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Abstract 
Phosphotyrosine signaling plays a critical role in many biological processes, from cell proliferation 
to immune response. Despite its importance, systems-level analysis of phosphotyrosine signaling 
remains a challenge due to costly enrichment reagents and labor-intensive protocols. We 
previously established an automated phosphotyrosine enrichment method for preparing 96 
samples in parallel. Here, we further optimize this method by fusing an SH2 phosphotyrosine 
superbinder to the HaloTag protein. This allows simple and cost-effective preparation of 
enrichment beads directly from bacterial lysate, expediting reagent preparation from days to 
hours. Additionally, our new reagent binds phosphotyrosine peptides at higher efficiency than 
other enrichment reagents. Using this reagent, we detect and quantify 1,651 unique 
phosphotyrosine sites from EGF stimulated HeLa cells using only ~1 mg of input peptides per 
replicate. These include 878 regulated pY sites, many of which are low abundance and not 
previously detected or annotated as EGF-responsive. This streamlined and sensitive method 
facilitates comprehensive, quantitative mapping of tyrosine phosphorylation dynamics, enabling 
broader integration of phosphotyrosine signaling into multiomic and network-level models across 
diverse biological systems and disease states. 

Introduction 
Cells respond to external cues via highly interconnected signaling networks1–7. Phosphotyrosine 
(pY) signaling is an important component of intercellular communication systems that regulates 
many multicellular processes such as coordinated cell proliferation, differentiation, and migration. 
Phosphotyrosine signaling originates at receptor tyrosine kinases and is transduced through 
receptor autophosphorylation followed by recruitment and activation of other signaling proteins. 
Dysregulation of pY signaling is involved in many diseases, especially cancer8,9 and the 
development of tyrosine kinase inhibitors as targeted cancer therapeutics has been highly 
successful10. Systems level measurements of the phosphoproteome have begun to capture how 
signaling networks are organized and their temporal dynamics in response to perturbation1,7,11–21. 
Deeper understanding of tyrosine signaling, including regulatory dependencies and network 
connectivity will further advance drug development and illuminate key mechanisms in cellular 
function. Despite its importance, comprehensive measurement of tyrosine phosphorylation is 
difficult, due to its low relative abundance and rapid removal by protein tyrosine phosphatases15. 
As a result, global phosphoproteomic enrichment methods that use immobilized metal cations or 
metal oxides22–29 preferentially capture the higher abundance phosphoserine (pS) and 
phosphothreonine (pT)-containing peptides. This leads to relatively few identified pY-containing 
peptides.  
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To improve study of pY signaling, researchers have turned to pY-specific enrichment, typically using 
pY-specific antibodies11–13,15,20,30–39. While effective, pY antibodies are expensive, making large scale 
studies cost-prohibitive40.  Not surprisingly, the scaling of pY enrichment to systems-level studies 
has lagged behind global phosphopeptide studies1,29,41–47. 
To circumvent the high cost of antibodies, Src Homology 2 (SH2) protein domains, which naturally 
bind pY48–54, have been engineered for high-affinity pY-peptide binding and used as enrichment 
reagents40,55–61. Engineered Src SH2 domains, termed pY superbinder Src SH2s (sSrc), can enrich pY-
containing peptides comparably or better than antibodies40,62–65 and can be recombinantly 
expressed and purified from Escherichia coli, reducing their production cost relative to 
antibodies40,61–67. 
Efforts to study pY modifications at similar ease and affordability as pS or pT have resulted in the 
development of high throughput and automated pY superbinder-based peptide enrichments56,65,66. 
In 2023, we introduced R2-pY, an automated and high throughput pY enrichment protocol using 
sSrc immobilized to magnetic beads via lysine reactive N-hydroxysuccinimide (NHS) chemistry and 
a magnetic particle processing robot65; and demonstrated it as a cost-effective, reproducible and 
efficient approach for enriching pY peptides from up to 96 samples in parallel. Despite the 
reproducibility and quantitative scalability, R2pY is still burdened by intensive sSrc bead 
preparation, involving affinity purification of sSrc protein, buffer exchange, and multi-step 
conjugation; which hinders wide adoption of the method. Similar approaches are used by other 
groups to prepare the sSrc reagent for both low and high throughput pY enrichments40,56,57,60–

64,66,68,69.    
To overcome these limitations and improve the accessibility of high-throughput sSrc pY-peptide 
enrichments, we aimed to combine the purification and conjugation of the sSrc into a single step 
that is easy to perform, bypassing the need for protein chromatography or buffer exchange setups. 
To achieve this, we fused the sSrc to the HaloTag70 protein to enable one-step covalent conjugation 
to magnetic beads directly from crude E. coli lysate. Covalent bond formation between the sSrc-
HaloTag fusion protein and the chloroalkane-functionalized magnetic beads is highly specific, rapid 
in physiological conditions and essentially irreversible70. Here, we demonstrate that the HaloTag-
sSrc magnetic bead preparation coupled with our automated and high-throughput pY peptide 
enrichment protocol is simpler and offers unprecedented pY site measurement depth. The method 
performs well over a range of peptide input amounts and concentrations, and the conjugated 
beads are stable for at least four months. Importantly, the enrichment beads are 10 times cheaper 
than pY antibody beads, facilitating cost-effective application in large scale pY studies.  We call the 
improved method R2HaPpY (rapid-robotic Halo-sSrc peptide-level phosphotyrosine enrichment). 
Using this improved method, we profile the signaling response of HeLa cells to epidermal growth 
factor (EGF) stimulation at 5 distinct time points using only ~1 mg of protein input per replicate. 
We identify 1,651 total pY sites, 878 of which significantly change between time points and 
uncover novel signaling events in the context of the well-studied epidermal growth factor 
stimulation. Our method not only recapitulates previously observed pY site regulation, but also 
reproducibly uncovers 70 new EGF-responsive pY sites not before annotated in 
PhosphoSitePlus71,72, many of which are low abundance.  Overall, our new pY enrichment reagent 
simplifies and improves the accessibility of pY-enrichment methods, which will enable more in-
depth studies of pY signaling in cell culture and tissue samples for human health and broader 
biology. 
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Results and Discussion: 

HaloLinkTM bead chemistry simplifies sSrc bead preparation and outperforms NHS chemistry 
To improve on our previous pY automated enrichment protocol and develop an easy, cost-effective, 
and scalable approach for enriching phosphotyrosine, we first condensed the purification and 
conjugation of sSrc into a single step by fusing a HaloTag N-terminal to sSrc (Figure 1A and 1B and 
Expanded View Content). Starting from E. coli cell pellets, the previous NHS-sSrc bead preparation 
required 3 days with significant hands-on time (Figure 1C). In comparison, the new Halo-sSrc bead 
preparation takes only 2 hours and the entire process from bead preparation to enriched pY 
peptides ready for MS measurement can be completed in the same day. Not only are the Halo-sSrc 
beads easier to prepare, but they also outperform the NHS-sSrc beads. When benchmarked side by 
side on a tryptic digest of pervanadate-treated HeLa cell lysate, Halo-sSrc beads yielded more pY 
peptide identifications and higher signal than NHS-sSrc beads (Figure 1D and EV1). Further, the 
Halo-sSrc beads maintain higher sensitivity than NHS-sSrc over a range of peptide input amounts 
(Figure EV2). We attribute the superior performance of the Halo-sSrc beads to multiple factors. The 
sSrc domain is likely stabilized by the Halo fusion protein73 and less prone to destabilization during 
the quick and gentle conjugation. Further, HaloTag enables single-point conjugation of sSrc to the 
beads in contrast to NHS beads which react non-specifically to exposed lysines, including a lysine 
that is part of the pY-peptide recognition interface, which likely impairs peptide binding (Figure 
EV3).  
The Halo-sSrc beads offer ten-fold cost savings relative to the commercial pY antibody and five-fold 
savings relative to the previously described NHS-sSrc beads65. This cost reduction is critical for large 
scale multi-condition pY experiments, as required in systems-level studies.  Several factors 
contribute to the cost-savings of Halo-sSrc beads (Figure EV4). First, reduction of bead preparation 
time from 3 days to 2 hours cuts labor costs. Second, only half the amount of Halo-sSrc bead slurry 
is required compared to NHS-sSrc65, further cutting cost per sample (Figure EV5). Third, at the time 
of writing, the Promega Magne® HaloTag beads were significantly cheaper than the Pierce™ or 
Cube Biotech NHS-activated magnetic beads. Fourth, the Halo-sSrc beads do not require additional 
reagents such as metal affinity resin for His-tag protein purification or centrifugal filters for buffer 
exchange and protein concentration. The cost of preparing enrichment beads for 96 samples, 
considering both reagents and labor, was estimated at $551 for Halo-sSrc beads compared to 
$2,554 for NHS-sSrc prepared according to our 2023 publication65 or $5,172 for Cell Signaling 
Technology® p-Tyr-1000 MultiMab® magnetic bead conjugate, (Figure EV4). To facilitate 
implementation of R2HaPpY in other laboratories, we provide a detailed protocol and KingFisher 
method steps (Expanded View Content). 
Taken together, the Halo-sSrc reagent improves accessibility and affordability of pY peptide 
enrichments by omitting pre-purification of superbinder and improves performance. 
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Figure 1. Halo-sSrc is easy to prepare and outperforms NHS conjugation chemistry 
A. Construct design of Halo-sSrc within the E. coli expression vector. From N- to C- terminus, the translated protein 

under the control of an IPTG inducible promoter consists of a His6 tag, serine-serine-glycine linker, a HaloTag (297 
amino acids, 33 kDa), serine-glycine-serine-glycine linker, tobacco etch virus (TEV) protease cleavage site (ENLYFQ), 
serine-glycine-serine linker, and the sSrc protein (109 amino acids, 12.4 kDa).  

B. Schematic of the improved bead preparation protocol where purification and conjugation of Halo-sSrc are 
performed in a single step by mixing Magne HaloTag beads with crude E. coli lysate containing overexpressed 
Halo-sSrc and washing away unbound material with several PBS washes.  

C. Schematic of the previously published bead preparation workflow requiring pre-purification of His6-sSrc by metal 
affinity chromatography, protein desalting, and spin concentration prior to conjugation to magnetic NHS-activated 
beads65.  

D. Performance of Halo-sSrc beads compared to NHS-sSrc beads for their ability to enrich pY peptides from 1 mg of 
pervanadate-treated HeLa cell digests in triplicate. Points indicate the number of unique pY sites detected in each 
replicate and the bars indicate net numbers of unique pY sites detected across all replicates.   

  
 

Enrichment with Halo-sSrc is robust to various peptide concentrations 
Once we established a simplified pY enrichment reagent preparation strategy, we evaluated the 
procedure with various peptide concentrations. Most pY enrichment protocols start with a few 
milligrams of input peptides40,63,66,69,74. In addition, high throughput enrichment requires peptide 
solutions fit in a 96-well plate with capacity for 1 mL of liquid. With this scale in mind, we explored 
the enrichment performance of Halo-sSrc beads on peptides from pervanadate-treated HeLa cells 
at concentrations ranging from 0.5 mg/mL to 4 mg/mL (Figure 2). Across all peptide 
concentrations, enrichment efficiency was over 99% by intensity with more than 3300 pY sites 
detected per replicate and the measurements were highly reproducible with median CVs less than 
25%. The number of pY sites (Figure 2A), reproducibility (Figure 2B), and enrichment efficiency 
(Figure 2C) were similar across concentrations. We also tested whether peptide concentration had 
an impact on enrichment success for tryptic digest of non-pervanadate treated HeLa cells, where 
we expect less tyrosine phosphorylation. We tested 4 mg total input at both 1 mg/mL and 4 
mg/mL concentrations in duplicate. We observed slightly more unique pY sites and better replicate 
reproducibility at higher peptide concentrations (Figure EV6). The enrichment efficiency was 99% 
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for both peptide concentrations. In conclusion, we found the procedure is robust to both dilute 
and concentrated peptide solutions in both high and low pY-containing samples. This enables 
flexibility of peptide input amount within the high-throughput 96-well format. 

 
Figure 2. Enrichment with Halo-sSrc is robust to various peptide concentrations. 
A. Bar plots show counts of unique pY sites aggregated from three replicates across four different peptide input 

concentrations keeping total peptide amount constant at 0.5 mg per replicate. Peptides came from pervanadate 
treated HeLa cells. Points indicate counts of unique phosphosites per replicate at each of the four peptide input 
concentrations. Whiskers indicate the range of replicate measurements. Height of bar indicates net unique pY sites 
from all three replicates.  

B. Boxplots indicate distributions of percent coefficient of variation of pY site intensities between triplicate 
measurements within a peptide input concentration. A combined percent coefficient of variation across all 
samples is included at left in white. Intensities of individual phosphosites were summed from all precursors with 
confident site localization. Intensities were median normalized globally prior to analysis of intensity variation. The 
horizontal line indicates 25% CV for reference. 

C. Barplots indicate sample purity defined by relative enrichment of phosphopeptides. Ratios indicate the relative 
intensity (left) or count (right) of phosphopeptides relative to all peptides detected. The height of bars indicates 
average enrichment efficiency across triplicates and points indicate enrichment efficiencies of individual replicates. 

Halo-sSrc beads are stable for ≥ 4 months 
Preparation of large batches of shelf-stable affinity reagents is important for a robust enrichment 
method that can enable large-scale pY signaling studies. Therefore, we tested the performance of 
Halo-sSrc beads following four-month storage at 4°C in PBS pH 7.4, alongside freshly prepared 
Halo-sSrc beads in triplicate. To facilitate quality control throughout method development and 
reagent characterization, we used a yeast lysate with high levels of tyrosine phosphorylation 
generated by heterologous expression of an inducible viral Src (vSrc) kinase75. We used this sample 
to test the capacity of different bead batches as well as their shelf life as the sample is scalable and 
cost-effective. Typically, from only 0.25 mg of yeast lysate input, we enrich over 3000 pY peptides 
(Figure EV7A and B).   
In tests of bead shelf life, the four-month-old beads displayed comparable specificity and capacity 
as the fresh beads, with all samples enriching an average of 3,400 unique pY peptides per replicate 
and showing similar intensity distributions (Figure EV8). We also used the yeast lysate with high pY 
to qualify new batches of beads. Using the vSrc lysate, we tested the quality of 7 independently 
prepared bead batches. In all batches, we observed a minimum of 3,000 unique pY peptides and 
enrichment efficiency above 98% (Figure EV7C, D). We conclude that the preparation of Halo-sSrc 
is reproducible and that Halo-sSrc retains pY peptide binding capacity when stored at 4°C for at 
least 4 months.  
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In addition to allowing quality control on bead production, the control peptides can also be used 
during high throughput experiments to ensure high enrichment efficiency, optimize LC gradients 
and mass spectrometer methods, as well as monitor LC-MS performance across measurements. 
The sample is significantly cheaper and easier to produce compared to positive control samples 
generated from pervanadate treated cancer cells used in other studies15,30,33,34,38,40,56,60–66,76.   

R2HaPpy deeply measures phosphotyrosine signaling response in EGF stimulated HeLa cells 
Next, we applied our R2HaPpY protocol to investigate epidermal growth factor receptor (EGFR) 
signaling. Dysregulation of tyrosine kinase signaling networks drive disease, especially cancer, and 
have become prominent drug targets10–12,43,44,77–80. EGFR signaling networks are rewired in 
numerous cancers, particularly non-small cell lung cancer, and both targeted and combination 
therapies that target the EGFR pathway are still being explored10,19,20,80–83. EGFR signaling has been 
previously studied using phosphoproteomics43,44,47,84,85. But given its importance in cancer and the 
potential value of studies of drug mechanism of action focused on the EGFR pathway and/or 
related phosphotyrosine signaling10–13,16,17,19,80,86–92, we sought to demonstrate the sensitivity of 
our method on this well-studied pathway to demonstrate we capture known signaling events and 
to uncover potentially novel regulated pY sites. HeLa cells were stimulated with EGF and samples 
were harvested before stimulation and at 1 min, 3 min, 5 min, and 15 min after EGF addition (n = 6 
biological replicates).  In total, we identified 1,651 unique pY sites with anywhere between 763 and 
1189 unique pY sites per condition (Figure 3A, Dataset EV1). Untreated cells showed the lowest 
unique pY sites while 1 min EGF treatment showed the most. Measured unique pY sites remained 
above 1,100 through 15 min EGF treatment. Detection of close to 1000 pY sites per replicate from 
only 1.3 mg of sample material using label-free data dependent acquisition represents a significant 
improvement compared to published pY enrichment methods which often detect lower numbers 
of unique pY sites per replicate from higher sample input (147 – 720 pY sites per replicate, from 2 
mg to 5 mg per replicate)16,17,64,74. This demonstrates the method is capable of profiling the pY 
proteome at great depth from low sample input. 
We also enriched the global phosphoproteome using Fe3+ immobilized metal affinity 
chromatography (Fe-IMAC) and found 80% less unique pY sites per condition compared to the 
Halo-sSrc pY enrichment (Figure 3B). This translates to limited pY site coverage across many 
proteins. For example, global phosphopeptide enrichment only quantified 4 regulated pY sites on 
EGFR while Halo-sSrc pY-specific enrichment quantified 8 regulated pY sites on EGFR (Figure 3C). 
Besides the significant increase in unique pY sites, we found the pY-specific enrichment with Halo-
sSrc better distinguished EGF treatment durations compared to the global phosphopeptide 
enrichment (Figure EV9).  Overall, the R2HaPpY method captured a time-resolved EGF signaling 
response at greater depth than previous studies, in part due to a better and cheaper enrichment 
reagent which enabled analysis of more replicates. 
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Figure 3. Overview of EGF stimulated HeLa phosphopeptide enrichments.   
A. Stacked bar plot indicates counts of unique phosphosites following pY specific enrichment using Halo-sSrc reagent. 

Identity of phosphorylated amino acid is indicated by purple (pS), teal (pT), or yellow (pY). Numbers indicate 
counts of unique pY sites across all six replicates. Right plot only shows counts of unique pY sites. Points indicate 
unique sites per replicate, while whiskers indicate range of individual replicates. The height of the yellow bar 
indicates the total unique pY sites across all six replicates.   

B. Stacked bar plot indicates counts of unique phosphosites following global phosphopeptide enrichment with Fe3+ 
metal affinity (Fe-IMAC). Identity of phosphorylated amino acid is indicated by purple (pS), teal (pT), or yellow 
(pY). Right plot shows counts of only unique pY sites.  Numbers indicate counts of unique pY sites across all six 
replicates. Points, whiskers, and height of yellow bar indicate same as in panel A.  

C. Heatmap representing temporal response of EGF-regulated phosphosites on epidermal growth factor receptor 
(EGFR). Phosphosite intensities were averaged across replicates and scaled by z-score. EGF-regulated pY sites from 
R2HaPpY are displayed on top while pSer and pThr sites from global phosphopeptide (IMAC) enrichment are 
displayed on bottom. Asterisks indicate the four pY sites on EGFR detected in both Fe-IMAC and pY enrichment.   

 
To analyze the response of pY sites to EGF treatment, we required pY sites to be measured in at 
least 50% of replicates of at least one condition. After filtering the data, 1,122 unique pY sites 
remained, with a range of 629 – 1001 unique pY sites reproducibly measured per condition. All 
subsequent analyses refer to this filtered dataset.  
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To identify EGF responsive pY sites in our dataset, we performed moderated t-tests on pY site 
intensities between untreated and EGF-treated cells at each time-point. To account for sites 
missing from all replicates of a condition, we imputed missing intensities as described in Methods. 
As expected for short treatment durations, the proteome minimally changed and thus phosphosite 
abundances were not adjusted (Expanded View Content). Relative to untreated, 78% of well 
measured pY sites showed a statistically significant intensity change in at least one time-point 
(moderated t-test, Benjamini-Hochberg adjusted q ≤ 0.05). At any individual time-point, over half 
of the measured pY sites were differentially regulated compared to the untreated samples. Most 
pY sites were upregulated (48-52%), while only a few were downregulated (7-9%), consistent with 
previous observations13,14,17,39,64,93,94. Importantly, identification of both changing and unchanging 
pY sites indicates the R2HaPpY enrichment is capable of discerning perturbation specific signaling 
response.  
 
R2HaPpY captures more EGF responsive pY sites than previously detected 
Next, we wanted to compare the pY EGF responsive sites we detected to other studies and 
databases. Recently Jayavelu et al. (2024) developed EasyAb74, an antibody-based enrichment 
method which enabled them to quantify more than 1000 pY sites from label free, unfractionated 
analysis of EGF stimulated HeLa cells. Compared to this method, R2HaPpY quantifies more pY sites 
per replicate and identifies ten times more EGF regulated pY sites (878 regulated sites using 
R2HaPpY compared to 84 regulated sites with EasyAb). We observe many of the same regulated 
sites that Jayavelu et al. (2024) detected, including known pY sites on EGFR (Figure 3C) and on Met, 
Ptpn11, Gsk3b and Stat5 (Figure EV10A). This also includes a novel pY site they identified with the 
EasyAb method (Figure EV10B). Importantly, we identified these regulated sites and many more 
using approximately half the input material and at 20-times less reagent cost. 
 
We also compared our data to a time course study of early EGF signaling in MCF-10A cells by Reddy 
et al.13 that used a combination of three anti-pY antibodies and TMT multiplexing for 
quantification. Reddy et al. quantified 159 pY sites using a 100 nM EGF stimulation over an 80 
second time course. While we quantified more than ten times the number of pY sites, we did 
observe many of the sites detected by Reddy et al. with over 50% of the pY sites they detected also 
being quantified in our dataset (91/159 pY sites).   
 
To more broadly benchmark how well R2HaPpY captured pY signaling events in response to EGF 
stimulation, we compared the regulated pY sites we identified to previously annotated EGF 
responsive pY sites and proteins in the PhosphoSitePlus, PTMSigDB, Cell Signaling Technologies 
(CST), and Wikipathways EGFR signaling (WP437) databases. First, we analyzed the database 
overlaps at the pY site and protein level (Figure EV11A and B). Surprisingly, there was low 
agreement between databases at both protein and pY site levels. Only 18% of pY sites were shared 
between PhosphoSitePlus and PTMSigDB, while only 4% of proteins with annotated roles in EGF 
signaling were shared between all four databases. Over 75% of proteins were unique to one 
database. The poor overlap between databases is likely due to different curation strategies. For 
example, PhosphoSitePlus includes low- and high-throughput studies from many different cell and 
tissue types and for a site to be annotated as EGF responsive, the phosphosite only needs to be 
observed as regulated once. In contrast, PTMSigDB contains EGF responsive sites and proteins that 
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are curated from published datasets and requires a consistent direction of change reported by 
more than one study, in order for a site to be annotated as EGF responsive.   
 
To create a broad and comprehensive signature for EGF stimulation, we combined the data from all 
four databases encompassing 602 regulated pY sites on 439 proteins (Figure EV11A and B). Of the 
annotated EGF regulated pY sites, we find close to 30% similarly regulated in our dataset (Figure 
4A). Additionally, close to 50% of the regulated pY sites we identified were on proteins that have 
been annotated as part of the EGF response pathway. Figure EV11C shows the temporal responses 
of sites that align with known, annotated EGF-responsive pY sites and proteins.  The overlap 
between EGF-regulated pY sites identified in our dataset and previously identified pY sites 
demonstrates that R2HaPpY can effectively capture known pY signaling. 
 
R2HaPpY captures novel, low abundance EGF-regulated pY sites 
In addition to capturing known EGF-responsive sites, we also identified many novel sites. 
Compared to PhosphoSitePlus and PTMSigDB, 80% of the EGF-regulated pY sites that we identified 
were not previously annotated (Figure 4A). We hypothesized that R2HaPpY captured more EGF-
regulated pY compared to previous studies for three main reasons. First, R2HaPpY captures lower 
intensity sites that are absent in previous experiments. Comparing the intensity of novel regulated 
pY sites identified here to the sites previously measured in either PhosphoSitePlus or PTMSigDB, 
we find previously observed sites are >4-fold more abundant than the novel sites we detect (Figure 
4B). 
 
Second, R2HaPpY allows us to identify many novel sites because the cost effectiveness and 
scalability of our approach allows us to prepare and measure more replicates than was possible in 
previous studies. When we compared the number of replicate observations for novel and 
previously annotated pY sites, we found that novel EGF-regulated pY sites were more often seen in 
only three or four of six replicates (Figure 4C). Additionally, 65% of previously annotated pY sites 
were detected in all replicates, compared to only 46% of novel pY sites. 
 
Third, the sSrc pY superbinder used in R2HaPpY has a unique sequence preference compared to 
the pY antibody used in the majority of previous studies, which allows us to enrich new, previously 
unannotated sites. Sequence logos generated from novel regulated pY sites identified only in this 
study demonstrate the pY superbinder has sequence specificity for glutamic acid or aspartic acid at 
+1 and leucine, isoleucine, proline, or valine at +3 (Figure 4D), which is consistent with our 
previous results using the pY superbinder65. These results suggest that the pY superbinder 
sequence preference, combined with our method’s ability to enrich lower intensity pY sites from 
more replicate samples, allows us to detect novel EGF-responsive pY sites that were previously 
unannotated.  
 
R2HaPpY captures previously unseen pY sites to facilitate EGF signaling hypothesis generation 
Out of the novel EGF-regulated sites detected with R2HaPpY, 70 pY sites have not previously been 
reported at all in PhosphoSitePlus, which already currently contains 39,118 pY sites (Dataset EV2). 
To better understand why these sites have never been observed, we examined the peptides and 
found seven novel pY sites occurred on peptides with N-terminal clipping and/or acetylation. These 
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included LIMD1-pY4, TKT-pY4, NECAP-pY6, RAB14-pY6, STX12-pY9, PLCG2-pY13, and GRB10-pY15. 
It is possible these sites were missed in earlier studies due to database search parameters.  
 
To investigate the biological relevance of these 70 novel pY sites, we mapped the sites onto their 
respective proteins and investigated them in the context of the four different EGF signaling 
databases described above. We found that 19 of the novel sites were on proteins previously 
implicated in EGF signaling response (Figure EV11C). One novel pY site at residue Y15 on GRB10, an 
important scaffold protein involved in growth and proliferation95–101, is the first evidence of a post-
translational modification within the first 67 residues and may affect tetramerization and 
downstream signaling96. Another novel EGF-regulated site, Y4 on transketolase protein TKT, could 
modulate nuclear localization. While TKT is an enzyme in the pentose-phosphate pathway, its 
nuclear localization and interaction with EGFR, MAPK3, and nuclear import machinery requires Y4, 
even though no PTM has previously been identified on these residues102. Importantly, nuclear 
localization of TKT has been associated with high metastatic potential in hepatocellular carcinoma 
and therefore modulating this PTM site could present a new therapeutic avenue. 
 
We also identified previously unseen pY sites on proteins not previously annotated in EGF response 
databases. For example, we identified a number of novel pY sites on proteins known to modify 
other proteins or participate in PTM crosstalk6,103, such as the first documented pY site on the 
protein modifier SUMO1 (pY21), the second documented pY site on STAMBPL1 (pY238), a zinc 
metalloprotease that specifically cleaves Lys-63-linked polyubiquitin chains, and the second 
documented pY site on the E3 ubiquitin ligase RAD18 (pY117). The involvement of these novel sites 
within EGF signaling is currently speculative but demonstrate how a deep systems level analysis of 
pY signaling using our method can uncover new, potentially therapeutically relevant pY sites and 
can drive hypothesis generation for further experiments. 
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Figure 4. Examination of expanded phosphotyrosine profiling by R2HaPpY. 
A. Barplots indicate counts of unique pY sites measured in this study that were previously annotated by at least one 

site-level database (green) or not previously annotated by either database (orange). For comparison the purple 
bar indicates pY sites annotated in either database but not observed significantly regulated in this study (purple).  

B. Boxplots indicate distributions of pY site intensities for sites previously annotated in EGF signatures from either 
PSP71 or PTMSigDB104 (green) relative to pY sites lacking database annotation (orange). Only sites measured in all 6 
replicates of a condition were included to limit the comparison to well measured sites. This equates to comparison 
between 132 previously annotated pY sites and 281 pY sites unique to this study which show EGF-dependent 
regulation. We treated replicate measurements separately, leading to comparison of 3,308 observations relative to 
5,535 observations, respectively. Welch’s two sample t-test indicated that average intensity of pY sites unique this 
study was 4.5- to 5.6-fold lower abundance than sites with prior database annotations within a 95% confidence 
interval (Welch’s t-test, p < 2.2e-16). 

C. Left: Distribution of replicate coverage for regulated pY sites, separated by their membership in databased EGF 
response signatures. Phosphotyrosine sites observed in five or all six out of six replicates of a condition are colored 
purple. Replicates observed in three or four out of six replicates are highlighted in blue. These pY sites are 
highlighted to indicate relative proportions of sites that are at higher risk of being missed in a three-replicate 
experiment. Lastly, pY sites observed in only 1 or 2 replicates of a condition are colored white and gray for 
reference. Right: Bar plot showing the distribution of replicate coverage across regulated pY separated by their 
inclusion in databased EGF signatures. X-axis indicates number of observed replicates while the y-axis indicates 
number of unique EGF-regulated pY sites at each observation extent. 

D. Top: Sequence logo of EGF regulated pY sites identified in this study that were not present in site-level databases 
(PhosphoSitePlus or PTMSigDB). Logos were made in R using the ggseqlogo package. Height of each letter 
indicates relative amino acid conservation at each position relative to other peptides in this set. Total number of 
sequences was 706. Bottom: Sequence logo of EGF regulated pY sites identified in this study that were also 
present in site-level databases (PhosphoSitePlus, PTMSigDB). Total number of sequences was 170. 
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Uncovering the phosphotyrosine temporal response to EGF 
After mapping known and novel pY signaling events that occur in response to EGF stimulation, we 
wanted to examine the temporal response of EGF-regulated pY sites. To do this, we performed 
fuzzy c-means clustering of individual regulated pY sites across time points and uncovered four 
unique clusters that describe the temporal EGF-signaling pY response (Figure 5A), which are 
summarized in Figure 5B. Regulated pY sites fell into four clusters: 1) sites that rapidly increase at 1 
minute EGF stimulation, and stay high through the full time course; 2) sites that increase after 1-3 
minutes of EGF stimulation followed by gradual decay after 15 min; 3) sites that steadily increase 
across the entire time course; and 4) sites that steadily decrease within the first 5 minutes of EGF 
treatment (Figure 5B). We show the intensity traces of all pY sites colored by their correlation with 
the cluster trend in Figure EV12A. The majority of previously observed pY sites fall into cluster 1 
(60%; 103 of 172) (Figure EV12B), which is likely because pY sites in cluster 1 have higher overall 
intensities (Figure EV12C). One representative pY site that has been previously observed and one 
novel site from each cluster are shown in Figure 5C. As expected, novel sites in each cluster are 
lower intensity compared to previously observed pY sites. 
 
To understand the functions of proteins within each EGF response cluster, we performed gene 
ontology enrichment analysis, looking at cell component, biological process, and molecular 
function (Figure 5D and Figure EV13A-B). As expected, proteins involved in cell structure 
modulation were enriched among all clusters but were most significant in clusters 1 and 2 which 
reached maximal pY site intensity at one minute, consistent with cell morphology changes in early 
EGF signaling13,105. Additionally, proteins involved in GTPase signaling were enriched in clusters 1 
and 2, consistent with the transient proximity of GTPase activators to GTPases during the 
internalization of the EGFR-Grb2-SOS complex one to five  minutes after EGF stimulation106,107 
(Figure 5D and Figure EV13B,C). We also observed that regulated pY sites on serine-threonine 
kinases are enriched in cluster 1 and 3 response types (Figure 5D and Figure EV13C), suggesting 
that pY activation of these kinases either reaches maximal signaling within 1 minute and is 
sustained or gradually increases through 15 min. Conversely, regulated pY sites on MAPKs were 
primarily enriched in cluster 3, with gradual increase across the time course.   
 
In the enrichment analyses, we also included pY sites which were not regulated in response to EGF 
and stayed the same throughout the time course. These non-EGF regulated pY sites were enriched 
in multiple molecular functions, biological processes, and cellular components, however these sites 
were uniquely enriched for nucleo-cytoplasmic transport (Figure 5D and Figure EV13A-B). As 
translocation of proteins is a key part of signaling pathways and often facilitated by pY signaling, 
this enrichment suggests R2HaPpY detects a broad range of pY sites that could potentially be 
regulated at longer time points after EGF stimulation, or which could be regulated in response to 
alternative stimulations.  Overall, temporal monitoring of pY sites at a systems level captured 
lifetimes of signaling responses across a broad range of protein functional classes. These 
observations underscore the benefits of systems-level view of pY signaling using a sensitive 
enrichment method.  
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Figure 5. Temporal response of EGF-regulated pY sites and protein functional enrichments 
A. pY site responses fall into 4 distinct clusters. Clusters were assigned by fuzzy c-means soft clustering method. Only 

pY sites with a significant abundance change relative to untreated were included in the heatmap. Heatmap shows 
scaled intensities of individual pY sites (rows) per biological replicate and EGF treatment duration (columns). Rows 
are organized by cluster and then by overlap with prior database annotation. Rows are annotated to indicate 
overlap with prior database annotation and cluster membership (left).  Database overlap annotation is green if the 
pY site has been annotated in either PhosphoSitePlus or PTMSigDB EGF response signatures and orange if the site 
is not in either database. Cluster coloring proceeds from dark blue to light green for clusters 1 through 4. 

B. Line plot indicates average scaled intensities of all pY sites per cluster across EGF treatment durations. Numbers of 
pY sites belonging to each cluster are listed at the bottom of each plot. 

C. Examples of individual pY sites showing temporal responses to EGF treatment for each cluster. The left column 
shows pY sites previously annotated as EGF responsive by PhosphositePlus or PTMSigDB. The right column shows 
pY sites observed in this study without prior annotation in either database. Points indicate individual replicate 
measurements and boxplots summarize the distribution of measurements per treatment duration. The number of 
measured replicates is indicated at the top of the plots. 

D. Gene ontology molecular function enrichment results of proteins containing pY sites within each cluster or 
otherwise not regulated (x-axis dash). Enrichment scores were determined with the gprofiler2108,109 tool. 
Significant molecular functions are listed on the y-axis and cluster is indicated on the x-axis. The size of points 
indicates the number of proteins within each cluster that match the molecular function term. The color of points 
indicates the significance of the functional enrichment, where yellow is more significant while blue is less 
significant. Absence of a point indicates no significant enrichment. 

 
Temporal regulation patterns of EGF-responsive pY sites do not correlate with signaling pathway 
depth  
Reconstructing signaling networks is an active area of research which has begun to uncover 
functional connections that are not represented in linear signaling maps3,21,110,111. Importantly, 
network reconstruction requires measurement of the signaling system under multiple 
perturbations and time points, which is only feasible with high-throughput methods like ours2,21.  
We therefore examined if our deep and temporally resolved phosphotyrosine dataset can help 
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understand network complexity. To assess this, we investigated whether the four distinct temporal 
response profiles we observed across the EGF regulated pY sites correlated with the position of 
each protein within an EGF signaling pathway map, such as WikiPathway 437 (WP437)112. If WP437 
fully represented the network, we would expect proteins close to EGFR to have rapid response 
profiles and occur in clusters 1 and 2, while proteins further down the EGF pathway would have 
regulated pY sites that increase in abundance more slowly, such as the sites in clusters 3.  We 
devised a node depth analysis where proteins in the human EGF/EGFR signaling pathway (WP437) 
were assigned a depth by tallying nodes while tracing edges extending from EGFR (Dataset EV3). 
Regulated pY sites were then ordered by the protein-level node depth and displayed alongside a 
heat map denoting cluster assignment and scaled pY site intensity at each EGF treatment duration 
(Figure EV14A). As expected, protein node depth was not clearly correlated with pY site temporal 
response profiles (Welch’s t-test, p < 0.05) (Figure EV14A and B).  
 
This lack of correlation between protein node depth and pY site temporal response contrasts with 
the common visualization of signal transduction as sequential phosphorylation emanating from the 
cell surface and instead agrees with other systems-level protein interaction and signaling studies 
that have suggested signaling networks are not exactly linear2,3,13,110,111. Still, only one systems level 
pY study has pointed to this issue underscoring the need for cost effective and high throughput pY 
enrichment methods. For example, in response to EFG stimulation, Reddy et al. observed rapid 
tyrosine phosphorylation of cell morphology proteins tensin, cortactin, and plankophilin despite no 
known direct interaction with EGFR13. We observe a similar response of the same pY sites after 1 
minute of EGF stimulation, in addition to other pY sites that are often lower abundance on the 
same proteins.  
 
We highlight several additional examples from our dataset that provide further evidence of 
signaling network complexity and the challenges in reconstructing it. For example, we examined 
proteins which we expect to be phosphorylated later in the EGF signaling response based on their 
node depth, such as the MAP kinases (MAPKs), which mediate diverse cellular functions such as 
cell growth, adhesion, survival, and differentiation through regulation of transcription, translation, 
and cytoskeletal rearrangements. We detected 15 EGF-regulated pY sites across 11 MAPKs and two 
MAPKAPKs (Figure EV15). Nine of these 15 pY sites were at known activation loop positions which 
showed expected gradual intensity increase without plateau by 15 minutes. Unexpectedly 
however, two pY sites on targets of the MAPKs, MAPK activated protein kinases MAPKAPK2 pY228 
and MAPKAPK3 pY207, rapidly increase in abundance after 1 minute of EGF stimulation, followed 
by dephosphorylation through 15 minutes. Both of these pY sites, MAPKAPK2 pY228 and 
MAPKAPK3 pY207, are positioned between known kinase activating pS and pT sites113. MAPKAPK2 
pY228 is novel and MAPKAPK3 pY207 has no annotated function. Our temporal results suggest a 
potential role in early response to EGF stimulation and kinase activation, which will be interesting 
to investigate further. 
 
Similarly, the scaffold protein IQGAP1 is known to bind B-Raf, MEK, and ERK114 and had a node 
depth of 5 towards the bottom of the EGF/EGFR signaling pathway112. We hypothesized that 
regulation of pY sites on IQGAP1 would occur after 1 minute of EGF stimulation, consistent with 
MAPK signaling timescales. Instead, we saw rapid regulation of two sites, Y1510 that decreased in 
abundance initially, and Y17 that increased in abundance after 1 min.  Other studies have found 
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that MET phosphorylates IQGAP1 at Y1510 and this site was recently found to bind both full-length 
Abl1 and Abl2115,116. This suggests IQGAP1 is involved early in EGF signaling response given Abl1 
has a pathway depth of 1. In support of earlier involvement of IQGAP1, others reported IQGAP1 
directly associates with EGFR during EGF stimulation and induces S1443 phosphorylation117, 
consistent with our data. Our sensitive pY enrichment opens the possibility to link early tyrosine 
phosphorylation to later serine phosphorylation in context of IQGAP1’s direct association with 
EGFR. To our knowledge, this is the first indication that early phosphorylation at Y17 and later 
phosphorylation at Y1114 may contribute to IQGAPs regulation in context of EGFR scaffolding. 
Additional examples include PTPN11, SOS2, STAT3, GAB1, GAB2, PLCG1, PIK3C2B, PTK2B, IQGAP1, 
and PRKCD, which were assigned node depths between 2 and 6, and at least one pY site on each 
protein displays immediate intensity increase within 1 min of EGF treatment. Overall, we found 
that many proteins depicted at the bottom of the pathway experienced maximal pY site 
modulation within 1 minute of EGF treatment, encouraging exploration of novel feedback 
mechanisms and other types of network connectivity. 
 
While there were certain pY sites with regulation inconsistent with the location of the protein in 
the WP437 network diagram and inadequately explained by displayed interactions, we observed 
several network branches that displayed response profiles generally consistent with pathway 
depth. For example, proteins involved in actin polymerization such as, VAV, RAC, CDC42, ROCK1, 
BCAR1, EPS8, and others showed primarily cluster 4 type responses indicative of immediate 
dephosphorylation and were concentrated to early pathway depths of 1 – 3 (Figure EV14C).  
Similarly, early transcriptional modulation mediated by STATs, PIAS3, E2F1 and PCNA showed 
cluster 1 and 2 response profiles of maximal pY intensity by 1 min followed either by sustained 
activation or gradual decay, respectively (Figure EV14C). Finally, the later transcriptional 
modulation mediated by MAP kinases showed primarily cluster 3 response profile consistent with 
their deeper position in the WP437 network. This suggests that current signaling maps are valuable 
references to explain a portion of interactions, however with sensitive pY profiling, additional 
network dependencies and connectedness can be revealed. 
 
Differential regulation of EGF-responsive pY sites on the same protein  
As we were examining temporal pY profiles in the context of the EGF/EGFR signaling network, we 
noticed that many EGF-responsive pY sites that fall into different clusters occurred on the same 
protein. When we investigated this further, we found 78% of regulated pY sites on proteins 
annotated in the EGF/EGFR signaling pathway showed a different response profile compared to at 
least one other pY site on the same protein (Figure EV14A). Olsen et al. observed a similar 
phenomenon in a global phosphoproteome analysis of EGF stimulation where they found 77% of 
proteins with an EGF-responsive phosphosite also had at least one additional phosphosite that 
temporally behaved differently85. 
 
The differential response profiles of pY sites on the same protein are further evidence of previously 
undiscovered feedback loops and network connectivity that is more complicated than what is 
represented in the pathway diagram. As an example, pY sites in different regions of the adaptor 
proteins CRK and CRKL show different response profiles (Figure 6A-C).  Different domains of the 
adaptor proteins CRK and CRKL are essential for signal propagation during development, in 
response to various growth factors, including EGF, and in cancerous transformation118–130. In CRK, 
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pY251, a site located in the C-terminal SH3 domain known to engage Abl kinase119, reached 
maximal intensity within 1 minute (Figure 6B). In contrast, two other sites observed in the flexible 
linker between the SH2 and N-terminal SH3 domains, pY108 and pY136, gradually increased 
intensity without plateauing by 15 minutes (Figure 6B). It is possible these sites participate in a 
feedback loop to modulate continued EGFR signal propagation, and our data highlights an area for 
further study. Additionally, CRK pY136 is affected by gefitinib treatment131 showing that we capture 
sites that are modulated by cancer therapeutics.    
 
As another example, CRKL also exhibits regulated pY sites with different temporal profiles. At 1 
minute after EGF stimulation, pY251 peaks while pY132 gradually approaches plateau by 15 
minutes (Figure 6C). According to PhosphoSite Plus, Y132 is phosphorylated by EGFR, while Y251 is 
phosphorylated by ZAP70, suggesting we observe convergence of signaling on CRKL across 
different temporal timescales. 
 
As a third example, the inositol phosphatase SHIP2/INPPL1, which is recruited to EGFR early to 
downregulate the PI3K pathway132, shows divergent pY site regulation indicative of its role as a 
signaling hub.  Specifically, pY986 and pY1135 are directly phosphorylated by EGFR132,133 and reach 
maximal intensity 1 minute after EGF stimulation, consistent with the location of INPPL1 in the 
EGF/EGFR signaling pathway map (Figure 6A and D). Both EGFR phosphorylated pY sites occur in 
the proline-rich region of INPPL1, one on the NPXY motif and the other immediately adjacent to 
the ubiquitin interacting motif134,135 (Figure 6D). In contrast, pY886, located closer to the the lipid 
binding C2 domain, is phosphorylated in response to both Ephrin B1/2 expression136 and erlotinib 
treatment19, and shows a slower pY site increase through 15 minutes. Similarly, we observed a 
much less studied pY site, pY831 located in the lipid binding C2 domain, which also shows a slower 
pY site increase (Figure 6D). Interestingly, the C2 domain has an activating effect on the lipid 
phosphatase activity135, opening the possibility pY831 may influence this catalytic enhancement. 
While further study of specific interactions would be required, our enrichment method can track 
distinct temporal profiles within individual signaling proteins enabling discernment of pY site 
modulation under different control mechanisms. 
 
While we focused on proteins annotated in the EGF/EGFR signaling pathway map, we observed a 
similar trend of multiple distinct temporally regulated pY sites occurring on the same protein 
across all 878 sites we identified as regulated. Of the 152 proteins with more than one regulated 
pY site, 66% (100) have pY sites with different temporal response profiles. This finding further 
supports the notion that post-translational modifications and their regulation should be reported 
at the site level and not aggregated to the protein level85,104. Further, it is exciting that twenty years 
later we can revisit and validate some of the observations made by Olsen et al. at the global 
phosphoproteome level, but now with significantly increased tyrosine phosphoproteome depth 
(i.e. 878 versus 53 EGF-regulated pY sites) achieved by a scalable and sensitive pY specific 
enrichment approach. 
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Figure 6. Examples of different pY site temporal profiles within proteins 
A. Schematic of a subset of EGF/ EGFR signaling adapted from WikiPathways #437.  
B. Boxplots indicate distribution of pY site intensity at each EGF treatment duration for the protein CRK. Points 

indicate individual measurements per replicate. The total number of replicates for which a pY site was measured 
per treatment duration is indicated near the top of each plot.  The title of each plot indicates the gene name and 
pY site location in context of the full protein. The background color of the plot title corresponds to the location of 
the pY site along the schematic of protein domain boundaries indicated. Domain boundaries were adapted from 
PhosphoSite Plus.   

C. Boxplots indicate distribution of pY site intensity at each EGF treatment duration for the protein CRKL. All other 
plotting information is the same as for panel B.  

D. Boxplots indicate distribution of pY site intensity at each EGF treatment duration for the protein INPPL1 (SHIP-2). 
Schematic of domain boundaries was adapted from both PhosphoSite Plus and Le Coq et al. (2017, 2021). All 
other plotting information is the same as for panel B and C. “RhoBD” indicates a putative Rho binding domain. The 
“phosphatase” domain indicates the 5-inositol phosphatase domain. The “C2” domain indicates the C2 calcium 
and lipid binding domain. “NPXY” indicates the conserved amino acid motif in which the Y is phosphorylated and 
is commonly involved in protein trafficking. “Pro-rich" indicates the proline rich region spanning roughly amino 
acids 930 – 1110. “SAM” indicates the sterile alpha motif. 
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Concluding remarks 
R2HaPpY is a method for cost-effective anti-pY peptide bait preparation coupled with automated 
enrichment in 96-well format on the KingFisher Flex magnetic particle processing robot. R2HaPpY 
is easy to implement and is sensitive enough to capture pY signaling events at high depth from low 
sample input. In a simple benchmark of the approach using EGF-treated HeLa cells, we observed 
both expected and novel EGF-regulated pY sites allowing us to expand what is known about EGFR 
signaling and enriching current pathway maps. Not only is R2HaPpY sensitive, but the approach is 
also ten-fold cheaper than commercial antibody-based approaches, and less labor and reagent 
intensive than other SH2 superbinder approaches, enabling scalability to systems biology studies 
involving hundreds of samples. We envision this simplified and robust method to elevate 
investigations of tyrosine phosphoproteome regulation to the scale and regularity seen for global 
phosphopeptide enrichments, allowing researchers to probe more dimensions of the tyrosine 
phosphoproteome. Ultimately, improved methods for monitoring site specific tyrosine 
phosphorylation temporal dynamics will enable deeper understanding of signaling systems. 
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Materials and Methods: 
Reagent and Tools table 

Reagent/ Resource Reference or Source Identifier 
experimental models 
HeLa S3 cells Villén Lab 
BY4741 (S. cerevisiae) VSrc WT Bradley et al. EMBO J. 202475 
DNA constructs and strains 
pET28a(+) His6-sSrc SH2 transformed into 
NEB T7 Express E. coli cells 

Chang et al. JPR. 2023 
Kaneko et al. Sci. Signal. 2012 

pET28a(+) His6-Halo-TEV-sSrc SH2 
transformed into NEB BL21 (DE3) E. coli 
cells 

Designed in this study using superbinder Src SH2 
domain (sSrc SH2) originally described by Kaneko 
et al. Sci. Signal. 201255 and Halo fusion protein 
originally described by Los et al. ACS Chem Biol 
200870. 

BL21 (DE3) competent E. coli cells New England Biolabs 
equipment, chemicals, enzymes, and other reagents 
KingFisher ™ Flex Thermo Fisher Scientific  
KingFisher ™ 96 KF microplate (200µL) Thermo Fisher Scientific 97002540 
KingFisher™ 96 microtiter DW plate   Thermo Fisher Scientific 95040450 
KingFisher™ 96 tip comb for DW magnets Thermo Fisher Scientific 97002534 
vacuum concentrator Labconco  
plate and microtube centrifuge various  
bath sonicator Branson  
Magne® HaloTag® beads Promega G7282 
Fe-NTA MagBeads Cube Biotech 31501-Fe 
Isopropylβ-D-1-thiogalactopyranoside Gold Bio 12481C25 
beta-estradiol Sigma Aldrich E8875 
Dimethyl sulfoxide Sigma Aldrich 472301 
Phosphate buffered saline tablets Fisher Scientific BP2944-100 
Pierce™ 660nm Protein Assay Reagent Thermo Fisher Scientific 22660 
Pierce™ BCA Protein Assay Kit Thermo Fisher Scientific 23227 
sodium chloride Sigma Aldrich S3014-500G 
sodium hydroxide Fisher Scientific S318-500 
Trizma base Sigma Aldrich T6066-1KG 
HEPES Fisher Scientific BP310-500 
urea Fisher Scientific BP169-212 
hydrochloric acid, 37% Sigma Aldrich 320331-500ML 
dithiolthreitol (DTT) Gold Bio DTT10 
iodoacetimide (IAA) Sigma Aldrich I1149-25G 
tris(2-carboxyethyl)phosphine (TCEP) Gold Bio TCEP25 
water LC-MS grade Fisher Scientific 7732-18-5 
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acetonitrile LC-MS grade Fisher Scientific 75-05-8 
methanol LC-MS grade Fisher Scientific A456-4 
ethanol 200 Proof (100%) Decon Labs 2701 
formic acid LC-MS grade Millipore Supelco 111670 
trifluoroacetic acid Fisher Scientific BP555-1 
acetic acid glacial Fisher Scientific A35-500 
ammonium hydroxide Fisher Chemicals A669S-500 
ammonium bicarbonate Sigma Aldrich A6141-500G 
ferric chloride, FeCl3 Sigma Aldrich F2877-100G 
ethylenediaminetetraacetic acid Thermo Fisher Scientific 17892 
Sequencing grade modified trypsin Promega V5113 
Aluminum hub blunt needles (16G x 1.5”) Kendall Monoject 8881202322 
CDS C8 extraction Disks 3MTM EmporeTM Fisher Scientific 13-110-016 
CDS C18 extraction Disks 3MTM EmporeTM Fisher Scientific 13-110-018 
reagents used in preparation of NHS-sSrc beads for method comparisons 
Pierce™ NHS-activated magnetic beads Thermo Fisher Scientific 88826 
TALON® metal affinity resin Takara Bio 635503 
imidazole Sigma Aldrich I2399-100G 
MOPS free acid Fisher Scientific BP308-100 
sodium acetate Sigma Aldrich S2889-250G 
sodium phosphate monobasic Sigma Aldrich S0751-500G 
boric acid J.T. Baker JT-0084-01 
phenylmethylsulfonyl fluoride Thermo Fisher Scientific 36978 
benzamidine Gold Bio B-050-500 
benzonase nuclease | Pierce™ Universal 
Nuclease 

Sigma Aldrich | VWR E1014-5KU | 
PIER88702 

Slide-a-Lyzer® dialysis cartridge 3500 
MWCO 

Thermo Fisher Scientific 66130 

Amicon Ultra centrifugal filter Regenerated 
Cellulose 3000 MWCO 

Millipore UFC800324 

Bolt ™ 4-12% Bis-Tris Plus WedgeWell Gel Invitrogen NW04125BOX 
Bolt ™ MOPS SDS Running Buffer (20X) Invitrogen B0001 
PAGERuler Plus Prestained protein ladder Thermo Fisher Scientific 26619 
β-mercaptoethanol Sigma Aldrich M6250 
4x LDS loading buffer Thermo Fisher Scientific NP0007 
Software 
Comet Eng et al (2013)137  
Percolator Käll et al (2007)138  
Ascore Beausoleil et al (2006)139  
R https://r-project.org/  
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Methods and Protocols 

Preparation of Halo-sSrc beads 

Construct design: 
A HaloTagTM was fused N-terminal to Src SH2 superbinder (sSrc) in the pET28a(+) Escherichia coli 
expression vector.  The sSrc protein contains mutations T8V, C10A, and K15L55. A Tobacco Etch 
Virus protease cleavage site was included between the HaloTag and sSrc SH2 domain and a 
hexahistidine tag was included at the N-terminus. Each component is connected by short serine-
glycine linkers.  Sequences and plasmid maps for both the full plasmid and open reading frame are 
shown in Expanded View Content. 

Halo-TEV-sSrc expression: 
Escherichia coli culture (BL21 (DE3) pET28a(+)::His6-Halo-TEV-sSrcV2 KanR) was grown in Luria 
Broth with kanamycin (50 µg/mL) to OD600 of 0.6 – 0.8 then induced with 0.1 mM Isopropyl β-D-1-
thiogalactopyranoside (IPTG) for 3 – 4 hours at 37°C with 225 rpm shaking. Cells were pelleted, 
washed in phosphate buffered saline (PBS), aliquoted into 50 mL culture equivalents, and stored at 
-80°C. 

Halo-TEV-sSrc lysis and conjugation:  
Frozen E. coli cell pellets containing Halo-TEV-sSrc were resuspended in 1X PBS pH 7.4 
supplemented with 0.1 mg/mL lysozyme and 12 – 25 U/mL benzonase nuclease at a ratio of 4 mL 
buffer to 50 mL culture equivalent of cell pellet. Cell suspension was rocked at 4°C for 5 – 10 min to 
allow lysozyme and benzonase activity. Cells were sonicated using 11–12-watt output in 6 intervals 
of 15 – 30 sec with equal rests on ice. Lysate was clarified at 21,000 × g for 15 min at 4°C.  
Prior to conjugation, Magne® HaloTag® beads (Promega) were equilibrated by washing three times 
in highly pure (18 Ω) water followed by three washes in 1X PBS pH 7.4.  Clarified E. coli supernatant 
was transferred to equilibrated Magne® HaloTag® beads and rocked end-over-end for 45 min to 1 
hour at 4°C. Ratio of E. coli lysate to magnetic beads was 4 mL clarified lysate (50 mL culture 
equivalent) per 1 mL of 20% magnetic bead slurry.  
Unbound lysate was removed and optionally saved for SDS PAGE analysis as ‘flow-through’. 
Magnetic beads were washed 6 times in 1 – 2 column volumes (CVs) of 1X PBS pH 7.4. Beads were 
transferred to a fresh tube after the third wash. Beads were then washed three times in 50 mM 
Tris, 50 mM NaCl, pH 8.0 prior to pY peptide enrichment or storage at 4°C. Beads can be stored at 
4°C for at least 4 months in 1X PBS pH 7.4 or 50 mM Tris, 50 mM NaCl, pH 8.0. To enrich pY 
peptides, 40 µL of 20% bead slurry was used per sample.  

Conjugation assessment: 

Successful conjugation of Halo-TEV-sSrc protein to the Magne® HaloTag® beads was confirmed by 
Tobacco Etch Virus (TEV) protease digest. SDS PAGE analysis of the digest reaction was used to 
identify presence of the ~14 kDa sSrc SH2 domain. Briefly, a 50 µL reaction consisting of 10 µL 
conjugated bead slurry (20% beads v/v in 50 mM Tris, 150 mM NaCl, pH 8.0), 0.2 µg TEV protease 
(40 µg/mL), 50 mM dithiothreitol, and 10 mM ethylenediaminetetraacetic acid (EDTA) was 
incubated 16 - 24 hours at room temperature with mixing. Half of the digest (25 µL) was analyzed 
by reducing and denaturing SDS PAGE using a 4-12% BisTris NuPAGE Bolt gel run at 130 V for 80 
min in 1X MOPS/SDS buffer alongside a PAGERuler Plus size marker (Figure EV16). A high intensity 
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14 kDa band indicated ample sSrc was cleaved away from the HaloTag which remained covalently 
attached to beads. 

Preparation of NHS-sSrc beads 

His-sSrc-SH2 expression 
The His6-sSrc-SH2 construct was prepared as described previously65. Briefly, Luria broth containing 
kanamycin (50 µg/mL) was inoculated with E. coli expressing the His-tagged sSrc-SH2 at OD600 ~ 
0.1, grown at 37°C with 225 rpm shaking until OD600 0.3 – 0.4 at which point temperature was 
lowered to 18°C. When cultures reached OD600 0.6 – 0.8 they were induced with 0.1 mM IPTG 
followed by incubation overnight (18 – 22 hrs) at 18°C with 225 rpm shaking. Cells were harvested 
by centrifugation at 6000 × g for 10 min and 4°C. Cells were washed in 1X PBS pH 7.4 and stored at 
-80°C. 

His-sSrc-SH2 purification: 
Frozen cell pellets were resuspended in a lysis buffer containing 1X PBS, 0.1 mg/mL lysozyme, 12 
U/mL benzonase nuclease, 1 mM phenlymethylsulfonyl fluoride (PMSF), and 1 mM benzamidine at 
a ratio of 2.5 mL buffer per 250 mL culture. Cell suspensions were rotated for 10 min at 4°C prior to 
sonication on ice using four pulses of 20 - 30 sec at 12 watt output with equal rests. Lysate was 
clarified by centrifugation for 15 min at 21,000 x g and 4°C. Soluble supernatant was further 
clarified by 0.45 µm syringe filtration using a cellulose acetate membrane. His-tagged sSH2 was 
immediately purified with TALON® resin (Takara Bio) using a gravity column as described 
previously65. Briefly, purification from 250 mL culture equivalent used 4 mL of 50% TALON ® resin 
slurry (2 mL dry resin volume) equilibrated in water followed by 1X PBS, pH 7.4. Lysate was mixed 
with resin and incubated with gentle rotation at 4°C for 60 minutes. Resin was washed with 10 CVs 
of 1X PBS, pH 7.4, followed by 3 CVs of 1X PBS with 5 mM imidazole then 2 CVs of 1X PBS with 10 
mM imidazole. His-sSrc was eluted with 5 CV 1X PBS with 300 mM imidazole. All elution fractions 
were pooled and buffer exchanged into 50 mM borate, pH 8.5 using 3,000 MWCO centrifugal 
concentrators at 3000 x g in 10 min increments. Protein was quantified by absorbance at 280 nm 
using mass extinction coefficient of 0.99. 

NHS conjugation  
Pierce NHS-activated magnetic bead slurry (10 mg/mL) was equilibrated to room temperature for 1 
hour prior to aliquoting. Beads were equilibrated with 1 mL ice cold 1 mM hydrochloric acid.  His-
sSrc protein solution at 1.75 – 2 mg/mL in 50 mM borate pH 8.5 was added to beads at 1:1 ratio by 
volume relative to original bead slurry volume. Beads were mixed gently by inversion for 1 – 2 
hours. Beads were collected by magnet and placed into quench/storage solution of 50 mM Tris, 
100 mM NaCl, pH 8.0. Beads were washed three times with 50 mM Tris, 100 mM NaCl, pH 8.0 to 
quench NHS reactivity. The second and third washes were incubated for 30 min and 90 min, 
respectively. Beads were resuspended to 2 mg/mL in 50 mM Tris, 100 mM NaCl, pH 8.0 for storage 
at 4°C. Prior to R2pY enrichment, beads were resuspended to 10 mg/mL in 20 mM MOPS-NaOH, 
10 mM Na2HPO4, NaCl, pH 7.2. 

HeLa culture, lysis, and quantification 
HeLa S3 cells were cultured at 37 °C and 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 4.5 g/L glucose, L-glutamine, 10% fetal bovine serum (FBS), and 0.5% 
streptomycin/penicillin. To generate bulk phosphopeptides for method comparisons, cells were 
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grown to an average of 80% confluency before harvesting. For pervanadate treatment, cells were 
incubated in serum-free medium for 6 hours prior to addition of 1 mM pervanadate for 15 min, 
followed by addition of 10% FBS for 15 min. To harvest, cells were rinsed three times quickly with 
ice-cold PBS then flash-frozen in liquid nitrogen prior to storage at −80 °C. Cells were lysed by 
scraping in 1 mL denaturing lysis buffer (8M urea, 50 mM HEPES, 75 mM NaCl, pH 8.0) per 15 cm 
diameter plate. For epidermal growth factor (EGF) stimulation, cells were starved for 20 hours in 
DMEM containing 0.7% FBS before media was exchanged with DMEM containing 0.7% FBS and 160 
ng/mL EGF. Cells were harvested at 1 min, 3 min, 5 min, and 15 min after stimulation. Control 
plates received no EGF and were directly harvested. Cells were lysed from frozen plates by addition 
of 8 M urea, 50 mM HEPES, 75 mM NaCl, pH 8.0 Lysate was sonicated twice for 8 sec at 11-12-watt 
output on ice with 48 sec intermittent rests. Lysate was clarified by centrifugation at 21,100 x g and 
12°C for 10 min. Soluble lysate was transferred to fresh tubes and quantified by bicinchoninic acid 
(BCA) assay (Pierce). 

Yeast strains, growth, lysis, and quantification 
The yeast strain expressing beta-estradiol inducible v-Src kinase was a gift from the Landry lab75. 
Cells were grown overnight at 30°C with 250 rpm shaking in yeast extract peptone dextrose (YEPD) 
media. Cells were diluted to OD600 of 0.1 in synthetic complete media (1x yeast nitrogen base, 2% 
glucose, all amino acids) containing 100 nM beta-estradiol prepared in DMSO) and grown to OD600 
of 0.8 - 1.0. Cells were pelleted, washed with 1x ice-cold PBS, flash frozen in liquid nitrogen, and 
stored at -80°C. Cell lysis was carried out in 8M urea, 150 mM Tris, pH 8.2 by bead beating four 
times with 1 min intermittent rests on ice. Lysate was collected then clarified by centrifugation at 
4°C and 21,000 × g for 10 min. Protein concentration was quantified by BCA assay. 

Lysate reduction and alkylation 
Proteins were reduced with 5 mM dithiothreitol (DTT) at 55°C for 30 min, 1000 rpm mixing. Lysate 
was cooled to room temperature prior to alkylation with 15 mM iodoacetamide at 24°C and mixing 
at 700 rpm in the dark. Alkylation was quenched with an additional 5 mM DTT and 700 rpm mixing 
at 24°C in dark for 30 min. 

Digestion and desalting 
Reduced and alkylated protein lysate was diluted five-fold in 50 mM ammonium bicarbonate pH 
8.0 containing 1:100 w/w ratio of trypsin (Promega). Proteins were digested for 15 hours at 37°C 
while shaking at 200 rpm. Digests were acidified to a final pH < 2 with trifluoroacetic acid (TFA). 
Precipitates were removed by centrifugation at 7000 x g for 10 min at 24°C. Peptides were desalted 
on Waters Sep-Pak 100 mg capacity. Briefly, cartridges were equilibrated with 1 CV methanol, 3 CVs 
acetonitrile (ACN), 1 CV 70% ACN 0.25% acetic acid (AA), 1 CV 40% ACN, 0.5% AA, and 3 CVs of 
0.1% TFA. Peptides were loaded and flow through was reloaded. Cartridges were washed with 3 
CVs 0.1% TFA and 1 CV 0.5% AA prior to elution of peptides with 0.8 mL of 40% ACN, 0.25% AA 
followed by 0.6 mL 70% ACN, 0.5% AA. Eluates were thoroughly mixed, and aliquots made for total 
proteome measurement, global phosphopeptide enrichment, and pY peptide enrichment prior to 
drying by vacuum centrifugation. 
 
R2P2 for global phosphopeptide enrichment: 
Enrichment was performed on the KingFisher flex as previously described29.  Specifically, 

1. Each 250 µg aliquot of dried peptides was resuspended in 900 µL 80% ACN, 0.1% TFA. 
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2. Precipitates were removed by centrifugation for 10 min at 21,000 × g and 4°C.  
3. Clarified peptides were added to a deep 96-well plate leaving behind 50 µL to avoid transfer 

of precipitate.  
4. Washes were prepared by filling three shallow 96-well plates with 150 µL of 80% ACN, 0.1% 

TFA.  
5. The bead plate was prepared by adding 70 µL of 5% Fe3+ NTA magnetic beads in 80% ACN, 

0.1% TFA. 
6. A tip comb was nested in a shallow well plate.  
7. The R2P2 global phosphopeptide enrichment protocol (Expanded View Content) was 

initiated on the KingFisher Flex. 
a. At about 11 minutes remaining in the protocol, the elution plate was prepared by 

adding 75 µL of 2.5% ammonia, 50% ACN to wells and added during the 
programmed pause.  

b. During the KingFisher method, two layers of C8 extraction disks were nested in a 
P200 tip and equilibrated with the following solutions using centrifugation cycles of 
2 min at 300 x g: 

i. 60 µL of 100% MeOH 
ii. 60 µL of 100% ACN 

iii. 60 µL of 70% ACN containing 0.25% AA 
8. Eluates were acidified with 45 µL of 10% FA, 75% ACN immediately upon method 

completion.  
9. Eluates were filtered through two layers of C8 material equilibrated as described above. 

Eluates were collected in collected in MS vials along with a subsequent wash of 60 µL 70% 
ACN, 0.25% AA.  

10. Filtered eluates were dried by vacuum centrifugation and stored at -20°C until MS 
measurement. 

 
R2HaPpY with R2P2 clean-up 
Preparation of peptide binding plate 

1. Dried peptides ranging in amounts from 0.25 mg to 4 mg according to experiment, were 
resuspended in 900 µL of 50 mM Tris, 50 mM NaCl, pH 8.0 by vortexing and sonication. 

2. Precipitate was pelleted by centrifugation ≥ 10,000 x g for 10 - 15 min at 4°C.  
3. Clarified peptide solution was added to deep well KingFisher ‘Binding Plate’ leaving behind 

50 µL to avoid adding precipitate. 
4. Halo-TEV-sSrc beads were equilibrated into fresh 50 mM Tris, 50 mM NaCl, pH 8.0 by 

washing twice and resuspended at a 20% bead slurry concentration. A total of 40 µL of 
bead slurry was mixed with each peptide sample.  

Preparation of tip comb, wash and elution plates 
5. Tip plate: a shallow well plate held a deep well tip comb. 
6. Wash plates:  

a. Washes 1 – 3: three deep well plates received 850 µL of 50 mM Tris, 50 mM NaCl, 
pH 8.0 per well. 

b. Wash 4: one deep well plate received 850 µL of HPLC-grade water.  
7. Elution plates:  

a. Elution plate 1: a shallow well elution plate received 100 µL of 0.5% TFA per well. 
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b. Elution plate 2 was prepared and added during the last 15 minutes of the method. 
For this, a shallow well elution plate received 120 µL of 1% TFA, 60% ACN per well. 

KingFisher method 
8. The R2HaPpY KingFisher Flex BindIt protocol (Expanded View Content) was started with all 

plates except elution 2. 
9. Elution 2 was prepared and added at the pause at ~15 min left in the protocol.  
10. Upon completion of enrichment, elution 2 was combined into elution 1.  

a. Pooled eluates were transferred to Eppendorf tubes and diluted to reach 75% ACN 
in a total volume of 900 µL.  

b. Any precipitates or residual beads were pelleted by centrifugation for 4 min at 
16,000 × g.  

c. Supernatant was transferred to a deep well plate for additional clean-up using the 
R2P2 global phosphopeptide enrichment protocol described above with the 
following two differences.  

i. The deep well plate containing the clarified pY peptide eluate at 75% ACN 
prepared in the above step served as the peptide binding plate. 

ii. The bead plate contained 80 µL of 5% Fe-NTA IMAC bead slurry in 80% ACN, 
0.1% TFA. 

iii. All other steps described above were the same for pY peptide clean-up.  
11. Dried pY peptide samples were resuspended in 12 µL of 4% ACN, 3% FA, 93% water. 
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Mass spectrometry measurement 
All measurements were performed on an Exploris 480 using either an Easy nLC 1200 or Easy nLC II. 
The EGF stimulation experiment used an Easy nLC II while all other experiments used an Easy nLC 
1200. Peptides were loaded onto a 100 µm ID x 3 cm silica trap column packed with Reprosil C18 3 
µm beads (Dr. Maisch GmbH).  Peptides were separated along a 100 µm ID x 30 cm analytical 
column packed Reprosil C18 3 µm beads for 2 cm in the tip followed by 28 cm of Reprosil C18 1.9 
µm beads (Dr. Maisch GmbH). The analytical column is housed in a column heater, set to 50°C and 
voltage was applied between the pre- and analytical columns. 

Tyrosine phosphoproteome measurements: 

Peptides were eluted using a gradient of 6.4% to 32% ACN in 66 min followed by 32% to 48% ACN 
in 7 min followed by 76% ACN for 6 min and 2.4% ACN for 11 min using a flow rate of 300-400 
nL/min where solvent A is HPLC-grade 0.1% formic acid and solvent B is HPLC-grade 80% ACN, 0.1% 
formic acid. 
Full MS scans were acquired from 375 to 1500 m/z at 120,000 resolution with a fill target of 3e6 
ions and maximum injection time set to automatic. The most abundant ions on the full MS scan 
were selected for fragmentation using a 1.6 m/z precursor isolation window and beam-type 
collisional-activation dissociation (HCD) with 30% normalized collision energy for a cycle time of 3 
s. Precursor intensity threshold was set at 2.5e4, and only precursors with charge states 
determined to be 2 – 6 were fragmented. MS/MS spectra were collected at 45,000 resolution with 
a fill target of 2e5 ions and maximum injection time of 86 ms.  
For high phosphotyrosine containing samples such as pervanadate treated HeLa and Yeast vSrc, 
precursors were dynamically excluded from selection for 45 sec. For low phosphotyrosine 
containing samples, such as untreated or EGF-stimulated HeLa cells, dynamic exclusion settings 
were programmed to allow precursor fragmentation up to twice within 20 s prior to exclusion for 
20s. 

Global phosphoproteome measurements: 

Analysis of global phosphoproteome was same as tyrosine phosphoproteome except with different 
LC gradient and dynamic exclusion settings. Specifically, phosphopeptides were separated by 
increasing amounts of ACN in 0.1% FA over 73 min gradient specifically ranging from 3.2% to 6.4% 
ACN in 3 minutes, 6.4% to 25.6% ACN in 63 minutes, 25.6% to 48% ACN in 7 minutes followed by 
76% ACN for 6 min and 2.4% ACN for 11 min using a flow rate of 400 nL/min. Fragmented 
precursors were dynamically excluded from selection for 45 s. 

Total proteome measurements: 

Dried 10 µg aliquots of tryptic peptides representing the total proteome of HeLa cells in the EGF 
stimulation experiment were resuspended to 0.5 µg/µL in 3% ACN, 4% FA for measurement of 0.5 
µg by data dependent acquisition. Peptides were separated by a 43-min gradient ranging from 
6.4% to 36% acetonitrile in 0.1% formic acid using a flow rate of 350 nL/min. Full MS scans were 
acquired from 350 to 1500 m/z at 120,000 resolution with a fill target of 3e6 ions and maximum 
injection time set to automatic. The 15 most abundant ions on the full MS scan were selected for 
fragmentation using 2 m/z precursor isolation windows and beam-type collisional-activation 
dissociation (HCD) with 30% normalized collision energy. MS/MS spectra were collected at 15,000 
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resolution with the standard fill target and maximum injection time fixed to 40 ms. Fragmented 
precursors were dynamically excluded from selection for 30 s. 

Data analysis: 

All datasets: 
DDA-MS/MS spectra were searched with Comet (release 2019.01.2)137 against the human 
proteome downloaded from Uniprot on March 21st, 2024 including only reviewed entries and 
excluding isoforms (20,418 entries). The yeast samples were searched against the S. cerevisiae 
proteome downloaded from Uniprot on February 19th, 2021 with the vSrc kinase sequence 
appended. Peptides were searched with trypsin digestion allowing up to two missed cleavages. The 
precursor m/z tolerance was set to 20 ppm. The fragment m/z mass tolerance was set to 0.02 Da. 
Constant modification of cysteine carbamidomethylation (57.02146372118 Da) and variable 
modification of methionine oxidation (15.9949146202 Da, max 2), and N-terminal acetylation 
(42.01056468472, max 1) were used for all searches. An additional variable modification of serine, 
threonine, and tyrosine phosphorylation (79.966331 Da, max 3) was used for global and tyrosine-
specific phosphopeptide samples. Search results were filtered to a 1% FDR at PSM level using 
Percolator138. Phosphorylation sites were localized using an in-house implementation of the Ascore 
algorithm139. Phosphorylation sites with an Ascore ≥ 13 (P ≤ 0.05) were considered confidently 
localized. Peptides were quantified using in-house implementation of the moFF algorithm140 to 
extract MS1 peak maximum intensities. 

Bioinformatic analyses: 
Bioinformatic analysis was performed using R (https://www.r-project.org/). Quantitative values 
were consolidated by keeping the maximum intensity PSM per precursor ion (peptide sequence 
with charge state). For total proteome analysis, precursor ions were summed to the peptide level 
or to protein level. For phosphorylation site level analysis, all peptides containing the confidently 
localized phosphosite were summed. For phosphosite isoform analysis, all peptides containing the 
same one to three co-occurring and confidently localized phosphosites were summed. Intensity 
distributions of peptides, proteins, phosphosites, or phosphoisoforms were median normalized 
across conditions for each experiment. 
For all boxplots, the lower and upper hinges of the boxes correspond to the 25% and 75% 
percentile, and the bar in the box to the median. The upper and lower whiskers extend from the 
highest and lowest values, respectively, but no further than 1.5 times the IQR from the hinge. 
All correlation calculations utilize Pearson’s method. 
Bioinformatic analysis of EGF signaling response: 
Completeness filtering 
A completeness filter was applied prior to analysis of biological insights from EGF stimulation data. 
Specifically, pY sites were required to be observed in at least 3 out of 6 biological replicates in 
minimum of one out of five conditions (EGF treatments or untreated). For pY sites passing the 
completeness criteria, missing values were imputed by sampling a random normal distribution as 
described below. Imputation was applied only to tests of differential abundance and temporal 
response profiling for the EGF stimulation experiment (Figure 5). 
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Imputation 
Imputation was applied to missing replicates prior to differential abundance testing to capture pY 
sites that were completely undetected in one condition yet confidently measured in another. For 
sites missing in all biological replicates of a condition, log2-transformed intensities were imputed by 
sampling a random normal distribution centered at 10 with a standard deviation of 1. The intensity 
distribution was centered at 10 to represent intensities slightly below the limit of detection given 
the lowest observed log2-transformed intensity was 11.02 and the lowest 1% percentile of log2-
transformed intensity was 15.02. A standard deviation of 1 was chosen to provide a slightly greater 
variation than the average observed standard deviation of 0.63 to avoid inflated significance 
values. Additionally, a wider variation was chosen for the fully missing values due to higher 
variability inherent to lower abundance measurements. When pY sites were not detected in all 
biological replicates of one condition but were detected in at least 50% of replicates in a different 
condition, this imputation approach assigned values between 8 and 12 95% of the time. For sites 
detected in at least one replication of a condition, missing observations were imputed by sampling 
a randomized normal distribution, centered at the average intensity of measured replicates, with a 
standard deviation set to global average standard deviation of 0.63.  
Missing observations were also imputed prior to temporal response profiling by fuzzy c-means 
clustering (Figure 3C and 5A, B), except without sampling from a randomized normal distribution. 
Instead, missing observations from all replicates of a condition received a log2-transformed 
intensity of 10, while missing observations from five or less replicates received a log2-transformed 
intensity set to the average intensity of the measured replicates. By contrast, plotting of measured 
site intensities, such as in Figure 4, 5C, and 6, only showed measured observations, excluding any 
imputed intensities.  
Differential abundance testing: 
The calculation of individual p-values used Welch’s two-sided t-test of biological replicates, using 
the untreated condition as control and applying Benjamini-Hochberg procedure for multiple testing 
correction. Phosphosites were considered differentially abundant fold change was greater than 1 
or less than -1 and if adjusted p-value less than 0.05. The protti R package version 0.8.0141 was used 
for calculation of differential abundance. Functions for correlation analysis and coefficient of 
variation were based on Protti functions with added aesthetic modifications. 
Database Annotation analysis:  
For comparison of EGF-regulated pY sites in this study to databased EGF response signatures, two 
databases were downloaded. The first database was retrieved from the Site Search tool at 
PhosphoSitePlus.org71 on December 19th, 2024 specifying treatment as EGF. The second database 
was downloaded from PTMSigDB v2.0.0104 on September 3, 2024 for the semi-automatically 
curated EGFR1 perturbation dataset.  Regulated pY sites identified in this study were joined to both 
databases by uniprot id, gene name and pY site location within full protein.  
Motif enrichment analyses: 
Sequence logos presented in Figure 4 were created with the R package ggseqlogo142 using as input 
the unique set of 15 amino acids flanking the regulated pY site. Logos were expressed in Bits. The 
total height of the letter stack at each position indicates the relative conservation at each position 
while the height of individual letters indicates the relative frequency of each amino acid within the 
position. 
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Clustering with temporal response profiling 
Clustering was performed by fuzzy c-means soft clustering, specifically using the fcm function from 
the e1071 R package (https://rdocumentation.org/packages/e1071/versions/1.7-16). Only pY sites 
measured in at least 50% of replicates of one timepoint and determined to be significantly 
regulated with an absolute log2(fold-change) greater than one and adjusted-pvalue less than 0.05 
were included in clustering analysis. Imputation of missing replicates was performed as described 
above. pY site intensities were scaled prior to clustering. Clusters were assigned according to the 
maximum correlation to the overall cluster trend as determined by the fcm method.  The total 
number of clusters representing the distinct temporal response profiles were chosen based on k-
means grouping method described subsequently, coupled with manual inspection for the minimal 
number of clusters showing distinct trends. The cluster determination by k-means was performed 
according to the elbow method by choosing number of clusters at which the rate of increase in the 
amount of variation explained by adding another cluster drastically slowed (according to sum of 
squares divided by total sum of squares ratio calculated by the ‘kmeans’ function in the stats 
package in R (https://rdocumentation.org/packages/stats/versions/3.6.2)).  We settled on four 
clusters because the amount of variation explained by adding a fifth cluster dropped from a 9% 
increase to a 3% increase and visual inspection determined each cluster described a distinct 
intensity profile. 
Gene ontology profiling: 
Gene ontology enrichment analysis was performed for Figure 5D and Figure EV13A-B. Unique 
proteins containing at least one regulated pY site were subset according to cluster and analyzed 
with gprofiler2 using the R package. To avoid overly broad functional enrichments, gene ontology 
terms were filtered for only terms containing 1000 or less children terms. Significant enrichment 
terms were then manually curated to avoid semantic redundancies. 
 
Visualization of cluster distributions for pY sites on proteins within selected functional annotations 
was performed for Figure EV13C. Protein functional annotations were selected for direct 
comparison to Olsen et al. Cell 200685. Functional annotations were assigned by mathcing of 
uniprot keyword ids to proteins with regulated pY sites. Specifically, KW-0418 indicated ‘kinases’; 
KW-0343 or term “guanine nucleotide exchange factor” in protein names indicated ‘GEFs & GAPs’; 
KW-0805 indicated ‘transcriptional regulators’; KW-0010 or KW-0678 indicated transcription 
factors; KW-0832 or KW-0833 indicateed ubiquitin ligases; KW-0009 indicated ‘actin binding’; KW-
0694 indicated ‘RNA binding’; remaining unclassified proteins were labelled as ‘other’. 
Distributions of clusters within each protein function category were calculated based on counts of 
indiviudal pY sites. 

Data Availability 
The mass spectrometry proteomics data have been deposited to the ProteomeXchange 
Consortium via the PRIDE partner repository143,144 with the dataset identifier PXD062515 and 
10.6019/PXD062515 
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