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Abstract 

O-GalNAc type glycosylation is a common post-translational modification (PTM) of proteins 

catalyzed by polypeptide GalNAc transferases, but the substrate specificity of these 

transferases is poorly understood. Here we develop a strategy based on integral thermal 

proteome solubility profiling to identify and prioritize the protein substrates of polypeptide N-

acetylgalactosaminyltransferase 1 (GALNT1). Combined with glycoprotein enrichment 

followed by HCD and soft EThcD gas-phase fragmentation technique, we uncover hundreds 

of novel GALNT1 substrates in two model human cell lines. GALNT1-mediated O-

glycosylation is more common on Thr than Ser residues, with a strong preference for Pro at 

positions +3 and +4 in respect to O-glycosylation. These results implicate GALNT1 in 

potentially regulating proteins in several diverse pathways, including some unexpected 

processes, such as TCA cycle and DNA transcription. This study depicts a roadmap for 

identification of functional substrates for glycosyltransferases, facilitating fundamental insight 

into the role of glycosylation in homeostasis and disease.  

Keywords: target, enzyme, mass spectrometry, mucin type glycosylation, O-glycosylation, 

PTM, solubility 
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Introduction 

O-linked glycosylation involves the attachment of saccharides to the hydroxyl group of 

threonine (Thr) or serine (Ser) on substrate proteins. Mucin-type O-glycosylation is initiated 

by a large family of 20 polypeptide GalNAc-transferases (GalNAc-Ts), which transfer 

activated forms of monosacharides from nucleotide sugars to protein substrates 1. The O-

GalNAc residues are further extended by addition of different monosaccharides catalyzed by 

30 or more distinct glycosyltransferases. This process is initiated in the Golgi apparatus after 

protein folding 2, giving rise to arguably the most complex and most abundant O-glycan type 
3. GalNAc-Ts perform the first decisive step in O-glycosylation, thereby controlling the 

substrate pool and the sites of modification 4. GalNAc-type O-glycosylation has been 

traditionally considered to occur mostly on mucin proteins and in mucin-like domains of 

proteins 5. However, recent research has vastly increased the reported number of substrates, 

demonstrating that this type of modification can be found on all classes of proteins without 

mucin-like features being necessarily present 6–8.  

O-Glycosylation plays an important role in homeostasis; it is present, e.g., in basement 

membrane and plays role in extracellular matrix organization 4,9 as well as cell adhesion 10. 

GalNAc-Ts have also been linked to susceptibility to disease in humans and animal models 11. 

For example, GALNT1 expression is implicated in bladder cancer 12, hepatocellular 

carcinoma 13, colorectal cancer 14, and breast cancer 15, while GALNT2 polymorphisms are 

associated with dyslipidemia 16,17. Subtle phenotypes are found to be associated with 

deficiencies of single GalNAc-T genes, and it has been suggested that there are unique 

functions for individual isoforms 2, as shown for GALNT1 and GALNT2 4.  

While the association of GalNAc-Ts with their substrates is important, the complexity of O-

glycosylation makes it challenging to study on a proteome-wide scale. Enrichment of O-

linked glycopeptides from complex biological samples is often named as a prerequisite for 

identification of otherwise low-abundant O-glycosylation sites 18. Therefore, a range of 

different techniques have been developed that enrich glycoproteins or glycopeptides using 

lectins 19,20, HILIC columns 21,22 , hydrazide chemistry 23,24, metabolic labeling  18,25, 

extraction of O-linked glycopeptides (ExoO) using a chemoenzymatic method 10, and a 

genetically engineered cell system named “SimpleCell” 7. These enrichment techniques have 

extensively expanded the known O-glycoproteome in different biosystems and unraveled 

some disease mechanisms linked to O-glycosylation events. 
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Most of the affinity enrichment reagents are limited to sterically accessible epitopes 26–29. In 

N-glycan analysis, a universal enzyme can deglycosylate various common-core structures 

from proteins, but for O-linked proteins, no such enzyme is known 30. Mass spectrometry 

(MS) is a powerful technology to detect various post-translational modifications (PTMs), but 

MS-based approaches to study the O-glycome are challenging due to the heterogeneity of this 

modification, the lack of known consensus sequences and of universal or selective enrichment 

tools. In cellulo experiments are further complicated by the interplay of 20 GalNAc-Ts that 

control mucin-type O-glycosylation 31,32. The SimpleCell approach employs zinc-finger 

nuclease (ZFN) gene targeting to truncate the O-glycan elongation pathway in human cells, 

generating stable ‘SimpleCell’ lines with homogenous O-glycosylation, thus reducing the 

heterogeneity in O-glycan structures and aiding their identification 7,33. SimpleCell is a 

valuable technology and has delivered the first map of the human O-glycoproteome with 3000 

glycosites in 12 human cell lines 8; however, it does not address the substrate specificity of 

each GalNAc-T. Later, the authors applied this technology to investigate the isoform-specific 

substrates of GALNT1 and GALNT2 4. However, such studies are tedious and limited by the 

use of genetically altered cell lines with a single isoform of a given GalNAc-T. Furthermore, 

since isobaric/isomeric residues cannot be differentiated by MS, a small fraction of the 

identified sites in SimpleCell can be O-linked-N-acetylglucosamine (O-GlcNAc) rather than 

O-GalNAc 34. Due to the above challenges, limited number of substrates are known for 

specific glycosyltransferases and no isoform-specific substrate sequence motifs have so far 

been found for most enzymes in this class 2,35,36.  

Predictions show that 83% of all proteins entering the endoplasmic reticulum (ER)–Golgi 

secretory pathway end up being O-glycosylated 8. With the 2,133 known substrate proteins for 

all GalNAc-Ts 37, we have mapped only a minor fraction of the O-glycoproteome. Therefore, 

development of complementary techniques avoiding the enrichment step would be highly 

desirable.  

Recently, we devised a proteome-wide strategy called System-wide Identification and 

prioritization of Enzyme Substrates by Thermal Analysis (SIESTA) 38. Being based on 

thermal stability/solubility changes upon PTMs, SIESTA is orthogonal to other 

glycoproteomics strategies. In a regular SIESTA experiment, cell lysate aliquots are treated 

either with enzyme, co-substrate or their combination as well as vehicle for control. With 

proteomics analysis, changes in protein solubility happening due to enzymatic activity are 

tracked. In our proof-of-concept study, SIESTA identified several known and novel substrate 

candidates for selenoprotein thioredoxin reductase 1, protein kinase B (AKT1) and poly-
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(ADP-ribose) polymerase-10 systems 38. SIESTA was initially implemented using Thermal 

Proteome Profiling or TPP 39 (similar to MS-CETSA 40). We have recently introduced a new 

technique called Proteome Integral Solubility Alteration (PISA) assay with ≥10x higher 

throughput than that of TPP 41. There are several advantages in implementing SIESTA 

experiments with PISA readout. The instrument analysis time in a SIESTA experiment with 

an acceptable proteome coverage can be reduced from ~14 days for 2 replicates of TPP to ~2 

days using a PISA analysis with 4 replicates. At the same time, the PISA data is less plagued 

by missing values. With the advent of TMTpro 16 multiplexing 42, a SIESTA-PISA 

experiment can be performed in 4 replicates within a single TMT set, with enhanced 

reproducibility and improved statistical robustness. Importantly, while enrichment techniques 

can only inform on the sites of modification, they cannot predict which O-GalNAc 

modification is likely to have functional significance, while the size of solubility shift in PISA 

can serve as an indirect indicator of the magnitude of structural change in proteins. As large 

structural change is more likely to affect protein function, the biggest advantage of SIESTA-

PISA may be to help prioritize substrates and predict functional O-glycosylation events.  

In this study, we apply SIESTA-PISA analysis to study substrates of GALNT1 (Fig. 1). 

GALNT1 uses UDP-α-D-N-acetylgalactosamine (hereafter called UDP-GalNAc) as a co-

substrate to add GalNAc to the Thr and Ser residues of a target protein 43. Our main 

hypothesis is that this modification induces solubility changes in substrate proteins, rendering 

them amenable to identification by PISA. In parallel, we adapt an affinity purification strategy 

to enrich O-glycosylated proteins, combining it with proteomics analysis to identify the 

glycosylated sites by high resolution tandem MS (Fig. 1). By applying these approaches, we 

identify a multitude of GALNT1 substrates in two human cell lines representing colon and T 

lymphoblasts. We envision that our approach will facilitate discovery of the 

glycosyltransferase function and deciphering the role of these enzymes in various cellular 

processes related to health and disease. 

 

Fig. 1. Parallel techniques for discovery and validation of GALNT1 substrates. a, 

GALNT1 employs UDP-GalNAc as a co-substrate, to add GalNAc to the Thr and Ser 
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residues of a substrate protein, as the initial step in the O-linked oligosaccharide biosynthesis. 

Here we employ SIESTA with a PISA readout to discover and prioritize the GALNT1 

substrates that change solubility upon O-GalNAc modification in two cell lines. In parallel, in 

order to verify the peptide sequence, as well as the presence and location of the glycan, 

glycoproteins are enriched, digested and subjected to LC-MS/MS with HCD and triggered 

soft EThcD fragmentation 8. b, Workflow: in SIESTA-PISA, the cell lysate is treated either 

with vehicle, or with UDP-GalNac, GALNT1 or both. One sixth of the total reaction volume 

is subjected to the PISA workflow 41, while the rest undergoes glycoprotein enrichment.  

 

Results  

Identification of GALNT1 substrates by monitoring solubility changes  

Since the glycosylation machinery varies with cell and tissue type, we selected two cell lines 

HCT116 colorectal carcinoma cells and MOLT4 T-lymphoblasts as models. According to 

Human Protein Atlas, GALNT1 is expressed in both of these cell lines on an average level 44. 

Reactions took place in 400 μL of volume containing 600 μg of extracted cell protein. The 

cell lysate was treated with vehicle, 150 nM GALNT1, 500 μM UDP-GalNAc, or both 

(hereafter “Both” refers to GALNT1 + UDP-GalNAc). After 60 min of reaction time, the cell 

lysate was divided into 1/6th and 5/6th portions for the PISA and glycoprotein enrichment 

experiments, respectively.  

In the SIESTA-PISA analysis, of the 8,643 total proteins, 7,551 proteins were quantified with 

2 or more peptides (Supplementary Data 1). GALNT1 was detected in the two cell lines 

both in untreated controls and in treated samples. The endogenous concentration of GALNT1 

in HEK293T cells is estimated to be around 55 nM 45. At 150 nM of added recombinant 

enzyme, the ratio of GALNT1 in treated samples vs. controls was 12.6±0.29 and 16.5±0.16 

(mean±SD) for HCT116 and MOLT4 cells, respectively. Furthermore, given that the cell 

protein content was diluted by ~31 fold in our reactions 38, the recombinant GALNT1 

concentration was within the physiological range.  

After normalization to the total sum of intensities in each TMT channel, the normalized area 

under the curve (nAUC) or Sm for each treatment was determined by calculating the ratio of 

the TMT reporter ion abundances in treatment vs. control. Subsequently, the ΔSm values were 

calculated for “Both – GALNT1” and “Both – UDP-GalNAc” (subtraction of log2 fold 
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changes). Proteins that had a p value < 0.05 for “Both vs. GALNT1” and “Both vs. UDP-

GalNAc” as well as a -0.05 >ΔSm > +0.05 were selected as putative substrates. The 

scatterplots revealing known and putative substrates are shown for each cell line in Fig. 2a-b. 

The total number of unique substrates identified was 517 (90 in HCT116 and 446 in MOLT4 

cells; substrates with further annotations are given in Supplementary Data 2). The Sm values 

for the top outliers are shown in Fig. 2c-d. AMER1 or APC membrane recruitment protein 1 

was the top outlier. Since only 77% of the quantified proteome was shared between the two 

cell lines, the expected random overlap between the substrates identified in the two cell lines 

was 5 proteins. As we found 19 putative substrates shared between the two cell lines (Fig. 2e), 

most of these substrate candidates are true positives.  

For better control of the false discovery rate (FDR) and higher stringency of our substrate 

selection, a permutation analysis of the Sm values in replicates was made. In total, 64,580 and 

65,400 permutations (10 rounds) were performed for HCT116 and MOLT4 cells, 

respectively. On average less than 3 false positives were obtained in one permutation, 

allowing us to estimate the FDR to be ~3% for HCT116 and <0.5% for MOLT4 cells, which 

is significantly lower than in many glycoproteomics studies and the original SIESTA paper 38.  

Of the identified substrates in SIESTA-PISA, 38 proteins were previously annotated in the 

OGP database collected from MS experiments (www.oglyp.org). These annotations were 

incorporated in Supplementary Data 2. The cellular location of 28% of the identified 

substrates in HCT116 cells and 34% of the substrates in MOLT4 cells was in the plasma 

membrane, in agreement with the well-known fact that mucin type O-glycosylation frequently 

occurs on membrane proteins 46. 
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Fig. 2. SIESTA-PISA identifies hundreds of putative GALNT1 substrates. a-b, 

Scatterplot of ΔSm difference between “Both – UDP-GalNAc” and “Both – GALNT1” reveals 

that the solubility shifts are occurring only after simultaneous GALNT1�+�UDP-GalNAc 

addition compared to GALNT1 or UDP-GalNAc alone (known and putative GALNT1 

substrates are shown in maroon). The plots were cropped on x and y axes to better show the 

distribution of the substrates. c-d, Representative normalized Sm values show the abrupt 

change in the solubility of putative substrates when treated with GALNT1�+�UDP-GalNAc 

(Both). Results are shown as mean ±SD of four independent biological replicates; two-sided 

Student’s t-test with unequal variance for all comparisons. e, The overlap between the 

substrates identified in the HCT116 vs. MOLT4 cells. 

 

O-GalNAc tends to solubilize the substrates  

While glycosylation increases the solubility of many proteins 47, the generality of this 

phenomenon has been questioned 48. Thus, we tested whether O-GalNAc modification mostly 

increases or decreases the solubility of substrate proteins. The density graphs in Fig. 2a-b 

revealed that addition of O-GalNAc tends to enhance the solubility of substrate proteins, in 
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agreement with earlier suggestions. However, this trend is not universal, and the sign of the 

solubility shift is protein- and perhaps site-specific.  

 

PISA implicates protein-protein interactions  

Furthermore, we identified proteins that interact with GALNT1 using PISA readout instead of 

TPP as in the original SIESTA paper 38. With a stringent PISA fold change cut-off of 1.5, we 

found 22 and 20 proteins that changed solubility significantly upon treatment with GALNT1 

in HCT116 and MOLT4 cells, respectively. Four proteins were shared between the two cell 

lines: P4HA1, EGLN1, OGFOD2 and EIF4EBP2, while the expected number of random 

overlaps was around zero. With a less stringent fold change cut-off of 1.25 (Fig. 3a-b) we 

discovered 153 and 161 interacting proteins in HCT116 and MOLT4 cells (Supplementary 

Data 3). As almost all of them (98%) showed enhanced solubility upon interaction with 

GALNT1, true positives must compose a great majority of these proteins. 

While there were 53 (20.3%) interacting proteins shared between the two cell lines (Fig. 3c) 

(the expected random overlap is two proteins), there was only a single protein GALNT13 

listed among GALNT1 interactions in BioPlex 49 and BioGrid 50 databases. This may indicate 

that PISA is identifying not only strong binding events, but also transient and weak (albeit 

real) interactions, as we have previously postulated 38. Such interactions are usually not 

discovered in other techniques such as pulldowns where the samples are rigorously washed 

multiple times. These results also strengthen our previous findings on the orthogonality of 

thermal profiling techniques to other methods used in identification of protein interactors in 

lysate 38.  

Some substrate proteins demonstrate collinear solubility shifts  

Of the 314 proteins identified by PISA as interacting with GALNT1, 45 were also found by 

SIESTA as GALNT1 substrates (4 for HCT116 and 41 for MOLT4 cells) (Fig. 3d). This is 

while the corresponding expected number of random overlaps is 2 and 11 proteins, 

respectively. Curiously, in the loading plots in Fig. 2a-b some proteins are situated in 

quadrant 4 (lower right), especially in the MOLT4 cell line. These are the proteins that 

increased their solubility upon interaction with GALNT1 and subsequently showed reduced 

solubility upon modification. Some representative examples are shown in Fig. 3e-f. Uniquely 

among all shifting proteins, PABIR1 showed a cell-dependent behavior, changing its 
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solubility upon interaction with GALNT1 in HCT116 cells but retaining its solubility 

unchanged under the same conditions in MOLT4 cells. At the same time, co-treatment with 

GALNT1 and UDP-GalNAc decreased the solubility of PABIR1 in both cell lines, compared 

to lysate treated only with GALNT1 (Fig. 2a-b and Fig. 3f-g). Therefore, PABIR1 interaction 

with GALNT1 might be dependent on its proteoform in a given cell type.  

Addition of UDP-GalNAc itself to cell lysate only shifted the solubility of few proteins, 

including GALE (UDP-galactose-4-epimerase) and GNE (bifunctional UDP-N-

acetylglucosamine 2-epimerase/N-acetylmannosamine kinase) (Supplementary Fig. 1).  

 

 

Fig. 3. Stepwise shift in the solubility of interacting proteins which are subsequently 

modified. a-b, GALNT1 treatment alone changed the solubility of interacting proteins in 

different cell lines. c, The overlap between GALNT1 interactors in HCT116 vs. MOLT4 cells.  

d, Several interacting proteins further changed their solubility when lysate was treated with 

GALNT1 and UDP-GalNAc. These proteins are found in quadrant 4 in Fig. 2a-b and present 
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higher solubility upon interaction with GALNT1 alone, and a loss of solubility once being 

modified in the presence of GALNT1 and UDP-GalNAc. Examples of putative substrates 

with collinear shift in solubility are given in e-f, KDM2A (in HCT116 cells) as well as EMD 

and PABIR1 (in MOLT4 cells). g, PABIR1 behavior is different in HCT116 cells (no 

enhanced solubility in the presence of GALNT1 alone, but still losing solubility when 

modified). Results are shown as mean ±SD of four independent biological replicates. Two-

sided Student’s t-test with unequal variance (*p<0.05). 

 

SIESTA-PISA allows for monitoring modifications within the same experiment 

One of the advantages of SIESTA with a PISA readout is that all the experimental conditions 

can be accommodated within a single TMTpro 16 set, allowing for analysis of PTMs within 

the same set by interrogating peptide tandem mass spectra. This is not possible in SIESTA 

implemented with TPP 38 and other TPP-dependent techniques, such as hotspot profiling 51. 

Having included O-GalNAc (HexNAc) as a variable modification in the sequence database 

search of SIESTA-PISA data, we detected peptides with this modification. Since the presence 

of multiple modifications on the same peptide is unlikely and many such identifications could 

be false positives, we discarded peptides containing multiple variable modifications other than 

O-HexNAc and N-terminal acetylation as well as the fixed Cys carbamidomethylation. 

Peptides carrying O-HexNAc modification were selected for further analysis. In HCT116 

cells, we identified 49 peptides from 37 proteins unambiguously modified with O-HexNAc 

that were significantly elevated in the lysate treated with both GALNT1 and UDP-GalNAc 

compared to all other states (Supplementary Fig. 2a; Supplementary Data 4). In MOLT4 

cells, we found 68 such peptides from 58 proteins (Supplementary Fig. 2b, Supplementary 

Data 4). The higher number of peptides carrying the modification in MOLT4 cells is in line 

with the higher number of substrates identified in this cell line compared to HCT116. Around 

90% of the significantly changing modified peptides were overrepresented in the samples 

treated with both GALNT1 and UDP-GalNAc, validating the enrichment process. Among the 

identified O-glycopeptides, 26 were shared between the two cell lines, while the expected 

number of random overlaps was 0.4. Two and six modified peptides belonged to the 

substrates identified in SIESTA in HCT116 and MOLT4 cells, respectively (expected random 

overlap for HCT116 is 0.5 and for MOLT4 cells is 3). Also, 18 of these 69 proteins were 

annotated in the OGP database. We also calculated the occupancy of these sites (Fig. 4). 

Normalized modified and unmodified peptide intensities were separated, adjusted to account 
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for missing values, and summarized to calculate HexNAc occupancy as the percentage of 

intensity attributed to HexNAc-modified peptides (HexNac/HexNac+Unmodified). Statistical 

analysis was conducted by comparing HexNAc occupancy between the "Control" and "Both" 

treatment groups using Welch's t-test (Student t-test unpaired, unequal variance, two-sided), 

with occupancy ratios and associated p values calculated to assess significance 

(Supplementary Data 4). 

 

Fig. 4. O-HexNAc modifications identified in the SIESTA-PISA experiment. Occupancy 

analysis showing the over-representation of O-glycopeptides a in the lysate treated with both 

GALNT1 and UDP-GalNAc compared to the control, validating our experiments (two-sided 

Welch test; four independent biological replicates).  

 

Glycoprotein enrichment verifies several substrates identified by SIESTA-PISA   

As the samples were split prior to the thermal treatment in SIESTA-PISA analysis, 5/6th of the 

samples were subjected to glycoprotein enrichment using GlycOCATCH kit (Genovis), as 

shown in Fig. 1b. The kit columns contain a resin that consists of agarose beads with 

covalently coupled inactive enzyme that only recognizes and binds to the O-glycans. 

Therefore, the enrichment process should be very similar to that in the EXoO approach 10, 

with the difference that here we enriched glycoproteins and not glycopeptides.  

Across the two cell lines, in thus enriched samples we quantified 4,752 proteins with 2 or 

more peptides (Supplementary Data 5). In total, 86 putative substrates (44 in HCT116 and 
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42 in MOLT4 cells) passed a cut-off of > +0.58 for log2 fold change for Both vs. control and 

p <0.05. Of these, 6 proteins (POLR2A, B and G, as well as SNAP29, NFX1 and WEE1) 

were overlapping with substrates identified in SIESTA-PISA and 6 other proteins (HAGH, 

LMAN1 EWSR1, SNAP29, UCHL3 and SRCAP) were also annotated in the OGP database 

(Supplementary Data 2). 

To identify as many O-glycan linked modification sites in peptides as possible, we combined 

the Proteome Discoverer 52 search above with a PEAKS 53 program database search 

(Supplementary Data 6). Applying the same exclusion criteria of peptides modified with 

multiple variable PTMs as above, 140 O-glycopeptides were identified in total. In 

Supplementary Fig. 3, the MS/MS spectra of representative Thr- and Ser-substituted O-

glycopeptides from four proteins (RPLP0P6, CH60, RPS17 and HNRPU) are shown. Plotting 

the fold changes of glycopeptides in lysate treated with both GALNT1 and UDP-GalNAc vs. 

vehicle-treated control showed that ~94% of the significantly changing O-glycopeptides were 

elevated in the treated samples in both cell lines (Fig. 5a), hence validating the enrichment 

process. Furthermore, the O-glycan occupancy of the significantly changing modified 

peptides showed a high level of statistical significance when comparing GALNT1 + UDP-

GalNAc treated lysates with control (Fig. 5b). Occupancy was calculated by using the log10 

scaled ratio between the glycopeptide and unmodified peptide using data obtained from each 

corresponding peptides ion chromatogram. Each datapoint in the figure is representing the 

average of this log ratio in the Controls and the average in the Boths samples, respectively. 

To estimate the frequency of GalNAc isomers in the two sample types we searched the 

glycoprotein enriched samples using HexNAcQuest 54. The number of GalNAc hits in the 

GALNT1 + UDP-GalNAc treated lysates were 1- to 2-fold higher compared to GlcNAc and 

inversely the number of GlcNAc hits were 5- to 9-fold higher in the controls (Fig. 5c and 

Supplementary Table 1). Note that most of the significant peptides (in Fig. 5a) were not 

characterized due to too low abundance of the diagnostic oxonium ions. However, for those 

that were identified, 100% were GalNAc isomers. 

Of the 63 significantly enriched glycopeptides corresponding to 55 glycoproteins (Fig. 5a), 30 

(55%) were significantly over-represented in the treated samples in both cell lines (the 

expected random overlap is 0.4), and 29 were specific to only one cell line (Fig. 5d). Only 

nine of these glycoproteins were annotated in the OGP database. Comparing the glycoprotein 

enrichment data with SIESTA-PISA, 4 (HCT116) and 10 (MOLT4) of the glycopeptides were 

also mapped to the putative substrate proteins identified in SIESTA-PISA (expected random 
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overlaps are 0.5 and 3.4, respectively) (Fig. 5e-f). Furthermore, 10 (HCT116) and 14 

(MOLT4) peptides carrying O-HexNAc in the SIESTA-PISA experiment overlapped with 

those identified in the glycoprotein enrichment data (the expected random overlaps are 0.3 

and 0.5, respectively).  

In PEAKS database search, we included the O-HexNAc-Hex modification. While 18 peptides 

were identified carrying O-HexNAc-Hex, only one of them (from the protein ADD1 in 

HCT116) was statistically significant. This indicates that in the diluted cell lysate and within 

the incubation period with UDP-GalNac and GALNT1, further extension of glycan units was 

limited. 
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Fig. 5. The peptides carrying O-HexNAc modification in the enrichment experiment. a, 

A majority of the glycopeptides are over-represented in the samples treated with both enzyme 

and UDP-GalNAc, hence validating the enrichment. Glycopeptides detected in both cell lines 

are shown with red circles while those identified in only one cell line are shown in blue (three 

independent biological replicates). b, The average log change between glycopeptide and 

corresponding unmodified peptide in the lysates treated with both GALNT1 and UDP-
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GalNAc vs. control that were significant in (a). The sample types are distinctly significant 

(paired two-sided Student’s t-test), thus indicating that the treated samples have a significantly 

higher occupancy level relatively to the controls. Note that the ratio should not be interpreted 

as an exact measurement of how much of the protein is modified vs unmodified.  c, The 

frequency of GalNAc isomers compared to GalNAc isomers (log2[GalNAc/GlcNAc]) in the 

two sample types (two-sided Student’s t-test with equal variance according to F-test). d, The 

actual and expected overlap between proteins with over-represented O-HexNAc-modified 

peptides in the glycoprotein enrichment analysis in HCT116 vs. MOLT4 cells. e-f, Actual and 

expected overlap between substrates identified in SIESTA-PISA and proteins with elevated 

O-HexNAc-modified peptides in glycoprotein enrichment analysis in HCT116 and MOLT4 

cells. g, Heatmap demonstrating the amino acid preference in the flanking regions adjacent to 

the modified Thr and Ser residues. h-j, The enriched sequence for peptides modified with O-

GalNAc on Thr and Ser residues alone or together in our experiment (left panels) vs. 9,354 

peptides in the OGP database (right panels).  

 

TxxP, TxxxP, SxxP and SxxxP are possible preferred motifs for GALNT1 

While it is important to decipher and predict which Thr and Ser residues are modified with O-

glycans, no clear consensus motif has been determined yet 2,35,36. It has been postulated that 

unlike N-glycosylation for which a simple consensus sequence motif exists, for O-

glycosylation sequence motifs are more complicated, perhaps due to the existence of 20 

GalNAc-T isoforms with different, albeit partly overlapping, substrate recognition 2,36. Still, 

some preferences for Pro, Ser, Thr, and Ala in the flanking regions around the modification 

site has been observed for O-glycosylation in general 31,55. 

To identify possible motifs for GALNT1-mediated O-glycosylation, we compiled a list of 

significant candidate peptides carrying O-GalNAc modifications in both SIESTA and 

glycoprotein enrichment experiments. The list was manually curated to select the peptides 

with precise localization sites, resulting in 73 peptides. The curated peptides’ sequences were 

trimmed to equal size (15 amino acid window as done previously 10) by centering on modified 

Thr/ Ser residues and subjected to motif enrichment analysis using dagLogo 56. In parallel, for 

comparison, we performed a similar enrichment analysis for all the 9,354 sites described in 

the OGP database. The enrichment was performed once for peptides modified on Thr and Ser 

individually and once with all peptides together. The resulting heatmap for our peptides 
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shows the preference for flanking amino acids in Fig. 5g and the motifs are shown in Fig. 5h-

j for the peptides in the current study vs. peptides in the OGP database. 

The sequences from the current study show an almost universal enrichment for Pro, especially 

in positions +3 and +4, while other positions are also frequently populated by Ala and Val. 

Specifically, Ala is over-represented at position −6 for peptides modified on both Thr and Ser 

and at position −2 only for peptides modified on Thr. Interestingly, our analysis of the OGP 

database (Fig. 5h-j) and previous research showed a generally high frequency of Pro residues 

around the O-glycosylation sites, with a moderate preference for  +3 and −1 positions 10,57,58. 

Alanine on position −6 has also been reported to enhance the chance of glycosylation 59. 

Thus, the difference observed in flanking amino acid preferences in our data vs. OGP 

database can result from the fact that here we only studied GALNT1 substrates, while other 

analyses are made on O-glycosylation in general. Noteworthy, for GALNT2, the preferred 

presence of Pro at -1 and -3 has been shown 4. Predictions show that most O-glycosylation 

events are found at β turns 60, while proline residues are known to promote formation of β 

turns and β sheets 61. 

Counting the number of modified Thr and Ser with precise localization in our curated list of 

modified peptides, there was a 2.2-times higher prevalence of peptides modified on Thr than 

Ser. Interestingly, similar analysis of the OGP database gives the same number (i.e., 2.2). 

Given that Thr and Ser residues comprise 5.28 and 7.26% of amino acid residues in our 

pulldown data from two cell lines, these results mean that Thr residues are 3.0 times more 

likely to be O-glycosylated. This result is in excellent agreement with a recent paper 10 where 

the authors found that O-linked glycan addition at Thr and Ser accounted for 67.6% and 

22.4% of the sites, respectively. 

GALNT1 substrates map to versatile cellular compartments and pathways 

We compiled a complete list of substrate candidates identified through SIESTA-PISA and 

glycoprotein enrichment as well as their associated MS/MS analyses in both cell lines (n = 

677 proteins; Supplementary Data 2). We added to this table the 62 known substrates from 

the OGP database. In total, 71 substrate proteins identified by SIESTA-PISA were supported 

by at least one other technique in our experiments or literature. While larger overlap would be 

desirable, it should be noted that similar studies have reported ≤ 3% overlap between TPP and 

orthogonal techniques, such as MS-based phosphoproteomics 38,62,63. Among our identified 

substrates, several are involved in glycan machinery, such as GALNT2, RAD23B, LMAN1, 
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ALG13 and GFPT2. Pathway analysis in Reactome found that 26 substrates are associated 

with asparagine N-linked glycosylation (p= 0.0004), interestingly indicating that perhaps both 

N- and O-glycosylation can occur on these substrates.  

Overall, 135 proteins (20% of the total) in the compiled list were implicated by more than one 

analysis/database. Among these substrate candidates, there were 68% of proteins identified by 

pulldown MS/MS, 38% of substrate candidates identified in SIESTA MS/MS, 20% of 

putative substrates identified by pulldown and 13% of those identified in SIESTA-PISA.  

Out of the total 677 substrate candidates in the comprehensive list, at least 156 are known to 

be localized to plasma membrane, in line with the known function of mucin type O-

glycosylation 46. We further subjected the full list plus GALNT1 itself to StringDB for 

visualizing dense substrate hotspots and to decipher the cellular location of the substrates as 

well as their biological functions. The proteins mapped to several dense networks are shown 

in Fig. 6. 

 

Fig. 6. GALNT1 substrates map to different cellular compartments and complexes. The 

compiled list of substrates was mapped to StringDB to identify dense pathways. Only dense 

clusters are colored, while disconnected proteins and clusters with few members were 

removed for clarity.  

 

We found that the dense enriched clusters are related to cytosolic and mitochondrial 

ribosome, actin, histone, RNA polymerase II, spliceosome, TCA cycle, tubulin and NuRD 

complex. Some other enriched pathways and processes are shown in Table 1.  
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Table 1. Additional processes and pathways enriched for the compiled list of GALNT1 

substrates 

Pathway Number of proteins P value 

SRP-dependent co-translational protein targeting to membrane 39  2E-23 
Extracellular exosome 146 1E-14 
Protein localization to membrane 58  9E-13 
Cadherin binding 36  1E-06 
Actin binding 36  0.0002 
Intra-Golgi and retrograde Golgi-to-ER traffic 21 0.0002 
Cell adhesion molecule binding 40  0.0005 
Microtubule 26  0.0443 

 

Some of these pathways are in line with the previously known roles of O-glycosylation 8, such 

as in secretion of basement membrane components and extracellular matrix composition 4,9, as 

well as cell adhesion 10. The enrichment also showed various domains from InterPro 64, which 

are listed in Supplementary Table 2.  

 

Discussion 

Here, parallel proteome-wide solubility- and affinity-based strategies were employed for 

mapping GALNT1 substrates. We report using PISA 41 instead of TPP as a readout for 

SIESTA 38 for the first time. This allowed us to accommodate 4 replicates of each treatment 

within a TMTpro 16 multiplexing set, providing robust statistics, reducing the number of 

missing values and allowing to investigate protein modifications within the same TMT set. 

Enhancing the number of replicates enabled detection of even minute changes in protein 

solubility. We have previously postulated that such small changes can be identified by 

inclusion of more replicates 38. With PISA, the LC-MS/MS analysis time in SIESTA is 

reduced from 2 weeks to 2.5 days for the same number of samples. In parallel, we adopted a 

modified pulldown strategy coupled to HCD or soft EThcD MS/MS fragmentation to identify 

substrates at the level of glycoproteins as well as O-linked glycopeptides.   

Since 83% of proteins entering the ER-Golgi secretory pathway are predicted to be O-

glycosylated 8, the current enrichment strategies, while highly informative, are not sufficient 

alone for mapping all substrate proteins. SIESTA-PISA provides complementary information 

to other available technologies, such as SimpleCell, and can be used in concert with them. 
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Since SIESTA-PISA identifies modifications that affect protein solubility, and thus often 

protein conformation, these events are more likely to have functional and biological 

importance than the events discovered by other methods. Previous approaches compared the 

thermal shift of an individual modified peptide to that of the whole protein to identify 

“hotspot” modifications 51,62,65. In contrast, SIESTA-PISA compares the shift of a whole 

protein in the presence and absence of an enzyme and its co-substrate. Therefore, in SIESTA-

PISA, the majority of protein copy numbers have to be modified for the protein to be 

identified as a substrate. Thus, highly ranked proteins in SIESTA-PISA are more likely to 

have functional relevance than in the hotspot approach that is based on peptide data.  

Our results identified 677 substrate candidates for GALNT1, the majority of which are novel. 

The large number of putative substrates mean that GALNT1 may be involved in regulating 

versatile cellular processes by modifying proteins in cytosolic and mitochondrial ribosome, 

actin, histone, RNA polymerase II, spliceosome, TCA cycle, tubulin and NuRD complex, 

basement membrane, extracellular matrix and cell adhesion. Mucins and some known 

substrates are missing from our list. This can be ascribed to difficulties in digesting these 

regions because of the high density glycosylation 8. Also, the dominance of Ser, Thr, and Pro 

residues in mucin tandem repeats makes them not amenable to digestion with trypsin 8. 

Furthermore, mucins are secreted proteins and to facilitate solubility analysis we obtained the 

lysate without using detergents. 

Interestingly, a significantly higher number of substrates were identified in MOLT4 cells 

compared to HCT116 cells in SIESTA-PISA. The enrichment approaches could not possibly 

identify such a difference without using sophisticated and costly absolute quantification 

techniques. Previous research has also shown substantial differences between O-glycoproteins 

in different cell lines 8,66. Future research may uncover the link between the GalNAc-T 

repertoire expressed in a given cell and O-glycosylation degree of its proteins.  

Our results revealed that the presence of Pro at positions +3 and +4 and Ala at −6 

significantly favors O-glycosylation by GALNT1 in position 0. Since comparison with 

general O-glycosylation events found in the OGP database showed no such trend (except for 

the slightly enriched +3 position), this identified sequence context may be specific to 

GALNT1.  

The introduction of O-GalNAc on substrate proteins has a tendency toward enhancing their 

solubility, but this is not a general rule and a given substrate can also show a reduction in 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 30, 2024. ; https://doi.org/10.1101/2022.08.24.505189doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.24.505189
http://creativecommons.org/licenses/by-nc-nd/4.0/


 21

solubility upon modification. It has proven challenging to generalize the effect of PTMs on 

protein folding, solubility and stability 67. The outcome of a given modification on overall 

protein solubility is dictated by multiple factors, including but not limited to PTM-induced 

conformational distortion 68, conformational entropy and free energy 69, size and position of 

modification 70, changes in the charge state and solvent accessibility (e.g. increase in overall 

molecular solvent accessible surface area) 71. Also, given the complexity of the PTM code, the 

PTM cross-talk and the cumulative effect that multiple PTMs have on protein solubility 72, the 

solubility of the resulting proteoform is determined by its detailed thermodynamics 73. Since 

here we only studied the addition of O-GalNAc, a relatively small group, these results should 

only be cautiously extrapolated to full-size O-glycosylation events.  

There are a few inherent limitations with SIESTA-PISA, some of which are also common in 

other techniques. Since the addition of enzyme in cell lysate can cause non-physiological 

modifications, orthogonal strategies must be used to validate the putative substrates as we 

performed in the current and previous study 38. While putative substrates validated that way 

are highly reliable, the overlap between the complementary techniques is often limited, which 

puts many likely substrate candidates in a gray zone. Reporting these candidates is however 

important, as they may be validated in a separate study by the same or another research team.  

Obviously, substrates not demonstrating a shift in solubility will be missed in SIESTA-PISA 
38. There are estimates that the solubility of only a small fraction of substrates changes 

significantly upon post-translational modification 38,51,62,74; however, the substrates 

undergoing larger solubility changes should be of higher biological importance. Another 

complication is that some acceptor Thr and Ser residues on substrates might be occupied by 

other common modifications, such as phosphorylation. Such modifications will prevent the 

modification of these sites by GALNT1, hampering their identification in cases of large 

occupancy. While affinity purification strategies can enrich low abundance substrates, they 

tend to miss weak interactions and transient binding. SIESTA can be used to fill this gap.  

The SIESTA-PISA technique can provide subcellular resolution by isolating organelles under 

mild conditions. The use of mild detergents, such as NP40, could achieve higher 

representation of membrane and otherwise insoluble proteins, even though with the current 

approach we had an acceptable coverage of the plasma membrane proteome (1455/7011 

proteins identified by Proteome Discoverer in HCT116 and 1353/7153 in MOLT4 cells 

mapped to plasma membrane). 
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We have previously shown that thermal solubility change profiling can be applied for 

analyzing protein-protein interactions in a cell lysate 38. Here, we demonstrate on the example 

of GALNT1 that PISA-powered discovery of protein-protein interactions provides orthogonal 

information to conventional techniques, such as affinity pulldowns. While some of the 

discovered solubility changes were shared between the two cell lines, some were cell-type 

specific. This can probably be attributed to the presence of diverse proteoforms in different 

cell lines.  

Summarizing, the universality, ease, and speed of identifying enzyme-specific substrates by 

SIETSA-PISA can enhance our understanding of PTMs and signaling pathways in 

homeostasis and disease. We compiled as resource a list of GALNT1 substrate candidates and 

depicted a roadmap for identification of substrates for other members of the 

glycosyltransferase family. This high-throughput approach can be universally applied to 

enzymes from different classes. PISA readout allows for accommodating vehicle, co-

substrate, enzyme and their combinations in four replicates within the same TMTpro 16plex 

set, providing robust statistics and massive reduction in the number of missing values, and 

yielding the desired information within a week, including sample preparation and 

instrumental time.  

 

Materials and methods 

Cell culture 

Human HCT116 (ATCC, USA) cells were grown at 37°C in 5% CO2 in McCoy’s 5A medium 

supplemented with 10% FBS superior (Gibco, heat-inactivated, Fisher Scientific), 2 mM L-

glutamine (Lonza BioWhittaker, Fisher Scientific) and 100 units/mL penicillin/streptomycin 

(Thermo). Human MOLT4 cells (ATCC, USA) were grown under the exact same conditions 

in RPMI 1640 Medium with GlutaMAX supplement and HEPES (Thermo). Low-number 

passages were used for the experiments.  

SIESTA-PISA experiments  

A step-by-step protocol describing the SIESTA experiment protocol in TPP mode can be 

found at Protocol Exchange 38,75. A detailed PISA protocol can be found here 41. For the 

SIESTA-PISA experiment, cells were cultured in 175 cm2 flasks, and the detached by trypsin 

(HCT116 cells) or centrifugation (MOLT4 cells), washed twice with PBS, resuspended in 
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PBS with complete protease inhibitor cocktail (Roche). Cells were lysed by five freeze-thaw 

cycles. The cell lysate was centrifuged at 10,000 g for 10 min and the soluble fraction was 

collected. The protein concentration in the lysate was measured using Pierce BCA assay 

(Thermo) and the lysate was equally distributed into 16 aliquots (400 μL each, 600 μg protein 

in each replicate) for each cell line. The aliquots were treated in 4 replicates with vehicle, 500 

μM UDP-GalNAc (Sigma), 150 nM (~6 µg) active GALNT1 (ProspecBio), or with both at 

37°C for 60 min.  

After the reaction, for SIESTA-PISA, 100 µg of protein (in ~67 µl) from each replicate was 

aliquoted into 10 in 96-well plate wells and heated in an Eppendorf gradient thermocycler 

(Mastercycler X50s) in the temperature range of 48-59°C for 3 min. Samples were cooled for 

3 min at room temperature and afterwards kept on ice. Samples from each replicate were then 

combined and transferred into polycarbonate thickwall tubes and centrifuged at 100,000 g and 

4°C for 20 min.  

The soluble protein fraction was transferred to new Eppendorf tubes. Protein concentration 

was measured in all samples using Pierce BCA Protein Assay Kit (Thermo), the volume 

corresponding to 25 µg of protein was transferred from each sample to new tubes and urea 

was added to a final concentration of 4 M. Dithiothreitol (DTT) was added to a final 

concentration of 10 mM and samples were incubated for 1 h at room temperature. 

Subsequently, iodoacetamide (IAA) was added to a final concentration of 50 mM and samples 

were incubated at room temperature for 1 h in the dark. Proteins were then precipitated with 

methanol/chloroform and then resuspended in EPPS 20 mM with 8 M urea, pH=8.5. After 

dilution of urea to 4 M, lysyl endopeptidase (LysC; Wako) was added at a 1:75 w/w ratio at 

room temperature overnight. Samples were diluted with 20 mM EPPS to the final urea 

concentration of 1 M, and trypsin was added at a 1:75 w/w ratio, followed by incubation for 6 

h at room temperature. Acetonitrile (ACN) was added to a final concentration of 20% and 

TMT reagents were added 4x by weight (100 μg) to each sample, followed by incubation for 

2 h at room temperature. The reaction was quenched by addition of 0.5% hydroxylamine. 

Samples within each replicate were combined, acidified by TFA, cleaned using Sep-Pak 

cartridges (Waters) and dried using DNA 120 SpeedVac Concentrator (Thermo). The pooled 

samples were resuspended in 20 mM ammonium hydroxide and separated into 96 fractions on 

an XBrigde BEH C18 2.1x150 mm column (Waters; Cat#186003023), using an Ultimate 

3000 2DLC system (Thermo Scientific) over a 48 min gradient of 1-63% B (B=20 mM 

ammonium hydroxide in ACN) in three steps (1-23.5% B in 42 min, 23.5-54% B in 4 min and 
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then 54-63%B in 2 min) at 200 µL min-1 flow. Fractions were then concatenated into 24 

samples in sequential order.  

Enrichment of O-glycoproteins 

500 μg in 334 μl in each replicate of the above reactions were used in parallel for enrichment 

of O-glycoproteins using GlycOCATCH kit (Genovis) according to the manufacturer 

protocols with some modifications (SialEXO and OpeRATOR enzymes were not used). The 

untreated and treated lysate was added to each spin column and incubated for 3 h at 25°C. 

After 5 washing steps, the columns were additionally washed with PBS+0.5 M urea and the 

bound proteins were eluted with two rounds of 8 M urea in PBS. The proteins were then 

digested like above and cleaned with StageTips for MS analysis in the label free mode. It is 

noteworthy that we also attempted to perform the enrichment in the peptide level, but the 

protein-level enrichment outperformed the latter analysis. 

LC-MS/MS 

After drying, SIESTA-PISA samples were dissolved in buffer A (0.1% formic acid and 2% 

ACN in water). The samples were loaded onto a 50 cm EASY-Spray column (75 µm internal 

diameter, packed with PepMap C18, 2 µm beads, 100 Å pore size) connected to a nanoflow 

UltiMate 3000 UHPLC system (Thermo) and eluted in an organic solvent gradient increasing 

from 4% to 26% (B: 98% ACN, 0.1% FA, 2% H2O) at a flow rate of 300 nL min-1 over a total 

method of 120 min. The eluent was ionized by electrospray and mass spectra of the molecular 

ions were acquired with an Orbitrap Fusion Lumos tribrid mass spectrometer (Thermo Fisher 

Scientific) in data-dependent mode at MS1 resolution of 120,000 and MS2 resolution of 

60,000, in the m/z range from 375 to 1500. Peptide fragmentation was performed via higher-

energy collision dissociation (HCD) with energy set at 35% NCE and MS2 isolation width at 

1.6 Th. 

The glycoprotein enrichment samples were loaded like above and eluted in an organic solvent 

gradient increasing from 4% to 26% (B: 98% ACN, 0.1% FA, 2% H2O) at a flow rate of 300 

nL min-1 over a total method of 140 min. The eluted peptides were subjected to electrospray 

ionization and analyzed on an Orbitrap Fusion Lumos tribrid mass spectrometer. The survey 

mass spectrum was acquired at the resolution of 120,000 in the m/z range of 350-1800. The 

first MS/MS event data were obtained with a HCD at 28% excitation for ions isolated in the 

quadrupole with a m/z width of 2 at a resolution of 30,000. Mass trigger filters targeting O-

GalNAc (m/z 204.0867), O-GalNAc fragment (m/z 138.0545) and O-GalNAc Hex (m/z 
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366.1396) ions were used to initiate a second electron-transfer dissociation (ETD) with a 

supplementary HCD activation (EThcD) MS/MS event using ETD MS/MS with HCD 

supplementary activation at 15% collision energy and with a 30,000 resolution. 

Data processing 

Thermo Xcalibur 4.0 was used to control and process the LC-MS data. The raw LC-MS data 

for SIESTA-PISA were analyzed by Proteome Discoverer version 2.5.0.400 with TMTpro 

16plex as an isobaric labeling mass tag. The Sequest search engine matched MS/MS data 

against the UniProt complete proteome database. Cysteine carbamidomethylation was set as a 

fixed modification, while oxidation (M) and O-GalNAc (S and T) were selected as variable 

modifications. Trypsin/P was selected as enzyme specificity. No more than two missed 

cleavages were allowed. A 5% FDR was used as a filter at both protein and peptide levels. For 

all other parameters, the default settings were used.  

Glycopeptide search analysis on O-linked glycan enriched samples were performed using 

both Proteome Discoverer and PEAKS. The Proteome Discoverer was similar to the above 

except that label-free quantification was used. For PEAKS, MS/MS spectra were searched 

against a human reference proteome with two missed cleavages as well as 10 ppm and 50 

ppm mass tolerances for precursor and fragment peaks, respectively. Carbamidomethylation 

of cysteine was set as a fixed modification. N-Acetylhexosamine (O-GalNAc) on S and T as 

well as the same modification but with an additional hexose linked to the O-GalNAc moiety 

(Hex1O-GalNAc 1) was set as variable modifications. Search results were further validated 

by only including peptides with an FDR below 1% and an A score above 20, respectively.  

Glycopeptide ion abundances (m/z, z and retention times) were merged, and glycopeptides 

were quantified in a label-free manner via in-house Quanti software 76, similar to what has 

previously been described 77. The program was set to detect and quantify the precursor ions of 

glycopeptides identified by PEAKS and Proteome Discoverer using their accurate 

monoisotopic masses (within <10 ppm from the theoretical values) and within ±1 min range 

from the expected retention times.  

O-GalNAc vs O-GlcNAc frequency analysis was performed on the glycoprotein enriched 

samples using HexNAcQuest, https://oglcnac.shinyapps.io/o-glcnac-quest/ 54.   

Network mapping 
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For pathway analyses, STRING-DB version 11.5 protein network analysis tool 78 was used 

with default parameters.  

Statistical Analysis  

Most of the data analysis was performed using R project versions 4.0 and above. Before data 

analysis, contaminant proteins and those identified with less than two peptides were removed 

from the dataset. In SIESTA-PISA, proteins with missing values were removed, and protein 

intensities were normalized to the sum of each channel. Then, log2 fold changes (AUC) were 

calculated for “UDP-GalNAc”, “GALNT1” and “Both” conditions vs. control. ΔAUCs were 

calculated by subtracting AUC of “UDP-GalNAc” from “Both” and “GALNT1” from Both. P 

values were calculated using two-sided Student’s t-test between normalized intensities of the 

4 replicates. Proteins that had a p value < 0.05 for “Both vs. GALNT1” and “Both vs. UDP-

GalNAc” as well as -0.05 >ΔSm > +0.05 were selected as putative substrates. To assess the 

reproducibility of the significance cutoff used in SIESTA-PISA, a permutation analysis of the 

replicates was performed as described above and previously 38,74, validating the robustness of 

our discoveries.  

For analysis of the pulldown results, missing values were replaced by 1/10th of the minimum 

intensity for any given protein in each cell line and proteins LFQ values were normalized by 

the total abundance in each sample. Enriched proteins with a p value <0.05 in two-sided 

Student’s t-test and a log2 fold change ratio of > +0.585 were considered as substrates.  

For analysis of O-GalNAc modifications in SIESTA-PISA and glycoprotein enrichment, 

peptide intensities were normalized to the total intensity in each channel/sample. The missing 

values in the whole dataset were assigned to 1/10th of the minimum intensity in a given 

sample in a given cell line, to ensure compatibility with downstream analysis. Only peptides 

with 1-2 O-GalNAc modifications, those modified with carbamidomethyl on Cys and 

acetylation on N-term were analyzed, and peptides with multiple modifications were 

discarded.  

For calculating the expected number of overlaps between two techniques/approaches, the size 

of the common dataset (number of shared proteins obtained using the two techniques) was 

first calculated. Then the product of the number of hits in each technique found in this 

common dataset was divided by the total number of proteins in the common dataset. 

Data availability 
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The authors declare that all data supporting the findings of this study are available within the 

paper and its supplementary information files. All relevant data are available from the 

corresponding authors (A.A.S. and R.A.Z.). The mass spectrometry data that support the 

findings of this study have been deposited in ProteomeXchange Consortium 

(https://www.ebi.ac.uk/pride/) via the PRIDE partner repository 79 with the dataset identifiers 

PXD035972 for SIESTA-PISA, PXD035991 for glycoprotein enrichment experiments.  
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