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Abstract

The underlying functional role of protein phosphorylation is impacted by its fractional 

stoichiometry. Thus, a comprehensive strategy to study phosphorylation dynamics should include 

an assessment of site stoichiometry. Here, we developed an integrated method that relies on 

phosphatase treatment and stable isotope labeling to determine the absolute stoichiometries of 

protein phosphorylation on a large-scale. This approach requires the measurement of only a single 

ratio relating phosphatase- and mock-treated samples. We applied the strategy to determine 

stoichiometries for 5,033 phosphorylation sites in Saccharomyces cerevisiae. Stoichiometries were 

determined from biological triplicate experiments with good reproducibility. We validated ten 

sites stoichiometries representing the full range of values with an absolute quantitative approach, 

showing excellent agreement. Using bioinformatics, we characterized the biological properties 

associated with phosphorylation sites with vastly differing absolute stoichiometries.

INTRODUCTION

Reversible protein phosphorylation plays an important role in biological systems and is 

involved in virtually every cellular function. Mass spectrometry (MS) -based proteomics can 

globally characterize this widespread post-translational modification and has been 

extensively reviewed1–3. In combination with stable isotope labeling, MS-based proteomics 

has produced large-scale data sets quantifying phosphorylation changes between cell 

states1,4,5. Current large-scale comparisons provide an informative view of the protein 

phosphorylation landscape1,6–9. However, their biological interpretation is complex. 

Notably, if the difference in protein abundance is known, a change in a site’s 

phosphorylation levels results in a known relative stoichiometry change10. Yet, the absolute 

fractional occupancy remains unknown. For example, a two-fold down-regulation of site 

stoichiometry could result from either fractional occupancy changes of 0.2 → 0.1% or 100 

→ 50%, which likely represent fundamentally different cellular strategies. Therefore it 
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appears crucial to assess absolute phosphorylation site occupancy on a proteome scale in 

order to correctly and comprehensively understand its functional significance.

Conventionally, biochemical methods, such as Western blotting, have been used to measure 

phosphorylation stoichiometry. Phosphoproteins and non-phosphoproteins are separated 

physically via sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and 

their quantities are estimated using antibodies11,12. This method is time consuming and 

requires a phosphorylation-induced migration difference in the gel.1 Protein phosphorylation 

stoichiometry can also be measured by MS9,13,14. For example, using a label-free approach, 

stoichiometry can be measured from the ratios of ion signals of phosphopeptides and the 

corresponding non-phosphopeptides14–17. An assumption of this method is that differences 

in the ionization and detection efficiencies of a peptide’s phosphorylated and 

nonphosphorylated forms are negligible. To overcome this shortcoming, a recently reported 

method18 determined the response ratios of phosphopeptides and non-phosphopeptides 

using synthetic peptide standards, and was applied to measure the stoichiometries of two 

tyrosine residues in the Lyn protein.

Another MS-based method, termed absolute quantification (AQUA)13, is based on stable 

isotope dilution. Heavy versions of phosphorylated and non-phosphorylated peptides are 

synthesized and spiked into the sample in known quantities as internal standards. The 

phosphorylation stoichiometry can be obtained by measuring and comparing the absolute 

abundances of each peptide’s phosphorylated and nonphosphorylated forms. Notably, using 

this method, it was demonstrated that S1526 from human separase is maintained at full 

occupancy until the metaphase-to-anaphase transition when it is partially dephosphorylated 

and activated, allowing the release of tethered sister chromatids. Knowing the stoichiometry 

of S1526 across the cell cycle proved vital to understanding its specialized mitotic 

function19. In addition to separase, this method has been adapted to measure occupancy in 

Akt20.

Another elegant strategy was reported to measure phosphorylation stoichiometry by MS 21. 

Phosphatase treatment was used in combination with specific and differential labeling of the 

N-termini of all peptides in a sample with either a D5 or D0 –propionyl group, then 

measuring the ratio of the abundance of the D5/D0 peptide pairs simultaneously using 

MALDI-MS. Stoichiometry was obtained based on the signal increase of the peptide from 

the dephosphorylation of the corresponding phosphopeptide. A similar strategy 22 measured 

the phosphorylation stoichiometries of different sites of protein Npr1 by protease dependent 

incorporation of 18O or 16O labeled peptides, followed by phosphopeptide enrichment, 

phosphatase treatment, and MALDI-MS analysis. This strategy has also been used in other 

reports23–28.

However, all of the methods discussed above were used for small-scale studies, ranging 

from one to several proteins or a protein complex. With the development of MS-based 

proteomics methods, thousands of unique phosphorylation sites can be analyzed in one 

experiment, yet the underlying fractional occupancy of these sites remains unknown. 

Recently, a method 9 was reported to measure site stoichiometry at a large scale by 

obtaining a minimum of three different ratios representing protein, phosphopeptide, and 
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unmodified peptide changes based on stable isotope labeling with amino acids in cell culture 

(SILAC). But this approach is biased in that it can only be applied to sites after detecting a 

change in phosphopeptide levels.

In this study, we integrated phosphatase treatment and stable isotope labeling to determine 

site stoichiometries of protein phosphorylations on a large-scale. Importantly, the method 

can provide thousands of stoichiometry measurements for a single cellular condition. We 

measured basal stoichiometry levels for more than 5,000 events in exponentially-growing 

yeast in triplicate. The accuracy of this method was assessed for ten sites of varied 

stoichiometries using the AQUA strategy13. Bioinformatic analyses indicated that acidic 

sites were, on average, of higher stoichiometry than other motifs and that high stoichiometry 

sites were not more conserved across yeast species than low stoichiometry sites. Several 

biological and functional categories are statistically enriched for high or low stoichiometry.

RESULTS

A method to assess absolute stoichiometry on a large scale

An overview of the method is shown in Fig 1. A cell lysate is first digested with 

endoproteinase lys-C. Two identical 0.5 mg peptide aliquots are subjected to either 

phosphatase treatment or a mock reaction. Following the reactions, peptides in the 

phosphatase-treated sample are chemically labeled by reductive dimethylation (ReDi) using 

deuteroformaldehyde to dimethylate free amines29. The mock reaction sample is chemically 

labeled using formaldehyde. The two aliquots are then mixed, which results in a 1:1 ratio for 

all peptides unaffected by phosphatase treatment. The mixed sample is then analyzed by 

deep MS sequencing to identify and quantify as many peptide species as possible. This 

involves separation by hydrophilic interaction liquid chromatography (HILIC), and then 

analysis of each fraction by LC-MS/MS techniques. Among the thousands of detected 

peptides will be those previously harboring phosphorylation sites. They will display and 

increase in the heavy partner intensity over the co-eluting light version directly representing 

the fraction of the peptide that was phosphorylated. Each of these peptides is termed an 

“occupancy determining peptide” (ODP), and they directly encode the absolute 

stoichiometry based on the ratio of heavy/light species ((1-1/Ratio) × 100%). A list of ODPs 

can be collected from previously published data sets of site-specific phosphorylation. The 

overlap of these published data sets with the phosphatase-treated one defines the number of 

sites for which stoichiometries can be determined.

Applying the method to define absolute stoichiometries

We evaluated the potential for this method by applying it defines the absolute 

stoichiometries of yeast growing through log phase with glucose as a carbon source. 

Separate yeast cultures (n = 3) were grown and protein was harvested. The method was 

performed as described in Fig. 1 with deep MS sequencing of 20 fractions for each 

experiment. The total numbers of peptides detected in each culture were 76,893; 77,439 and 

81,012; respectively (Supplementary Table 1–4). The false-discovery rates are shown in 

parenthesis and were based on the target-decoy database approach30. In a separate 
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experiment, the phosphatase reaction performed at the peptide level was found to be > 99% 

effective (see Methods).

In order to use this method, a list of phosphorylation sites was needed. We chose to use 

localized sites determined in 5 published yeast phosphorylation studies7,10,31–33. The 

overlap between our phosphatase-treated data sets and the sequences surrounding these 

published sites was assessed. Due to the shotgun nature of LC-MS/MS, not every ODP was 

identified. In this proof-of-principle experiment, for 5,033 sites in the literature, we detected 

the nonphosphorylated peptide forms. Their H/L ratios are plotted in Figs. 2a, and 2b 

displays an example of the occupancy calculation from the measured ratio. The 

stoichiometry distribution is shown in Fig. 2c. Very high occupancy (> 90%) was not 

common, occurring at only about one in ten sites. The majority of sites showed low 

occupancy, with half displaying occupancies of < 30%. Some examples with different 

motifs are shown in Supplementary Table 5.

One limitation of this method stems from the fact that bottom-up proteomics methods 

measure ratios for individual peptides whose sequences can contain one or more 

phosphorylation sites. While the ratios observed for singly phosphorylated peptides 

represent stoichiometries for individual sites, peptides containing multiple phosphorylation 

sites reflect the extent of modification for all phosphorylation sites in any combination. Our 

MS-based method cannot distinguish the contribution of each site within these multiply 

modified peptides. For simplicity, we have assigned the stoichiometries calculated from the 

peptide ratio to each site in the peptide. Thus, these stoichiometries should be considered as 

maximum stoichiometries when more than one site is known on the peptide. 4,016 sites 

(80%) were identified from peptides displaying only a single site (Supplementary Table 6).

In order to assess the reproducibility of the method, biological triplicate experiments were 

performed. Stoichiometries were obtained for 3,843; 4,077 and 3,756 events, respectively. 

The Pearson correlations between replicates was strong, as shown for experiments 1 and 2, 

and 1 and 3 (Figs. 3a and 3b, Supplementary Figure 1). For 2,664 site stoichiometries 

measured in all experiments, the average standard deviation (SD) was 6.3%. The SD 

distribution is plotted in Supplementary Figure 1c. Using one SD, stoichiometries were 

accurate to ± 6%. Values could be made even more accurate by increasing the number of 

biological replicates. However, these measurements are accurate enough for site 

classification, allowing further biological characterization.

Validation of absolute site stoichiometries using AQUA

To validate our stoichiometry measurements, we used another independent method, the 

AQUA strategy13, to accurately determine the stoichiometries of ten sites chosen to 

represent the full range of occupancy states (Fig. 3 and Table 1). Ten pairs of heavy 

phosphopeptides and corresponding non-phosphopeptides were then synthesized. Known 

amounts of heavy peptides were spiked into proteolyzed whole cell lysate and samples were 

analyzed by LC-MS/MS (see Methods). As an example of AQUA validation, we show the 

extracted chromatographic peaks of non-phosphopeptide (RIIEHSDVENENVK) and 

phosphopeptide (RIIEHS*DVENENVK) for site S618 of protein UBP1, a ubiquitin-specific 

protease that removes ubiquitin from conjugated proteins (Fig. 3a), and the identification of 
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the corresponding phosphopeptide by MS/MS (Fig. 3b). According to the H/L ratio and the 

amount of heavy peptides spiked into the sample, we calculated the amount of the peptide 

and phosphopeptide in the lysate to be 20.5 and 46.0 fmol, respectively. Thus, the 

stoichiometry of this site is 69.2%, which agrees with the values of 59%, 59% and 66%, 

respectively, in the biological triplicate experiments. The stoichiometries of sites S266 of 

IPP1 and T710 of DCP2 were very low based on the results of our large-scale experiments. 

This was also confirmed by AQUA, i.e. 1.8% and 2%, respectively. In addition, both acidic 

sites of S562 of YML093W and S379 of BFR2 showed full or nearly full occupancies (Fig. 

4c, Table 1). The AQUA results were again consistent. The ten site stoichiometries 

quantified by AQUA strongly suggest that our large-scale method for determination of 

phosphorylation site occupancy is reliable.

Relationship between kinase motifs and site stoichiometry

We next examined the relationship between specific sequence motifs favored by kinases and 

the resulting site stoichiometries. Phosphorylation sites containing an acidic (caseine-kinase 

II-like) motif demonstrated higher occupancy levels than other motifs (Fig. 4a). Proline-

directed sites, which are often modified by cyclin-dependent kinase (CDK) and mitogen-

activated protein kinase (MAPK), have lower than average occupancies.

For each site with occupancy, we also applied secondary structure prediction algorithms 34 

to classify events according to likely structure. Most sites (91%) were predicted to be in 

disordered regions (Fig. 4b). However, sites predicted to be in ordered regions demonstrated 

a strong preference for low stoichiometry. As we have shown previously7, phosphorylation 

is overwhelmingly detected in protein regions predicted or known to be disordered. Yet, 

when phosphorylation does occur in ordered regions, we found that it is almost always of 

low occupancy in exponentially-growing yeast. This suggests two things: i) the frequency of 

high occupancy sites serving structural roles is low, and ii) phosphorylation events occurring 

in ordered regions are nearly always activating in nature. Indeed, the best example of this 

phenomenon is that phosphorylation within the kinase domains is often required for kinase 

activation35.

Correlating protein function to stoichiometry levels

In order to obtain functional insights into site stoichiometry, we separated phosphoproteins 

into four groups based on their highest stoichiometries (low (< 10%), medium (10–30%), 

high (30–75%), and very high (75–100%)) to examine differences in biological processes 

and cellular compartment enrichment using DAVID36. P-values were z-transformed and 

then clustered (Figs. 4c and 4d). Biological processes enriched in high stoichiometry sites 

included “Chromatin silence” and “cytokinesis during cell cycle.” Full versions of these 

figures are shown in Supplementary Fig. 2.

We next examined site conservation across 25 fungal proteomes for thousands of sites (Fig. 

5, Supplementary Fig. 3). Homologs from 25 fungal genomes from the same family 

(Saccharomycetaceae) were identified using a TBlastN search and then aligned. If a 

homolog was found, conservation was determined based on identifying the same phospho-

acceptor residue at the same position in both species (see Methods). To facilitate this 
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analysis, only singly-phosphorylated sites with high confidence localizations were selected 

(n=3,443), and we binned stoichiometries into three categories of low, medium, and high 

occupancies. Site residue conservation was generally localized to only a few very closely 

related species. However, ~10% of sites were highly conserved. Previously, we had found a 

similarly poor conservation of 541 Cdk1-phosphorylated residues across fungal species7. 

Notably, high occupancy site residues were actually less conserved, on average, than low 

occupancy ones. Strikingly, most sites are poorly conserved even within budding yeast 

species, and high occupancy sites were not found on more conserved residues. Indeed, the 

most conserved site residues harbored very low stoichiometry sites. These events are also 

the ones predicted to be in ordered regions (data not shown). A website has been created for 

visualizing these conservation data and the alignments (http://gygi.med.harvard.edu/pubs/

occupancy_evolution).

DISCUSSION

Our method of determining absolute site stoichiometry provides unbiased insight into this 

functionally important protein property for thousands of basally phosphorylated sites. 

Notably, the approach requires only the measurement of a single ratio in a single experiment 

for ODPs. The stoichiometry relationship is completely straight-forward to determine for 

singly-phosphorylated peptides. Determining stoichiometries for multiply-phosphorylated 

peptides is more complex and may not accurately reflect values at individual sites, but do 

still represent occupancy levels encompassing the sequence region shown. They should be 

considered to represent the maximum potential occupancy at each site. Of the 5,033 

stoichiometry measurements collected, 1,017 were derived from peptides where multiple 

sites were present.

Our stoichiometry measurements were averaged from three separate yeast cultures. The 

standard deviation of these measurements was found to be ~6%. This implies that the 

method is not suitable to distinguish small differences in stoichiometry, but is capable of 

classifying sites into at least 5–10 categories of increasing stoichiometry. We also validated 

the absolute occupancy state for ten sites by a highly quantitative method (AQUA13). Even 

though sites were chosen to represent the full range of occupancy states, the agreement 

between the AQUA stoichiometries and the phosphatase-based method was strong.

A special stoichiometry case is full occupancy, which predicts constitutive kinase activity 

and/or little phosphatase activity toward the site. Many cyclin-dependent kinase sites have 

been shown to achieve full occupancy under mitotic conditions9,19. However, we collected 

our measurements from asynchronous yeast where the vast majority of cells would not be in 

M phase. Thus, most targets of CDK (mitotic sites) would be expected to be detected at low 

stoichiometry. Surprisingly, we found that sites determined in that study to be substrates for 

Cdk1 and overlapping with ours (n = 95) contained a similar distribution of stoichiometries 

as the entire phosphoproteome with many high and low stoichiometry events (mean =40.6%; 

Supplementary Fig. 4; Supplementary Table 7). This indicates that many of these “mitotic” 

sites are actually phosphorylated during other phases of the cell cycle. They likely have 

additional, non-mitotic roles which are then overwhelmed or repurposed during mitosis.
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During exponential growth in asynchronous cultures, we found that ~10% of sites 

demonstrated full or almost full occupancy (> 90%) (Fig. 2c). This finding has important 

implications. It suggests that kinase pathways are generally inactive or less active in their 

default state and that most phosphorylation events function by influencing only a fraction of 

the available protein molecules. Maintaining sites at full occupancy thus requires 

considerable energy investment. Casein kinase II (CKII) is a constitutively active and 

essential yeast kinase with hundreds of substrates37. Strong casein kinase II motifs contain 

acidic residues at the +1 and +3 positions (e.g., SDxE). This acidic motif encompassed 

higher stoichiometries, on average, than basophilic or proline-directed motifs, demonstrating 

that strong or even constitutive pathway activation can result in high basal stoichiometries.

Only one other method has been reported that can assess absolute site stoichiometry on a 

large or global scale9. The authors determined occupancy by obtaining a minimum of three 

different SILAC ratios representing protein, phosphopeptide, and unmodified peptide 

changes. This is accomplished in separate proteome- and phosphorylation-based analyses. 

Using these three ratios from two experiments, a fractional occupancy level can be 

calculated. Importantly, there is a requirement that a substantial change in phosphopeptide 

amount occurs. In addition, because of the complex math involved, even slight errors in 

measurement can cause wildly changing stoichiometry calculations, and there are many 

undefined possibilities among the three ratios. For example, a change of any amount at the 

protein level with no corresponding change at the phosphopeptide level results in a change 

in occupancy, but is undefined by their method.

A major question is how stoichiometry as a biological property might influence protein 

function or regulation. We analyzed differences in the enrichment of gene ontology 

categories for low, medium, high, and very high stoichiometries. This provides hints at 

where high and low occupancy may be important for biological function. Phosphoproteins 

with reported localization to the cytoplasm, ribosome and mitochondria generally showed 

lower stoichiometries while proteins in the nucleus and cellular buds were enriched in high 

phosphorylation occupancies. Nuclear and budding proteins are enriched in regulatory 

proteins suggesting fine regulatory control. Proteins in many biological processes such as 

“cytokinesis during cell cycle” and “chromatin silence” were enriched with high 

phosphorylation stoichiometries, but site stoichiometries of proteins related to, for example, 

“mitochondrial organization” and “RNA transport” were enriched in low stoichiometry sites. 

Since high stoichiometry sites are rare, their association with biological processes reflect 

their important role in regulating these events. Examples of very high stoichiometry sites are 

shown in Supplementary Table 8.

Phosphorylation occurs most commonly on serine, threonine, and tyrosine residues in yeast. 

We examined whether high site stoichiometry correlated with residue conservation across 

related yeast species. We chose 25 fungal species with sequenced genomes all from the 

same family, Saccharomycetaceae, which reproduce based on “budding”. Our results 

suggest that stoichiometry does not positively correlate with a site’s biological essentialness. 

The strong lack of conservation in general and even within very closely related species 

implies that phosphorylation networks are set up in such a way (perhaps through multiple 
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phosphorylation events per protein8) that extensive evolutionary freedom even at previous 

sites of regulation is permissible.

METHODS

Methods and any associated references are available in the online version of the paper

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Principle of the method for phosphatase-based, absolute stoichiometry measurements. Two 

identical aliquots of a proteolyzed protein lysate are either mock- or phosphatase-treated 

followed by differential chemical labeling with stable isotopes. After mixing, fractional 

occupancy is encoded in a single ratio comparing the nonphosphorylated form of a peptide 

with and without phosphatase treatment. Peptide sequences obtained here are then examined 

against a database of known sites from the literature. We term these overlapping, 
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nonphosphorylated forms “occupancy-determining peptides” (ODPs). Based on the ratio of 

the ODPs, stoichiometries are calculated.
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Figure 2. 
Absolute site stoichiometries for 5,033 events in exponentially-growing yeast. Three 

biological yeast replicates were grown to mid-log phase. Lysates were proteolyzed with 

endoproteinase lys-C. An identical aliquot of each proteolyzed lysate was either mock- or 

phosphatase-treated as in Fig. 1. Occupancy-determining peptides (5,033) were identified 

based on the overlap with sites in five published studies7,10,31–33. (a) Scatter plot of all ODP 

ratios. Ratios directly encode fractional occupancies (orange lines). (b) Example of an ODP 

from protein Bbc1. Phosphatase treatment increased the amount of the heavy version of the 

ODP by the amount that existed in the phosphorylated form (27%). (c) Site stoichiometry 

distribution for 5,033 events from WT yeast undergoing exponential growth.
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Figure 3. 
Validation of ten sites with varied stoichiometries by AQUA. Synthetic peptides were 

generated representing heavy phosphorylated and nonphosphorylated versions of the 

peptide. The synthetic peptides were spiked into proteolyzed lysates and separated by LC-

MS/MS techniques (see Methods). Using the heavy peptides as internal standards, the light 

versions were quantified and stoichiometries were calculated. (a) An example of the 

measured amount of peptide (RIIEHSDVENENVK) and phosphopeptide 

Wu et al. Page 14

Nat Methods. Author manuscript; available in PMC 2012 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(RIIEHS*DVENENVK) by AQUA. The calculated stoichiometry was 69.2%. (b) An 

example of phosphopeptide identification (RIIEHS*DVENENVK) by MS/MS.
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Figure 4. 
Bioinformatic analyses of site stoichiometry with respect to kinase motifs and gene 

ontology. (a) Phosphorylation events containing an acidic (i.e., casein kinase II-like) motif, 

but not basic or proline-directed ones, have higher absolute site stoichiometries on average. 

(b) The number of phosphorylation events in secondary structure predicted to be ordered is 

inversely proportional to absolute site stoichiometry. The inset shows that most sites are 

predicted to be in disordered regions. Clustering of the phosphoproteins based on their 

enrichment in specific biological processes (c) and cell compartments (d). Phosphoproteins 

were grouped into four classes according to their highest stoichiometry site and examined 

for enrichment by the DAVID software36. Categories without a P-value were assigned a 

conservative value of 1. The P-values were log transformed and then z-transformed. 
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Phosphoproteins were then grouped based on their z-scores via hierarchical clustering. Full 

versions of these figures are found in Supplementary Fig. 2.
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Figure 5. 
Evolutionary conservation of the site residues across 25 yeast species. Sites were 

subgrouped by fractional occupancy into “high,” “medium,” and “low” sets and then 

clustered based on overall conservation levels. Each column represents a single site residue. 

If a homolog was identified and the site residue was conserved, the corresponding cell is 

yellow otherwise it is blue. If no homolog was identified, the cell is black. Most sites were 

conserved only within the closest neighboring species.
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