










 
Figure 4. ​Phospho-DIFFRAC identified known and novel phosphorylation-dependent 
interactions. A) Elution trace of Tripeptidyl peptidase II. Black line is the control and the blue line 
is the phosphatase-treated sample. Inset i and ii are biological replicates. B) Model for TPP2 
phosphorylation-dependent assembly. TPP2 dimer is boxed in the dotted line. C) Elution trace 
for Hepatoma derived growth factor-related protein 2 (HDGFL2). D) Model for HDGFL2 
phosphorylation-dependent histone 3 nucleosome binding. E) Elution traces for subunits of the 
ASAP complex. From top to bottom: Apoptotic chromatin condensation inducer in the nucleus 
(ACIN1), RNA-binding protein with serine-rich domain 1 (RNPS1), Histone deacetylase complex 
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subunit SAP18 (SAP18). F) Model for ASAP comlex phosphorylation-dependent composition. 
G) Elution traces for components of the spliceosome.  
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Figure 5. ​Differential phosphorylation analysis of phospho-DIFFRAC data. A) Workflow of 
differential phosphorylation analysis. Phosphopeptides were identified using MSFragger and 
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peptides observed in both phosphorylated and dephosphorylated forms were analyzed to 
determine if the different modiforms eluted differently. B) Elution traces of SSRP1 with fractions 
that the differentially phosphorylated peptide was identified in shaded based on the 
phosphorylated form. Green shading indicates the dephosphorylated form and orange shading 
indicates the phosphorylated form. C) Functional scores for all phosphosites on SSRP1 
overlayed on its domains. POB3 N: POB3-like N-terminal PH domain, SSRP1: Structure-specific 
recognition protein, Rtt106: Histone chaperone Rttp106-like, HMG box: High mobility group box. 
D) Elution traces of ZRANB2 with fractions that the differentially phosphorylated peptide was 
identified in shaded based on the phosphorylated form. Shading colors are the same as in B. E) 
Functional scores for all phosphosites on ZRANB2 overlaid on its domains. zf-RanBP: 
Zinc-finger in Ran binding protein. F) Difference in protein modification abundance between 
control and phosphatase-treated samples. MetO: Methionine sulfoxidation, n-Ac: N-terminal 
acetylation, pS: Serine phosphorylation, pT: Threonine phosphorylation, pY: Tyrosine 
phosphorylation.  
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SUPPLEMENTARY INFORMATION 

 

Supplemental Figure 1. ​A) Elution traces for Hepatoma derived growth factor related protein 2 
(HDGFL2), top, and histone 3 (H3C1), bottom. B and C) Elution traces for subunits of the ASAP 
complex from different biological replicates than that in Fig 4E. From top to bottom: Apoptotic 
chromatin condensation inducer in the nucleus (ACIN1), RNA-binding protein with serine-rich 
domain 1 (RNPS1), Histone deacetylase complex subunit SAP18 (SAP18). 
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Supplemental Figure 2. ​ A) Protein functional score distribution for all proteins with functional 
scores (grey), hits from the study by Potel ​et al.​ (purple), hits from the study by Huang ​et al. 
(orange) and hits from this study (blue).​ ​B) Venn diagram of functional phosphoproteins 
identified in 3 different experimental studies. 
 
Supplemental Table 1. ​Protein elution profiles for phosphatase-treated and control samples 
across all three replicates and fractions, reporting peptide spectral matches (PSMs) per protein 
per biochemical fraction. 
 
Supplemental Table 2. ​DA z-score and DIFFRAC scores for phospho-DIFFRAC hits and all 
other proteins identified in the study, as well as per-fraction DA z-scores.  
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MATERIALS & METHODS 
 
Cell culture: ​ HEK-293T cells were grown in Dulbecco’s Modified Eagle Medium with 10% Fetal Bovine 
Serum at 37°C and 5% CO2. Cells were passaged between 70-80 % confluence. 
 
Phospho-DIFFRAC sample preparation: ​HEK-293T cells were washed and removed from 10 cm petri 
dishes using cold PBS pH 7.2. Cells were transferred to a 1.5 mL microcentrifuge tube and pelleted at 
500 rpm for 3 minutes at 10°C. Supernatant was then removed and the wet cell pellet was weighed. 800 
uL of Pierce IP lysis buffer (Thermo) was then added to the cells along with the addition of protease 
inhibitor (cOmplete ULTRA Tablets, Mini, EASYpack Protease Inhibitor Cocktail). The tube was kept on 
ice with soft intermittent mixing. The lysate was then spun at 17,000 g for 10 minutes at 4°C and the 
supernatant was split into two tubes. 100X phosphatase inhibitor (G-Biosciences PhosphataseArrest I) 
was diluted to 1X in one of the two tubes and PBS was added to the other. MnCl ​2 ​ to a concentration of 1 
mM and NEBuffer for Protein MetalloPhosphatases (NEB) diluted to a 1X concentration were added to 
both tubes. 4000 U of Lambda Protein Phosphatase was then added to the phosphatase tube and buffer 
was added to the other control sample. Samples were then incubated at 37°C for 30 min shaking at 60 
rpm. Following incubation, samples were then filtered (0.45 μm Ultrafree-MC filter unit (Millipore)) spun at 
12,000 g for 2 min, 4°C) to remove insoluble aggregates prior to fractionation. 
 
Size-exclusion chromatography: ​  Treated and control cell lysates were subjected to size exclusion 
chromatography (SEC) using an Agilent 1100 HPLC system (Agilent Technologies, ON, Canada) with a 
multi-phase chromatography protocol as previously described ​24 ​. Soluble protein (250 μL, 2 mg/mL) was 
applied to a BioSep-SEC-s4000 gel filtration column (Phenomenex) equilibrated in PBS, pH 7.2 at a flow 
rate of 0.5 mL min-1. Fractions were collected every 0.375 mL. The elution volume of molecular weight 
standards (thyroglobulin (Mr = 669  kDa); apoferritin (Mr = 443 kDa); albumin (Mr = 66 kDa); and carbonic 
anhydrase (Mr = 29 kDa); Sigma) was additionally measured to calibrate the column. 
 
Mass spectrometry: ​Fractions were filter concentrated to 50 μL, denatured and reduced in 50 % 
2,2,2-trifluoroethanol (TFE) and 5 mM tris(2-carboxyethyl)phosphine (TCEP) at 55 °C for 45 minutes, and 
alkylated in the dark with iodoacetamide (55 mM, 30 min, RT). Samples were diluted to 5 % TFE in 50 
mM Tris-HCl, pH 8.0, 2 mM CaCl2, and digested with trypsin (1:50; proteomics grade; 5 h; 37 °C). 
Digestion was quenched (1 % formic acid), and the sample volume reduced to ~100 μL by speed vacuum 
centrifugation. The sample was washed on a HyperSep C18 SpinTip (Thermo Fisher), eluted, reduced to 
near dryness by speed vacuum centrifugation, and resuspended in 5% acetonitrile/ 0.1% formic acid for 
analysis by LC-MS/MS. Peptides were separated on a 75 μM x 25 cm Acclaim PepMap100 C-18 column 
(Thermo) using a 3-45 % acetonitrile gradient over 60 min and analyzed online by 
nanoelectrospray-ionization tandem mass spectrometry on an Orbitrap Fusion or Orbitrap Fusion Lumos 
Tribrid (Thermo Scientific). Data-dependent acquisition was activated, with parent ion (MS1) scans 
collected at high resolution (120,000). Ions with charge 1 were selected for higher-energy collisional 
dissociation fragmentation spectrum acquisition (MS2) in the ion trap, using a Top Speed acquisition time 
of 3-s. Dynamic exclusion was activated, with a 60-s exclusion time for ions selected more than once. MS 
from one of the three replicates was acquired in the UT Austin Proteomics Facility. 
 
Protein identification: ​Prior to protein identification, the human reference proteome (Acc: 02-2019) was 
downloaded from the Uniprot database ​54 ​ to serve as the mass spectrometry reference database.  Raw 
formatted mass spectrometry files were first converted to mzXML file format using MSConvert 
(http://proteowizard.sourceforge.net/tools.shtml) and then processed using MSGF+​55 ​, X! TANDEM​56 ​, and 
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Comet​57 ​ peptide search engines with default settings. MSBlender​27 ​ was used to integrate peptide 
identifications and subsequently map to protein identifications. A false discovery rate of 1% was used for 
peptide identification. Protein elution profiles were assembled using unique peptide spectral matches for 
each protein across all fractions collected. 
 
Aligning elution traces: ​We observed by eye that across replicates there was a 1-2 fraction offset in 
elution traces. To mitigate against errors introduced by offsets in chromatography fraction positions, a set 
of proteins (VCP, FASN, GLU2B, COPG1, E41L2, WDR1, TERA, and PGK1) was selected as internal 
standards based on not exhibiting elution shifts upon addition of phosphatase and consistent observation 
in high abundance across all replicates. A sliding window Pearson coefficient was estimated to determine 
the appropriate integer fraction offset and the elution traces of all proteins were adjusted accordingly. 
Notably, the phosphatase-treated sample of replicate 3 had an offset of 12 fractions (due to collecting 
additional fractions during the flow-through) which was determined and adjusted in this manner. ​Supp 
Table 1 ​reports the elution profiles with this offset applied. 
 
DIFFRAC score estimation: ​To score elution profile changes upon phosphatase treatment we compare 
a protein’s control elution trace to the phosphatase-treated elution trace, as illustrated in Figure 2A and 
first described in ref​.​22 ​. To estimate this change we calculate the L1-norm between the two traces 
(​equation 1 ​), 

, X Y | Dp = ∑
N

i=1
| p,i −  p,i   

where N represents the total number of fractions collected and p represents an individual protein. X and Y 
represent abundance of control and experiment (phosphatase-treated) respectively. We next normalize 

 by the total abundance seen for protein ​p ​in both the control and treated group (​equation 2​),Dp  

,Dp
norm = D2

p

Σ X +Σ XN
i=1

 
p,i

N
i=1

 
p,i

 

 
This was done for all three biological replicates and the median  for each protein was used as ourDp

norm  
DIFFRAC score. This score can be converted to a Z-score or p-value to determine a significance 
threshold, as previously described ​22 ​; for the purposes of this work, we simply considered proteins scoring 
above the 95th percentile as potential hits, ​i.e​. those proteins with the strongest evidence for 
phosphosites regulating protein interactions. ​Supp Table 2​ reports all proteins identified with their scores. 
 
Differential abundance score estimation: ​To score elution profile changes based on peptide spectral 
matches per fraction (PSMs/fraction) we first estimated differential abundance between each control and 
phosphatase-treated fraction for every protein (​equation 3​), 

,Z =
f −fi,1 i,2

√f (1−f )/N +f (1−f )/Ni,0 i,0 1 i,0 i,0 2
  

where  is the frequency of PSMs for a protein in the phosphatase-treated sample in fraction , isf i,1 i f i,2  
the frequency of PSMs for a protein in the control sample in fraction , and the numerator represents thei  
difference in sampled proportions of PSMs for protein in fraction  in the control and phosphatase-treatedi  
samples. The denominator represents the standard error of the difference under the null hypothesis in 
which the two sampled proportions are drawn from the same underlying distribution with the overall 
proportion  where is the total PSMs for a protein in fraction  in then )/(N )f i,0 = ( i,1 + ni,2 1 + N 2 ni,1 i  
phosphatase-treated sample, is the total PSMs for a protein in  fraction  in the control sample, isni,2 i N 1  
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the total PSMs observed in the phosphatase-treated sample across all proteins and fractions, and isN 2  
the total PSMs observed in the control sample across all proteins and fractions. Z-scores were estimated 
for each fraction for all three replicates and combined to give a per-fraction Z-score, , using Stouffer’sZp  
z-score method (​equation 4 ​): 

 ,Zp = √k
Σ Zk
i=1 i  

 
where  = 3. These scores were subsequently combined into a single protein Differential Abundancek  
Z-score, , by applying Stouffer’s method to all per-fraction Z-scores for a given protein (​equation 5​):ZDA   
 

,   ZDA = |
|
| √k

Σ Zk
i=1 p,i ||

|
 

where  = # of fractions with observations.k  
 
Gene Ontology and domain enrichment analysis: ​gProfiler was used for GO enrichment analysis. The 
316 identified phospho-DIFFRAC hits were analyzed using the default gProfiler settings. The top 10 GO 
molecular function terms were used for visualization. Protein domain enrichment analysis was done using 
the DAVID tool on the phospho-DIFFRAC hits. Default settings were used for this analysis. 
 
Phosphopeptide identification: ​324 raw files from mass spectrometry experiments on both an Orbitrap 
Fusion and Lumos machines were converted to the mzML format using MSConvert with the peak picking 
filter selected. The files were split into their respective replicate directories and analyzed in 3 separate 
batches. MSFragger 2.4 on the command line was used for modification identification with the human 
proteome UP000005640 (accessed 3/25/2020) containing reversed protein sequences as a decoy 
database. A closed search was used with the fragment mass tolerance adjusted to 75 ppm. Variable 
modifications included in the search were N-terminal acetylation (42.01060), methionine sulfoxidation 
(15.99490), and serine/threonine/tyrosine phosphorylation (79.96633). Spectra were then assigned to 
peptides and processed using PeptideProphet with default settings. Protein identification was performed 
using ProteinProphet with default settings. A false discovery rate for all identification steps was set at 1%.  
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