosphoproteomic
analysis, sample pre-fractionation is widely employed before the phosphopeptide
enrichment step. SCX is a highly effective sample fractionation technique for peptides that
is compatible with affinity based enrichment steps. However, C18 desalting of SCX
fractions before phosphopeptide enrichment may lead to the loss of short or highly
hydrophilic phosphopeptides. HILIC chromatography which requires no salt for elution is
becoming more widely used for phosphopeptide separation because it avoids the desalting
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step (57, 58, 84, 91). The modified protocol in Figure 1B, for serial IMAC and ZrO2
enrichment, can reduce sample losses and variability that are exacerbated in smaller samples
(sub-milligram).

2.1.1 NTA-Fe3+ enrichment for phosphopeptides, with minor modifications
from reference (83)
Materials and reagents: microspin column “F” with screw cap and small 10 μm filter
(Boca scientific), NTA(nitrilotriacetate) uncharged resin (Qiagen), 200 mM HOAc (acetic
acid), 50 mM FeCl3 (Aldrich, anhydrous, ≥99.99%) in 100 mM HOAc, 20% formic acid,
water (HPLC grade), C18 tip (Millipore, ZipTip), binding and washing solution:: 60%
acetonitrile with 100 mM acetic acid; elution solution: 4% NH4OH

Activation of IMAC resin with Fe3+

1) Transfer 0.5 mL of NTA resin suspension (approx. 50% resin slurry suspension)
into a 2mL microtube.

2) Wash the resin with 3 volumes of water in slow end-to-end motion for 10 min,
and aspirate supernatant after the resin has settled.

3) Wash the resin with 3 volumes of 200 mM acetic acid for 10 min.

4) Activate with 3 volumes of 50 mM FeCl3 in 100 mM acetic acid for 1 hour in
slow end-to-end motion.

5) Wash with 3 volumes of 200 mM HOAc for 10 min, twice.

⋇ Activated bulk NTA-Fe3+) can be stored in 200 mM HOAc at 4 °C for
several weeks.

Phosphopeptide enrichment with NTA-Fe3+

6) Desalt sample peptide mixture with C18 Zip-tip, following the vendor’s
protocol, and dry down in an eppendorf tube.

7) Transfer an aliquot of activated NTA-Fe3+ resin suspension (50% resin slurry)
into the tube with dried sample. (10 uL of NTA-Fe3+ resin for approximately
1mg of protein digest)

8) Add binding solution (60% acetonitrile with 100 mM HOAc) to adjust pH value
to 3 and a total volume of 50 μL.

9) Incubate the sample with resin on a slow shaker for 1 hour at room temperature.

10) Transfer sample mix with resin into a micro spin column with filter pre-washed
with 100 mM HOAc.

11) Spin out the binding solution in a microcentrifuge at 500 RCF for 30 sec.

12) Save the flowthrough volume.

13) Wash the resin with 50 μL of washing solution (60% acetonitrile with 100 mM
HOAc) twice. Collect flowthrough and combine with the flowthrough from step
(12).

14) Elute bound phosphopeptides with elution solution (50 μL of 4% NH4OH).

15) Immediately add 12 L of 20% formic acid to adjust the pH to approximately 3.
Check pH by aliquoting a small volume to a pH indicator strip.
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16) 3+ eluate and the combined flowthrough. NTA-Fe3+ eluate will be Dry down
NTA-Fe reconstituted with 0.1% TFA before LC-MS analysis.

17) Spin down for 5 min at 10,000 RGF, and load supernatant for LC injection.

2.1.2 ZrO2 based enrichment for phosphopeptides—Materials and reagents: ZrO2
resin (Glygen, 20–30 μm), microspin column “F” with screw cap and small 10 μm filter
(Boca scientific), binding solution: 30% acetonitrile with 25 mg/mL 2,5-dihydroxybenzoic
acid (DHB, Aldrich) with 200 mM formic acid; washing solution: 50% acetonitrile with 200
mM formic acid; elution solution: 4% NH4OH, 20% formic acid.

1. Weigh ZrO2 resin in a microcentrifuge tube. (2–5 mg of resin for 1 mg of peptide
sample)

2. Wash ZrO2 resin with 100 μL of 100% acetonitrile and aspirate supernatant after
resin has settled.

3. Activate ZrO2 resin with 100 μL of binding solution at least for 1 min and aspirate.

4. Add 50 μL of binding solution to the ZrO2 tube.

5. Transfer ZrO2 suspension with binding solution into the centrifuge tube with the
dried flowthrough from NTA-Fe3+ enrichment above or other peptide samples,
desalted with C18 and dried.

6. Incubate with slow shaking for 1 hour at room temperature.

7. Transfer the ZrO2 suspension (now with peptides bound) into a spin column.

8. Spin out the binding solution in a microcentrifuge at 500 RCF for 30 sec.

9. Wash the ZrO2 resin with 50 μL of washing solution, twice.

10. Elute bound peptides with elution solution (50 μL of 4% NH4OH).

11. Immediately add 12 μL of 20% formic acid to eluted peptides to adjust the pH to
approximately 3. Check pH by spotting 0.5 μL onto pH indicator strips.

12. Dry down ZrO2 eluent on a SpeedVac with no heat, and reconstitute with 0.1%
TFA solution before LC-MS.

13. Spin down for 5 min at 10,000 RGF, and load supernatant for LC injection.

• Note 1. Peptide samples must be cleaned with C18 or graphite carbon
before IMAC and ZrO2 enrichment.

• Note 2. Elongated binding time at higher temperatures may lead to poor
recovery of phosphopeptides due to the irreducible covalent bonds formed
between phosphate group and resin (92, 93).

• Note 3. When phosphopeptide enrichment efficiency (spectral counts of
all phosphopeptides/total spectral counts of all identified peptides) is low,
reduce the amount of resin used. A second enrichment of the IMAC eluate
using a reduced amount of resin can improve recovery of
phosphopeptides.

• Note 4. ZrO2 resin in the protocol 2.1.2 above can be replaced with TiO2
resin (Glygen, 20–30 μm) without further modification.

Kweon and Andrews Page 8

Methods. Author manuscript; available in PMC 2014 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.2. Reversed-phase nanoLC separation for quantitative phosphoproteome analysis
Multidimensional chromatographic separation of biological samples combined with high
resolution and high mass accuracy MSMS analysis is a core technology enabling high
throughput detection of thousands of components within a single experiment. New
stationary phases, different separation modes, and advanced instrumentation such as UPLC
(ultra performance liquid chromatography) and chip-based chromatography have emerged in
the field of proteomics, yet reversed-phase (C18) nano-scale HPLC performed with flow
rates in the range of 100–500 nL/min on 50–100 μm ID columns is still prevalent as the
front end separation of peptides for tandem MS instruments. Although reversed-phase LC
columns retain very hydrophilic peptides such as short chain phosphopeptides poorly,
reversed-phase LC is still widely and efficiently applied for phosphoproteomic analysis
because of its high peak capacity, high reproducibility, and easy interface with MS
instruments.

Efficient analysis of phosphopeptides in complex mixtures, requires optimal nanoLC
resolution and stability. Long capillary columns (50–75 μm ID) packed with small size
particles (3μm) and shallow gradients of acetonitrile at low pH are typically used for
separation of extremely complex phosphopeptide mixtures. Long gradient times from 100
min up to 600 min (94) are often used for phosphoproteome analysis to increase the number
of phosphopeptide identifications. The long gradient runs partially compensate for the
limited duty cycles of current high resolution MS instruments. Alternatively, technical
replicates of the same samples are acquired to serve the same purpose (95). As instrument
duty cycles improve or more effective fragmentation schema (96, 97) are developed, good
depth of phosphoproteome coverage should become more practical without excessive
instrument time requirements.

2.3 Mass spectrometry for identification and quantification of isotope-labeled
phosphopeptides

Localization of phosphorylation sites is a more difficult task than detection and
identification of phosphopeptides. This is because a relatively complete series of fragment
ions are required to unambiguously identify the specific amino acid residue(s)
phosphorylated. The low abundance and low ionization efficiency of phosphopeptides
contribute to low signal to noise ratios which impair their selection for MSMS and yield low
fragment ion counts. During CID fragmentation of peptides, predominant neutral loss of
phosphoric acid (H3PO4, 98 Da.) is often (but not always) observed from Ser-/Thr-
phosphopeptides, resulting in limited fragmentation and thus little information on peptide
sequence and location of phosphorylation. Neutral loss dependent scans (MS3) selectively
triggered on the neutral loss fragment followed by MS/MS scan of phosphopeptides can
improve the success rates and certainty of peptide sequencing, but adding the MS3 scan
cycle to the MS acquisition scheme increases the duty cycle for peptide identification (98–
100). Multistage activation (MSA) or pseudo-MS3 is designed to apply activation energy at
the m/z (−98, −49, −32.7) of the corresponding neutral loss ions of the precursor
phosphopeptides, simultaneous with CID fragmentation of the original precursor peptides.
The resulting MSA spectra containing fragment ions from both MS2 and MS3 provide more
sequence information without increasing the duty cycle for phosphopeptide identification.
However CID-MS/MS itself showed similar performance for phosphopeptide identification
to MS3 and MSA in several large-scale phosphoproteomic studies(101, 102), identifying
large numbers of redundant phosphopeptides by all of these methods and small numbers of
unique phosphopeptides from each approach. Other fragmentation techniques, such as
electron capture dissociation (ECD)(103, 104) and electron transfer dissociation (ETD)(105,
106), have gained extensive attention as alternative fragmentation techniques that are
capable of providing sequence information and exact localization for phosphopeptides.
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However the lower fragmentation efficiency and longer duty cycle of these techniques
currently hamper their routine application to large scale phosphoproteome analysis on many
instruments. Selective phosphopeptide enrichment and peptide isolation for LC-MS analysis
is essential for highly reproducible and highly sensitive quantitative analysis of
phosphoproteomics, but optimizing instrumental parameters for MS and MS/MS is also
critical for successful proteomic analysis. Utilizing data-dependent MS/MS acquisition and
dynamic exclusion of recurring ions can significantly increase the number of peptides/
proteins identified. The hybrid LTQ-Orbitrap system consisting of a fast scanning ion trap
mass reactor (LTQ) and a high resolution mass analyzer (Orbitrap) is one robust platform
for high-throughput quantitative analysis of phosphoproteomes and instrument optimization
is discussed below in the context of this instrument. Many of the same considerations are
valid for other hybrid type high resolution, high mass accuracy instruments such as
quadrupole time-of-flight (Q-TOF)(107–109). In a typical CID-MS/MS experiment,
precursor ions are automatically selected based on ion intensities from the ions in the MS
survey scans. Survey MS scans acquired with sub-ppm mass accuracy and high mass
resolution of above 30,000 increases the confidence of peptide identification by filtering out
large numbers of false positive matches. High mass accuracy can be achieved by internal
lock mass calibration with polydimethyl cyclosiloxane ((Si(CH3)2O)6H+ at m/z 445.120025)
as internal calibrant (110), and by routine external mass calibration. In addition to high mass
resolution and high mass accuracy of the MS spectra, high quality MSMS spectra are also
critical to successful identification. The quantity and quality of spectral data acquired on a
hybrid LTQ-Orbitrap are determined by auto-gain control (AGC) target values of MS and
MS/MS and ion-count threshold for data-dependent acquisition. A high ion-count threshold
above noise level generally reduces the number of spectra acquired but increases the quality
of data. Ion-count settings that are too high above noise levels leads to under-sampling
which reduces the sensitivity of quantification based on XIC and spectral counts. Dynamic
exclusion is used to limit identical precursor ions repeatedly selected for CID fragmentation
within the width of a chromatographic window (111, 112). It increases the number of unique
peptide fragmentation spectra acquired because instrument duty cycle time is not wasted
collecting redundant spectra. Long exclusion duration times exclude abundant ions eluting
in broad chromatographic bands from precursor selection subsequent to the first MS/MS
acquisition of the ions over the period. Exclusion duration (113), a period of time for
selected ions to be excluded from MSn acquisition, influences the number of spectra
acquired as well as the quality of the spectra. Ideally, the highest quality MS/MS spectrum
of an ion can be obtained at the chromatographic peak with the highest signal intensity of
the target ion. To enhance the identification rates, the dynamic exclusion duration is
optimized at the average chromatographic peak width at the half maximum intensity
(FWHM) of the identified peptides. Ions picked for sequencing at the beginning of the
chromatographic bands near the baseline can be selected for MS/MS sequencing near the
chromatographic peak at the second acquisition. (Figure 3.) Instrument settings for the LTQ-
Orbitrap XL (Thermo) typically used in phosphoproteomics are shown in Table 1.

2.4 MS data processing and bioinformatics analysis for confident identification, site–
localization and quantification of isotope-labeled phosphopeptides

Efficient phospho-specific enrichment methods integrated with advanced MS
instrumentation allow generation of high quality phosphoproteomic datasets. Highly
accurate precursor ion masses and sequence specific fragment ions in MS/MS spectra
facilitate confident peptide and protein identification via database search engines, such as
Mascot (114), Sequest (115), OMSSA (116), and X!Tandem (117, 118). The reliability of
search results is statistically measured by false discovery rates (FDR) in the target-decoy
search method, which provides simple and convenient filtering criteria for confident
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identification. A stringent filtering cutoff of FDR < 1% is typically applied for confident
peptide identification.

Identification and quantification of phosphorylated peptides are two key goals in
phosphoproteomics that can be accomplished readily. Identification of the actual site of
phosphorylation is also very important to understand signaling mechanisms and it is
necessary to establish probabilities for the precise localization of phosphorylation sites in
addition to probabilities for reliable measurement of the quantitative changes in
phosphorylation at those sites. However exact localization of phosphorylation sites is still
challenging. Especially in tandem experiments by CID fragmentation where the abundant
neutral loss of phosphorylation from precursor ions during CID often limits sequence
coverage. Confident localization of phosphorylation sites on peptides requires diagnostic
fragment ions bracketing the sites to be present in the MS/MS spectra. Probability based
scoring algorithms efficiently extract structural information from each MS/MS spectrum in
large proteomic datasets to provide high throughput analysis of phosphorylation sites. The
‘Ascore’ (119) algorithm measures the probability of correct phosphorylation site
localization based on the presence and intensity of site-determining ions in the MS/MS
spectra. Post-translational modification (PTM) scoring used in MaxQuant (ver 1. 0.13.13)
(85, 120) for instance, extracts localization information based on an algorithm that makes
use of the four most intense fragment ions per 100 m/z units in an MS2 or MS3 spectrum.
The PTM-score tests for all possible combinations of peptide backbone fragments and
phosphorylation sites and reports the combinations that matched to the spectra with the
highest scores. While probability based scoring tools can process large proteomic datasets to
extract sequence and localization information, peptides with multiple Ser, Thr, and Tyr
residues may lead to ambiguous assignments of phosphorylation sites. Ambiguity in
phosphorylation site-localization is further complicated by intramolecular transfer of
phosphate group during CID fragmentation, which has been reported with ion-trap mass
spectrometers using relatively long ion trapping times (121). Cofragmentation of coeluting
isophosphomers (differing by location of the phosphorylation sites on the same peptides) is
also a problem. Although they have been improved considerably in recent years, some level
of miss-assignment of phosphorylation sites may still be expected at low but significant
levels in all current versions of search tools. Therefore manual verification of crucial
phosphopeptides is highly advisable. Confirmation may be possible by manual inspection,
de novo analysis, or most stringently, by synthesis of the phosphopeptide to confirm the
fragmentation pattern.

Quantification of isotopically labeled samples, such SILAC, is determined based on the
ratios of integrated signal intensities for labeled (heavy) peptides in a chromatogram (XIC,
extracted ion chromatogram) relative to the signal intensities of the corresponding unlabeled
(light) peptides. Several software packages are available to effectively analyze SILAC data,
including MaxQuant (84, 85), Mascot Distiller (122), Xpress (123), ASAPratio (124), and
others (125, 126). The open source MaxQuant package was developed for SILAC data
analysis, especially for MS data acquired in a hybrid tandem mass spectrometer featuring
high mass resolution and high mass accuracy such as the LTQ-Orbitrap or LTQ-FTICR. For
the results summarized in Figure 2, we used Mascot (ver. 2.2), MaxQuant (ver. 1.0.13.13),
and PTM-score embedded in MaxQuant to identify peptides, determine phosphorylation
sites, and quantify phosphorylations from SILAC proteome data acquired with an LTQ-
Orbitrap instrument.

Probability values (p-values), reflecting statistical significance of measured changes in a
frequency distribution, provides a good guide for investigators to decide which
phosphorylation sites are differentially phosphorylated between different cell conditions.
Changes below a threshold p < 0.05, or more stringently, p < 0.01, are typically considered
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statistically significant in large scale quantitative phosphoproteome analysis. With various
bioinformatics analyses performed on searched data, extensive information collected from
quantitative phosphoproteomic analysis can be integrated and expanded by combining with
data extracted from curated databases to provide insights into phosphorylation-mediated
signaling networks.

Concluding remarks
Protein phosphorylation is involved in a broad range of biological activities and processes.
Characterizing distinct changes of site-specific phosphorylations may provide significant
insights into specific cellular activities including cell signaling. In a typical approach for
large-scale phosphoproteome analysis by mass spectrometry, selective phosphopeptide
enrichment from non-phosphorylated peptides before MS analysis is the most effective
strategy to improve detection sensitivity of low abundance phosphorylated peptides. While
metal oxides (TiO2, ZrO2) and IMAC have been widely adapted for phosphorylation studies
due to their highly efficient separation of phosphopeptides, careful optimization and control
of separation conditions are necessary to achieve high specificity and reproducibility.
Separation and mass spectrometry technologies are still evolving and multiple workflows for
phosphoproteome have been established, including the use of multiple enrichment methods.
While various protein and peptide labeling methods as well as label-free methods are
available for relative or absolute quantification of proteins, peptides, and PTMs, stable
isotope labeling methods such as SILAC and iTRAQ can provide the most sensitive and
unbiased determinations of differential phosphorylation. The importance of instrument
configuration, operating conditions, and bioinformatic analysis of large data sets cannot be
underestimated for confident identification, localization, and quantification of
phosphorylations.
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Figure 1.
(A) Schematic of a typical workflow of MS-based quantitative phosphoproteomics of
metabolically labeled cells, and (B) a modified workflow employing two enrichment steps
using IMAC and ZrO2 successively for a peptide mixture from the labeled whole cell
lysates.
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Figure 2.
(A) Pie charts depicting the distribution of unique peptides carrying different numbers of
phosphorylation groups identified by the NTA-Fe3+ and subsequent ZrO2 enrichment. (B)
Venn diagram showing the number of unique phosphopeptides identified from fractions of
IMAC enrichment and successive ZrO2 enrichment from IMAC flowthrough (by the
modified workflow in Figure 1B.).
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Figure 3.
Schematic diagram depicting a precursor ion selected for MS/MS with dynamic exclusion
applied. As an ion elutes from LC the first MS/MS scan of the ion is acquired near the ion
count threshold, which likely yields poor quality spectrum. Exclusion duration set to the LC
peak width allows the next MS/MS acquired near peak apex with high ion counts that
provides high quality spectrum in general.
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Table 1

Experimental settings of LTQ-Orbitrap XL used in phosphoproteomic analysis.

Parameters of LTQ- Orbitrap XL Experimental settings* Allowed range Notes

Resolution 60,000 7500– 100,000 • At higher resolution, slower scan speeds

AGC target value of Orbitrap 800,000 (Orbitrap)
30,000 (LTQ)

• Prevents over-filling of ion trap

Minimum signal threshold(counts) 15,000

0–10E(9) • Minimum ion count cutoff for precursor ion
selection for MSMS

• Optimized to the average ion count noise
level

Maximal ion accumulation time 500 ms (Orbitrap)
250 ms (LTQ)

• Maximum allowed time for filling ion trap
before reaching the AGCs

Duration of dynamic exclusion 30–60 sec

• Period of time that ions remain excluded
from precursor ion selection for MSMS

• Optimized at the average LC peak width at
half height

Normalized collision energy (CID) 30%

0–100% • Applied energy for ion fragmentation

• Set at the maximum fragmentation
efficiency

Activation time (CID) 30 ms

• Applied activation time for ion
fragmentation

• Set at the maximum fragmentation
efficiency

*
Values typically used for phosphoproteome analysis.
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