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ABBREVIATIONS  

ADMA, asymmetric dimethyl arginine; HILIC, hydrophilic interaction chromatography; IAP, 

immunoaffinity purification; Kme1, monomethyl lysine; Kme2, dimethyl lysine; Kme3, trimethyl 

lysine; KMT, lysine methyltransferase; LC, liquid chromatography; MS, mass spectrometry; MMA, 

monomethyl arginine; PTM, post-translational modification; PRMT, protein arginine 

methyltransferase; SCX, strong cation exchange; SDMA, symmetric dimethyl arginine;  
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ABSTRACT 

Protein methylation has been implicated in many important biological contexts including signaling, 

metabolism, and transcriptional control. Despite the importance of this post-translational 

modification, the global analysis of protein methylation by mass spectrometry-based proteomics 

has not been extensively studied due to the lack of robust, well-characterized techniques for 

methyl peptide enrichment. Here, to better investigate protein methylation, we optimized and 

compared two methods for methyl peptide enrichment: immunoaffinity purification (IAP) and high 

pH strong cation exchange (SCX). Comparison of these methods revealed that they are largely 

orthogonal for monomethyl arginine (MMA), suggesting that the usage of both techniques is 

required to provide a global view of protein methylation. Using both IAP and SCX, we investigated 

changes in protein methylation downstream of protein arginine methyltransferase 1 (PRMT1) and 

quantified ~1,000 methylation sites on 407 proteins. Of these methylation sites, PRMT1 

knockdown resulted in significant changes to 97 arginine methylation sites on 59 proteins. In 

contrast, zero lysine methylation sites were significantly changed upon PRMT1 knockdown. In 

PRMT1 knockdown cells, 84 MMA sites were either significantly downregulated or upregulated. 

PRMT1 knockdown also induced significant changes in both asymmetric dimethyl arginine 

(ADMA) and symmetric dimethyl arginine (SDMA), suggesting that loss of PRMT1 activity allows 

scavenging of PRMT1 substrates by other PRMTs. Using neutral loss fragmentation ions unique 

to ADMA and SDMA, we annotated dimethylarginines as either ADMA or SDMA. Through 

integrative analysis of methyl forms, we identified 12 high confidence PRMT1 substrates, 43 

putative PRMT1 substrates, and 17 methylation sites that are scavenged by other non-PRMT1 

arginine methyltransferases in the absence of PRMT1 activity. Taken together, our results 

suggest that deep protein methylation profiling by mass spectrometry requires orthogonal 

enrichment techniques to identify novel PRMT1 methylation targets and highlight the dynamic 

interplay between methyltransferases in mammalian cells.  
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INTRODUCTION 

 Protein post-translational modifications (PTMs) regulate diverse biological processes and 

provide additional complexity to proteins beyond their initial primary sequence [1]. Protein 

methylation was first identified over 50 years ago on both arginine [2] and lysine [3] residues, yet 

these PTMs are among the least studied compared to other modifications such as 

phosphorylation, acetylation, and ubiquitination [4]. Regardless, recent studies have identified 

protein arginine methylation as an important regulator of signal transduction [5]–[7], metabolism 

[8], [9, p. 1], cell cycle [10], and transcriptional control [11]–[13].  

 

The mammalian genome encodes nine protein arginine methyltransferases (PRMT) and 

approximately 50 lysine methyltransferases (KMT). Both PRMTs and KMTs use S-

adenosylmethionine (SAM) as a methyl donor to methylate either the guanidino nitrogens of 

arginine or the ε-amino group of lysine. The complexity of protein methylation is enhanced by the 

fact that both methyl-arginine and methyl-lysine occur in three distinct forms. Arginine exists in 

monomethyl (MMA), asymmetric dimethyl (ADMA), or symmetric dimethyl (SDMA) forms, 

whereas lysine exists in monomethyl (Kme1), dimethyl (Kme2), or trimethyl (Kme3) forms. PRMTs 

can be divided into two categories based on which type of arginine methylation they catalyze: 

Type I PRMTs catalyze MMA and ADMA (PRMT1, PRMT3, PRMT4, PRMT6, and PRMT8) [14], 

whereas Type II catalyze MMA and SDMA (PRMT5, PRMT7, and PRMT9) [15].  

 

One reason why the study of protein methylation has lagged behind other PTMs is a lack 

of robust methyl peptide enrichment strategies [16]. Compared to strategies for enrichment of 

phospho-peptides with TiO2 [17] or IMAC [18] or for enrichment of glycosylated peptides with 

hydrophilic interaction chromatography (HILIC) [19], techniques for enriching methyl peptides 

have not been as widely adopted. Enrichment of methyl peptides is more difficult than many other 

PTMs because methylation does not add significant steric bulk or change the charge of the amino 
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acids [20]. Despite this difficulty, advances in methyl peptide enrichment for mass spectrometry 

have been made using immunoaffinity enrichment (IAP) with antibodies that recognize various 

forms of protein methylation [21]–[25]. By combining IAP against MMA with sample fractionation, 

as many as 8,000 MMA sites have been identified in human cells [24]. Other enrichment strategies 

for methyl peptides include high pH strong cation exchange (SCX), chemical labeling, HILIC, and 

engineered MBT domains that bind methylated proteins [26]–[30]. High pH SCX relies on missed 

cleavage by trypsin of methylated arginine and lysine residues which results in methyl peptides 

with higher positive charge that can be enriched by SCX. HILIC, in contrast, enriches methyl 

peptides based on the highly hydrophilic nature of methyl peptides and can be enhanced by 

peptide deglycosylation to remove competing glycosylated peptides [28]. Together, these 

enrichment techniques have begun to shed insight into the global regulation of protein 

methylation, but there has been no extensive comparison of these methods to present a global 

picture of protein methylation. 

 

Here, to better study protein methylation, we tested and optimized liquid-chromatography 

mass-spectrometry (LC-MS) gradients for different methyl peptide enrichment strategies including 

high pH SCX, IAP, and HILIC. To optimize high pH SCX, we shortened the LC gradient to exploit 

the hydrophilic nature of methyl peptides, thereby reducing instrument time without compromising 

detection of methyl-peptides. For IAP methyl peptide enrichment, we optimized the LC gradient 

to produce a 20% increase in unique methyl peptides. HILIC methods, by contrast, did not result 

in significant methyl peptide enrichment. Notably, comparison of high pH SCX and IAP revealed 

that these methods are largely orthogonal, suggesting that both methods are required for global 

analysis of protein methylation. We then used both optimized methyl proteomics methods in 

parallel to investigate the PRMT1 methylome. Knockdown of PRMT1 with shRNA led to global 

increases and decreases of MMA, general decreases in ADMA, and significant increases in 

SDMA, indicating potential competition and/or substrate scavenging from other PRMTs [31]. 
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Additionally, examination of MS/MS fragments confirmed that ADMA and SDMA peptides can be 

distinguished by neutral ion loss from the methylated arginine [16], [32]–[34], even without the 

use of targeted MRM methods. Taken together, our results describe a general method for deep 

profiling of protein methylation and identify novel potential MMA and ADMA methylation targets 

of PRMT1.   
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EXPERIMENTAL PROCEDURES 

Cell Culture — LN229 cells and HEK 293T cells expressing short hairpin RNA (shRNA) against 

PRMT1 or control were grown in DMEM media (Corning) supplemented with 10% FBS (Omega 

Scientific) and 100 U/mL penicillin/streptomycin (Thermo Scientific). Cells were cultured at 37 oC 

in humidified 5% CO2 atmosphere. Generation of HEK 293T cells stably expressing shRNA 

against PRMT1 or control were previously described [5]. shPRMT1 and shControl cells were 

cultured with 4 ug/mL puromycin to maintain selection. 

Cell Lysate Preparation — Cells were washed with PBS, scraped, and lysed in 50 mM Tris pH 

7.5, 8M urea, 1 mM activated sodium vanadate, 2.5 mM sodium pyrophosphate, 1 mM β-

glycerophosphate, and 100 mM sodium phosphate. Protein concentrations were measured by 

bicinchoninic assay. Lysates were sonicated and cleared by high speed centrifugation and then 

filtered through 0.22 um filter. Proteins were reduced, alkylated, and quenched with 5 mM 

dithiothreitol, 25 mM iodoacetamide, 10 mM dithiothreitol, respectively. Lysates were four-fold 

diluted in 100 mM Tris pH 8.0 and digested with trypsin at a 1:100 ratio and then quenched with 

addition of trifluoroacetic acid to pH 2. Peptides were purified using reverse-phase Sep-Pak C18 

cartridges (Waters) and eluted with 30% acetonitrile, 0.1% TFA and then dried by vacuum. Dried 

peptides were subjected to high pH strong cation exchange or antibody immunoaffinity 

purification. 

Immunoblot Analysis — Cells were lysed in modified RIPA buffer (50 mM Tris–HCl (pH 7.5), 150 

NaCl, 50 mM β-glycerophosphate, 0.5 mM NP-40, 0.25% sodium deoxycholate, 10 mM sodium 

pyrophosphate, 30 mM sodium fluoride, 2 mM EDTA, 1 mM activated sodium vanadate, 20 µg/ml 

aprotinin, 10 µg/ml leupeptin, 1 mM DTT, and 1 mM phenylmethylsulfonyl fluoride). Whole-cell 

lysates were resolved by SDS–PAGE on 4–15% gradient gels and blotted onto nitrocellulose 

membranes (Bio-Rad). Membranes were blocked for 1 h in nonfat-milk, and then incubated with 

primary and secondary antibodies overnight and for 2 h, respectively. Blots were imaged using 
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the Odyssey Infrared Imaging System (Li-Cor). Primary antibodies used for Western blot analysis 

were: mono-methyl arginine (8015, Cell Signaling), asymmetric di-methyl arginine motif (13522, 

Cell Signaling), symmetric di-methyl arginine motif (13222, Cell Signaling), PRMT1 (2449, Cell 

Signaling), and anti-β-actin (10081-976, Proteintech). 

High pH Strong Cation Exchange (SCX) — As described previously [27], in brief, 1 mg of digested 

protein was resuspended in loading buffer (60% acetonitrile, 40% BRUB (5 mM phosphoric acid, 

5 mM boric acid, 5 mM acetic acid, pH 2.5) and incubated with high pH SCX beads (Sepax) for 

30 minutes, washed with washing buffer (80% acetonitrile, 20% BRUB, pH 9), and eluted into five 

fractions using elution buffer 1 (60% acetonitrile, 40% BRUB, pH 9), elution buffer 2 (60% 

acetonitrile, 40% BRUB, pH 10), elution buffer 3 (60% acetonitrile, 40% BRUB, pH 11), elution 

buffer 4 (30% acetonitrile, 70% BRUB, pH 12), and elution buffer 5 (100% BRUB, 1M NaCl, pH 

12). Eluates were dried, resuspended in 1% trifluoroacetic acid and desalted on STAGE tips [35] 

with 2 mg of HLB material (Waters) loaded onto 300 uL tip with a C8 plug (Empore, Sigma). 

Immunoaffinity Purification (IAP) — 10 mg of digested proteins were dissolved in 1X 

immunoprecipitation buffer (50 mM MOPS, 10 mM Na2HPO4, 50 mM NaCl, pH 7.2, Cell 

Signaling). Modified symmetric dimethyl arginine peptides, asymmetric dimethyl arginine 

peptides, and monomethyl arginine peptides were immunoprecipitated by addition of 40 uL of 

PTMScan Symmetric Di-Methyl Arginine Motif Kit (13563, Cell Signaling), PTMScan Asymmetric 

Di-Methyl Arginine Motif Kit (13474, Cell Signaling), and PTMScan Mono-Methyl Arginine Motif 

Kit (12235, Cell Signaling), respectively. Modified methyl lysine peptides were enriched with 

PTMScan Pan-Methyl Lysine Kit (14809). Lysates were incubated for with PTMScan motif kits for 

2 hours at 4 oC on a rotator. Beads were centrifuged and washed two times in 1X 

immunoprecipitation buffer followed by three washes in water, and modified peptides were eluted 

with 2 x 50 uL of 0.15% TFA and desalted on STAGE tips with C18 cores (Empore, Sigma). 

Enriched peptides were resuspended in 50 mM ammonium bicarbonate (Sigma) and digested 
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with trypsin for 2 hours, acidified with trifluoroacetic acid to pH 2 and desalted on STAGE tips.  

Mass Spectrometric Analysis — All LC-MS experiments were performed on a nanoscale UHPLC 

system (EASY-nLC1200, Thermo Scientific) connected to an Q Exactive Plus hybrid quadrupole-

Orbitrap mass spectrometer equipped with a nanoelectrospray source (Thermo Scientific). 

Peptides were separated by a reversed-phase analytical column (PepMap RSLC C18, 2 µm, 100 

Å, 75 µm X 25 cm) (Thermo Scientific). For high pH SCX fractions a “Short” gradient was used 

where flow rate was set to 300 nl/min at a gradient starting with 0% buffer B (0.1% FA, 80% 

acetonitrile) to 29% B in 142 minutes, then washed by 90% B in 10 minutes, and held at 90% B 

for 3. The maximum pressure was set to 1,180 bar and column temperature was constant at 50 

oC. For IAP samples a “Slow” gradient was used where flow rate was set to 300 nl/min at a 

gradient starting with 0% buffer B to 25% B in 132 minutes, then washed by 90% B in 10 minutes. 

The effluent from the HPLC was directly electrosprayed into the mass spectrometer. Peptides 

separated by the column were ionized at 2.0 kV in the positive ion mode. MS1 survey scans for 

DDA were acquired at resolution of 70k from 350 to 1800 m/z, with maximum injection time of 

100 ms and AGC target of 1e6. MS/MS fragmentation of the 10 most abundant ions were 

analyzed at a resolution of 17.5k, AGC target 5e4, maximum injection time 120 ms for IAP 

samples, 240 ms for SCX samples, and normalized collision energy 26. Dynamic exclusion was 

set to 30 s and ions with charge 1 and >6 were excluded. The mass spectrometry proteomics 

data have been deposited to the ProteomeXchange Consortium 

(http://proteomecentral.proteomexchange.org) via the PRIDE partner repository with the dataset 

identifier PXD012357 (Username: reviewer93189@ebi.ac.uk, password: mnoFDcyY) [36]. 

Identification and Quantitation of Peptides — MS/MS fragmentation spectra were searched with 

Proteome Discoverer SEQUEST (version 2.2, Thermo Scientific) against the in-silico tryptic 

digested Uniprot H. sapiens database with all reviewed with isoforms (release Jun 2017, 42,140 

entries). The maximum missed cleavage rate was set to 5 [27]. Trypsin was set to cleave at R 
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and K. Dynamic modifications were set to include mono-methylation of arginine or lysine (R/K, 

+14.01565), di-methylation of arginine or lysine (R/K, +28.0313), tri-methylation of lysine (K, 

+42.04695), oxidation on methionine (M, +15.995 Da, and acetylation on protein N-terminus 

(+42.011 Da). Fixed modification was set to carbamidomethylation on cysteine residues (C, 

+57.021 Da). The maximum parental mass error was set to 10 ppm and the MS/MS mass 

tolerance was set to 0.02 Da. Peptides with sequence of six to fifty amino acids were considered. 

Methylation site localization was determined by ptm-RS node in Proteome Discoverer, and only 

sites with localization probability greater or equal to 75% were considered. The False Discovery 

Rate threshold was set strictly to 0.01 using Percolator node validated by q-value. Relative 

abundances of parental peptides were calculated by integration of area-under-the-curve of the 

MS1 peaks using Minora LFQ node in Proteome Discoverer 2.2. Only spectra with an Xcorr > 1.5 

were used for quantification of modified arginine peptides. The Proteome Discoverer export 

peptide groups abundance values were log2 transformed, normalized to the corresponding 

samples median values, and significance was determined using a permutation-based FDR 

approach in the Perseus environment [37] (release 1.6.2.3) with a q-value FDR of 0.05 and S0 

value of 0.5. 

Motif Analysis — Motifs were analyzed by MotifX [38] and MOMO from MEME suite [39] to detect 

statistically significant patterns in methylation sequence data. Two sample motif analysis was 

performed using Two Sample Logo [40]. 

 

EXPERIMENTAL DESIGN AND STATISTICAL RATIONALE 

Samples — Five LN229 samples were analyzed, four were enriched by high pH SCX enrichment 

and 1 enriched by mono-methyl arginine immunoaffinity purification. Two SCX samples were each 

run on the “Long” and “Short” SCX gradients, and the “Short” gradient SCX samples were 
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compared to the single mono-methyl arginine IAP sample. The single mono-methyl arginine IAP 

sample was injected in two equal amounts on a “Standard” and “Slow” gradient. Four shPRMT1 

293T samples and four shControl 293T samples were analyzed and compared. Two of the four 

293T samples were enriched by high pH SCX and another two were enriched by sequential 

immunoaffinity purification incubated with SDMA, ADMA, MMA, and Pan-K PTMScan Kits 

sequentially. 50ug of whole cell lysates from each sample were collected for immunoblots before 

SCX or IAP enrichment. 

Replicates — LN229 samples had two biological replicates tested on each of the high pH SCX 

gradients (“Long” and “Short”). The LN229 mono-methyl arginine IAP sample had no replicates; 

however, equal volumes from the single sample were injected and run on the “Standard” and 

“Slow” gradients. 293T cells had two biological replicates each for high pH SCX enrichment and 

sequential IAP enrichment. 

Controls and Randomization — 293T cells expressing shRNA against PRMT1 were controlled by 

using 293T expressing scrambled non-targeting short hairpin control RNA to account for biases 

introduced by stable transfection. LN229 and 293T samples were also randomized by sample 

prior to LC-MS injection. 

Rationale — Using only two replicates for 293T shPRMT1 and 293T shControl is justified because 

of a low coefficient of variance for quantified peptides (85% of MMA IAP peptides below 60% CV 

for shControl and 78% of MMA IAP peptides below 60% CV for shPRMT1). A third of each dataset 

is also below 20% CV which indicates small variability between biological replicates. Two 

replicates for the 293T SCX replicates is also justified due to fractions E1, E2, and E3 having 

median CV’s of 21, 26, and 54 respectively for shControl samples and 32, 66, and 70 for the 

shPRMT1 samples. Fractions E1,2, and 3 contributed to 95% of quantified methyl peptides for 

high pH SCX. Sample abundances from Minora Label Free Quantitation through Proteome 

Discoverer 2.2 were log2 transformed, median normalized by sample, then subject to a 
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permutation-based FDR approach in Perseus software with a q-value FDR of 0.05 and S0 of 0.5. 

All datasets showed a normal distribution of abundances after log2 transformation. Statistical 

significance was given to differential peptide pairs with q-value < 0.05 and required confident 

methyl site localization of 75% or more through ptm-RS node on Proteome Discoverer. An XCorr > 

1.5 was required for quantified methyl peptides. Missing values across samples were excluded 

and only peptides confidently quantified in all replicates were considered for the permutation-

based FDR calculation. For SCX methyl peptides identified in multiple fractions, the largest raw 

abundance was used to determine which fraction to use to calculate peptide abundance. Taken 

together, the low variability of biological replicates and rigorous statistical thresholds (peptide 

discovery FDR = 1% and permutation FDR = 5%) allow confident differential analysis of methyl 

peptides. 
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RESULTS  

Optimization of LC gradients to improve methyl peptide identification  

 We first tested an antibody-free protocol that enriches methyl peptides using high-pH 

strong cation exchange (SCX) on LN229 glioblastoma cells. (Fig. 1A) [27]. High pH SCX exploits 

the tendency of methylation to induce missed trypsin cleavages, resulting in higher charge states 

for methyl peptides. After loading and washing tryptic peptides at high pH, five SCX fractions of 

increasing pH were collected for LC-MS analysis. Using the LC gradient originally employed for 

high-pH SCX methyl-proteomics, we observed that 70% of methyl peptides eluted early in the LC 

gradient when the percentage of ACN is below 12% (Fig. 1B, Supp. Table 1). In fact, 5% of methyl 

peptides eluted during the sample loading phase (2% ACN) when MS spectra are often not 

collected. The number of identified methyl peptides dropped off quickly after 150 minutes with 

very few identifications in the last 40 minutes of the gradient. In contrast, non-methyl peptides 

were more evenly distributed across the entire LC gradient. These results are consistent the 

known hydrophilic character of methyl-arginine and methyl-lysine peptides [26].  

 

 Because methyl peptides eluted early in the LC gradient, we sought to optimize the LC 

gradient to reduce instrument time without sacrificing the number of unique methyl peptide 

identifications. We thus tested a “short” LC gradient that i) starts at 0% ACN to prevent elution of 

methyl peptides during sample loading step; and ii) reduces the overall LC gradient time from 225 

to 155 minutes by slightly increasing the ramp rate of ACN (Fig. 1C, Supp. Fig. 1). Using this short 

LC gradient, we found that the elution profile of methyl peptides was more evenly distributed 

across time compared to the long gradient (Fig. 1D, Supp. Fig. 2). The number of unique methyl 

peptides identified by each gradient was not significantly different (Fig. 1E). Taken together, these 

results demonstrate that the LC gradient can be shortened by 70 minutes while maintaining the 

sensitivity of the longer gradient for high-pH SCX methyl proteomics.  
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Next, we tested an antibody-based approach for enrichment of monomethyl arginine 

(MMA) peptides [21] (Fig. 2A). With a standard 130 minute LC gradient (3% B to 38% B over 110 

minutes plus column washing at high ACN) [41], we found that MMA peptides eluted earlier than 

non-methyl peptides (Fig. 2B, Supp. Fig. 3, Supp. Table 2). These results are again consistent 

with the known hydrophilic character of methyl-arginine peptides [26]. We therefore reasoned that 

an LC gradient with a slower ACN ramp might improve the number of unique methyl peptides. 

We tested a “slow” gradient with an ACN ramp of 0.189 %B/min over 142 minutes against the 

standard 130-minute gradient which has a ramp of 0.32 %B/min (Fig. 2C). Indeed, the elution 

profile of MMA methyl peptides identified using the slow gradient was more normally distributed 

across the LC gradient than the standard gradient (Fig. 2D). In addition, the slow gradient 

increased the number of unique methyl peptides identified by 20% compared to the standard 

gradient (Fig. 2E). Taken together, these results demonstrate that optimization of the LC gradient 

can increase the number of methyl peptides identified by MMA IAP.  

 

SCX and IAP target different subsets of protein methylome 

 Next, we tested whether SCX and IAP methyl peptide enrichment protocols identify the 

same or different components of the protein methylome. Lysates from LN229 glioblastoma cells 

were enriched for methyl peptides using either SCX or MMA IP, and the samples were run on the 

optimized LC gradients. Although SCX identifies all types of protein methylation (MMA, SDMA, 

ADMA, Kme1/2/3), we considered only mono-methyl arginine containing peptides to maintain 

consistency with the MMA IAP enrichment. Comparing the unique methyl peptides identified by 

each method, we found low overlap of mono-methyl arginine peptides identified by SCX and IAP 

(22%). 40% of MMA peptides were unique to SCX, and 38% of methyl peptides were unique to 

IAP (Fig. 3A). Gene ontology analysis of methyl peptides identified by SCX and IAP demonstrated 

that both techniques enriched for RNA and DNA binding proteins involved in transcription, 

translation, and alternative splicing in agreement with known distributions of methyl proteins 
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(Supp. Fig. 4) [22]. This data suggests that these enrichment techniques (SCX and IAP) target 

different MMA peptides and that the usage of both methods is required to achieve a more 

complete coverage of the protein arginine methylome. 

  

To further characterize the differences between SCX and IAP-enriched methyl peptides, 

we compared the number of methyl arginine sites per peptide for each enrichment technique. This 

analysis revealed that 24% of methyl peptides identified by SCX featured only one methyl arginine 

site (Fig. 3B), whereas 41% of SCX methyl peptides had three or more methyl-arginine sites. In 

contrast, 59% of methyl peptides identified by IAP had one methyl site, and only 15% of identified 

peptides featured 3 or more methylation sites. Therefore, SCX selects preferentially for multi-

methylated peptides.  

 

Next, we conducted a motif analysis of SCX and IAP mono-methylarginine peptides [39]. 

Comparison against the human proteome revealed that IAP enriched peptides exhibit strong 

enrichment for the GRGG motif, a motif known as GAR (glycine-arginine rich) that is associated 

with arginine methylation (Fig. 3C) [42]. SCX peptides were also enriched for GAR motifs, 

however a notable difference was the presence of multiple non-central arginines +/- 2 residues 

from the central methyl arginine. SCX peptides were also enriched for the RP motif, known as 

proline-rich arginine motifs (PRAM) [26], while IAP peptides were enriched for RxxxxP where x is 

any amino acid. 

 

 Because SCX relies on missed trypsin cleavages to generate highly charged peptides and 

arginine methylation is reported to cause missed trypsin cleavage, we next calculated the 

frequency of MMA peptides identified by SCX and IAP that contained a mono-methyl arginine on 

the peptide C-terminus. Whereas nearly half of IAP methyl peptides contained a terminal mono-

methyl R, only ~20% of SCX peptides terminated in MMA (Fig. 3D). This low percentage of 
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terminal mono-methyl R for SCX is consistent with successful trypsin cleavage of monomethyl 

arginine [24], thereby reducing the positive charge and affinity for the SCX media of the peptide. 

As a result, terminal mono-methyl R peptides are missed in SCX enrichment but not IAP.  

 

Finally, we used a two-sample motif analysis to compare between MMA peptides enriched 

by SCX and IAP [40]. This analysis demonstrated that SCX enriched MMA peptides with prolines 

in the +1 position, recapitulating the PRAM sequence (Fig. 3E). In contrast, MMA IAP peptides 

were highly enriched for GAR motifs compared with SCX peptides. Taken together, these results 

demonstrate that SCX and IAP enrich for different subsets of protein arginine mono-methylation, 

suggesting that comprehensive analysis of protein methylation requires both techniques. 

 

Identification of significantly changing MMA sites using combined SCX and IAP 

enrichment 

PRMT1 has been reported to account for over 90% of ADMA methylation events in 

mammalian cells [43]. We thus sought to investigate the effects of PRMT1 depletion on the protein 

methylome using HEK 293T cells expressing a short hairpin RNA (shRNA) against PRMT1 or a 

control shRNA [5]. Western blotting confirmed PRMT1 knockdown and an upregulation of MMA 

levels in shPRMT1 cells (Fig. 4A), as reported previously [31]. To define PRMT1 methyl targets, 

cells expressing shPRMT1 or the shControl were subjected to both SCX and MMA IAP methyl 

peptide enrichment followed by mass spectrometry (Fig. 4B). As with LN229 cells, the overlap 

between MMA peptides identified by SCX and IAP was only 11%, justifying the usage of both 

enrichment techniques (Supp. Fig. 5A). Label-free quantitation revealed 87 significantly changing 

MMA peptides (q-value < 0.05), 24 of which were decreased and 63 of which were increased in 

MMA (Fig. 4C, Supp. Tables 3-4). Notably, both IAP and SCX identified significantly changing 

methylation sites, although IAP identified more significantly-changing sites than SCX (n = 80 for 

IAP, n = 7 for SCX, 84 unique sites). Peptides with decreased MMA levels represent putative 
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PRMT1 methylation targets. Because PRMT1 also catalyzes ADMA methylation, increased MMA 

levels could represent PRMT1 ADMA targets for which other PRMTs can catalyze MMA (ie, loss 

of PRMT1-mediated ADMA increases observed MMA levels). Indeed, significantly changing MMA 

sites were enriched for known PRMT1 interactors from the IntAct EBI database [44], regardless 

of the direction of change (p=0.013 by Fisher’s Exact Test). 

 

Two-sample motif analysis of the significantly upregulated MMA peptides revealed a 

strong preference for glycine in many positions, consistent with known GAR motifs that are 

associated with arginine methylation [42] (Fig. 4D). Additionally, significantly upregulated MMA 

peptides demonstrated a preference for serine in the -2 position and tyrosine in the +3 position. 

Interestingly, PRMT1 is known to recognize and methylate arginines followed by serine at +2 and 

tyrosine at +1 position [45]. Two-sample motif analysis of the significantly downregulated MMA 

peptides revealed a strong preference for glycine in the +1, +2, and +4 positions but not other 

positions. Similar to the upregulated MMA motif, the significantly downregulated MMA peptides 

were enriched for serine in the -2 position and tyrosine in the +3 position (Fig. 4D). Relative to the 

upregulated and downregulated MMA peptides, non-significantly changing MMA peptides were 

enriched for lysine at the +1 position and negatively-charged glutamic acid at the +4 position.  

 

Notably, the most significantly upregulated MMA site was R455 of the RNA-binding protein 

EWSR1, which increased 690-fold (9.43 on a log2 scale, Fig. 4F). Two other EWSR1 methyl 

peptides, R464/R471 and R615 were also significantly upregulated in shPRMT1 cells (17- and 9-

fold, respectively). This is consistent with observations that EWSR1 is highly methylated [46] and 

interacts with PRMT1 [47], although this data suggests that EWSR1 is also a target of other non-

PRMT1 arginine methyltransferases. Additionally, EWSR1 R455 and R615 were observed in our 

dimethylarginine data sets (see below), but the dimethylation of these arginines was not 

significantly changed. Thus, our data suggests that PRMT1 knockdown induces large increases 
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in EWSR1 monomethylation but not dimethylation at these sites. Other MMA peptides that were 

significantly upregulated included OTUD4 R1061, HNRNPA1 R206, KHDRBS1 R304/R310, and 

BPTF R92. The arginine residues on these proteins have been previously reported to be both 

monomethylated [21], [22], [25], but none have been previously linked to PRMT1.  

 

Examination of the significantly downregulated MMA sites revealed that a previously 

unreported methylation site on the cytoskeletal protein FLNA/FLNB R2242/R2228 was 

downregulated by 16-fold in PRMT1 knockdown cells (Fig. 4G). Other downregulated MMA sites 

included RBM33 R1028, DDX42 R12, SNRNP70 R201, and MAP3K20 R670. To our knowledge, 

none of these proteins have been previously reported to interact with PRMT1 and are thus 

putative novel PRMT1 targets. Interestingly, the identified arginine residues on DDX42, 

SNRNP70, and MAP3K20 have all been reported to be MMA modified, but to our knowledge, 

these residues have not been reported to be dimethylated. In our dimethylarginine analysis (see 

below), we failed to identify dimethylation at these sites, although we did identify decreased 

dimethylation of MAP3K20 on an adjacent methyl peptide containing R683/R693. Taken together, 

our data suggests that FLNA/FLNB, RBM33, DDX42, and SNRNP70 are PRMT1 MMA but not 

ADMA targets, whereas MAP3K20 may be a PRMT1 MMA and ADMA target. 

  

Identification of significantly changing dimethylarginines using combined SCX and IAP 

enrichment 

 Next, we sought to analyze the effects of PRMT1 depletion on protein arginine 

dimethylation using HEK 293T cells expressing either PRMT1 or control shRNA. Western blotting 

with an antibody that recognizes ADMA showed a slight decrease in ADMA methylation upon 

knockdown of PRMT1 (Fig. 5A). In contrast, Western blotting with an antibody against SDMA 

showed increased SDMA levels at several molecular weights in PRMT1 knockdown cells, 

suggesting that Type II PRMTs are more active in cells with reduced PRMT1 activity [31]. To 
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identify proteins with changing dimethylarginines, cells expressing shPRMT1 or the shControl 

were subjected to SCX, ADMA IAP, and SDMA IAP methyl peptide enrichment followed by mass 

spectrometry (Fig. 5B). Like MMA, the overlap between dimethylarginine-containing peptides 

identified by SCX and ADMA IAP was low (24%), and the overlap between dimethylarginine-

containing peptides identified by SCX and SDMA IAP was also low (19%), justifying the usage of 

both enrichment techniques (Supp. Fig. 5B-C). Because SCX enriches both ADMA and SDMA 

peptides, these numbers may overestimate the degree of overlap between the techniques. 

 

Label-free quantitation of peptides enriched by ADMA IAP revealed 4 significantly 

downregulated methyl peptides (q-value < 0.05) including XRN2 R946, NEFL R23, LSG1 R14, 

and YBX3 R220 (Fig. 5C, Supp. Table S5). This downregulation suggests that these proteins are 

PRMT1 ADMA targets, but to our knowledge, none of these proteins have been previously linked 

to PRMT1. Known PRMT1 interactors ILF3 R609, WDR33 R1315, and YLPM1 R594/R599/R601 

also exhibited downregulation of ADMA, although changes were not statistically significant. 

Interestingly, ADMA IAP also revealed that PRMT1 knockdown induced significant upregulation 

of 6 arginine methylation peptides, three of which were dimethylated at multiple arginines, on 

proteins including DHX9, HRNPA1, HNRNPA3, HNRNPU, and HNRNPUL1. The upregulation of 

these peptides may reflect increased activity of an alternative Type I PRMT or increased protein 

abundance in cells with reduced PRMT1 activity, although we cannot exclude the possibility that 

the ADMA antibody binds to and enriches SDMA methyl peptides.  

 

Quantitation of methyl peptides enriched by SDMA IAP revealed 6 significantly 

upregulated (q-value < 0.05) methyl arginine peptides on the RNA binding proteins including 

DHX9, HNRNPA1, HNRNPA3, HNRNPH3, and KHDRBS1 (Fig. 5D, Supp. Table S6). Increased 

SDMA levels suggest that these methylation sites may become accessible to Type II PRMTs upon 

PRMT1 knockdown [31]. Notably, DHX9 R1249/R1253/R1265, HNRNPA1 R206, and HNRNPA3 
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R246 were also identified as significantly upregulated in our ADMA IAP data (Fig. 5C), suggesting 

that these proteins either undergo ADMA and SDMA methylation at the same residues or that the 

ADMA and SDMA antibodies cross-react with the unintended methyl-arginine form (see below for 

analysis of characteristic neutral ion loss). Amongst 84 methyl peptides identified by SDMA IAP, 

only one was significantly downregulated in PRMT1 knockdown cells, namely the novel 

dimethylation sites R281/R283 on the RNA-binding protein PRRC2C. Analysis of 

dimethylarginine peptides enriched by SCX revealed 3 significantly upregulated dimethyl peptides 

(Fig. 5E, Supp. Table S7) including the previously unreported sites HNRNPR R543/R546/R554. 

SCX also enriched peptides with both mono- and dimethyl marks, creating “mixed” methyl 

peptides, including three significantly upregulated methyl arginine peptides (Supp. Fig. 6, Supp. 

Table S8). Strikingly, methyl peptides that were significantly upregulated across all enrichment 

techniques were enriched for heterogeneous ribonuclear proteins (HNRNPs) (Fisher’s exact p-

value < 1 x 10-5), which regulate many aspects of RNA metabolism including splicing, export, 

localization, stability and translation [48].  

 

 Two sample motif analysis using all identified ADMA to SDMA peptides from IAP also 

revealed interesting differences between the two groups. ADMA IAP peptides showed enrichment 

for the PRAM sequence (prolines in the -6, -5, -3, +2, and +4 positions) and also leucine  at the 

+1 position which is a preferred PRMT1 substrate motif [45]. In contrast, SDMA peptides showed 

enrichment for the RXR motif that was also identified in SCX MMA sites along with general GAR 

motif enrichment (Fig. 5F).  

 

Characteristic neutral losses of methylamine or dimethylamine allows discrimination of 

SDMA and ADMA 

 One limitation of methylarginine proteomics is the inability to independently confirm the 

dimethylarginine isomer (ie, whether a site is ADMA or SDMA) because these PTMs are identical 
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in mass. However, distinguishing ADMA and SDMA should be possible based on characteristic 

neutral ions losses from both dimethylarginine forms [32], [49]–[51]. Following the neutral loss of 

methylamine, SDMA produces an ion with 172.108 m/z, whereas the neutral loss of 

dimethylamine from ADMA results in an ion with 158.092 m/z. To test whether we could 

distinguish ADMA and SDMA based on these neutral losses, we calculated the ratio of intensities 

of (172.108 / 158.092) m/z for dimethylated peptides in all MS2 spectra acquired by ADMA and 

SDMA IAP. We did not include mixed methyl peptides which include MMA since neutral loss of 

methylamine from MMA produces the same ion as neutral loss of dimethylamine from ADMA. 

Comparing peptides identified using ADMA and SDMA antibodies revealed statistically significant 

differences in the 172/158 ratio with SDMA IAP peptides showing a higher 172/158 ratio than 

ADMA IAP peptides (Supp. Fig. 7). This suggests that the ADMA and SDMA antibodies are 

generally selective for their intended dimethylarginine form. In addition, our data suggests that we 

can discriminate methyl peptides as probable ADMA or SDMA sites with low or high 172/158 

ratios, respectively (Supp. Tables 5-7). 

 

 We therefore used this approach to test whether significantly changing (q < 0.05) 

dimethylarginine peptides identified by IAP and SCX were likely to be either ADMA or SDMA. For 

significantly downregulated methyl peptides identified by ADMA IAP, three were conclusively 

ADMA (XRN2 R946, NEFL R23, and YBX3 R220), and one methyl peptide (LSG1 R14) was 

inconclusive (Supp. Fig. 8). For significantly upregulated methyl peptides identified by ADMA IAP, 

four of six were likely to be ADMA (HNRNPA3 R246, HNRNPU R707/709/715, HNRNPU R739, 

and HNRNPUL1 R645/656), and two were likely to be SDMA (HNRNPA1 R206 and DHX9 

R1249/1253/1265). Note that we cannot exclude the possibility that multi-methyl peptides such 

as DHX9 R1249/1253/1265 contain both ADMA and SDMA. Examining methyl peptides enriched 

by SDMA IAP, five of six significantly upregulated methyl peptides were likely to contain SDMA. 

Only the site HNRNPA3 R246 (which was also identified in ADMA IAP) was likely to contain 
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ADMA. Notably, the methyl peptide PRRC2C R281/R283 which was significantly downregulated 

in PRMT1 knockdown cells was inconclusive (ie, did not have measurable 172 or 158 ions), but 

the singly methylated peptide PRRC2C R281 (identified in both IAP ADMA and IAP SDMA) was 

likely to contain ADMA based on its 172/158 ratio. For SCX, which identified only three 

significantly changing methyl peptides, all three were likely to contain SDMA based on 172/158 

ratios. Thus, ADMA and SDMA IAP are broadly but not perfectly selective for their intended methyl 

forms. 

 

Notably, these characteristic neutral losses enabled us to classify methyl peptides that 

had been identified in both ADMA and SDMA IAP data sets. Specifically, DHX9 

R1249/R1253/R1265, HNRNPA1 R206, and HNRNPA3 R246 were identified as significantly 

upregulated in PRMT1 knockdown cells by both ADMA and SDMA IAP (Fig. 5C-D). Based on its 

large 172/158 ratio, DHX9 is likely to be SDMA but not ADMA modified at R1249/R1253/R1265 

(Supp. Fig. 8). Although this peptide has been previously reported as an ADMA modification [21], 

the large 172/158 ratio suggests that this peptide is SDMA modified in 293T cells. Note that the 

presence of three dimethylation sites means that we cannot exclude mixed ADMA and SDMA 

methylation on R1249/R1253/R1265 of DHX9. Similarly, based on large 172/158 ratio, HNRNPA1 

R206 likely is SDMA but not ADMA modified, whereas HNRNPA3 R246 is likely ADMA but not 

SDMA modified. Thus, these peptides may exist in only one form but exhibit cross-reactivity to 

both the ADMA and SDMA IAP antibodies. Together, this analysis demonstrates an approach to 

determine the identity of dimethylated arginines as SDMA or ADMA even though they are identical 

in mass. 

 

Lysine methylation is not affected by PRMT1 knockdown 

In addition to arginine methylation, both SCX and IAP can enrich peptides containing 

methyl lysine. To test whether PRMT1 depletion affected protein lysine methylation, 293T cells 
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expressing shPRMT1 or the shControl were subjected to both SCX and Pan-methyl-K IAP 

followed by mass spectrometry. Label-free quantitation of mono-, di-, and tri-methyl lysine by IAP 

showed no significant changes in protein lysine methylation (Supp. Fig. 9A, Supp. Table 9). 

Similarly, no significant changes in methyl-lysine-containing peptides were identified by SCX 

enrichment (Supp. Fig. 9B, Supp. Table 10). Together, these data demonstrate that PRMT1 

depletion affects methylation of arginine but not lysine residues. 

 

Integrated analysis of methyl-arginine forms reveals novel PRMT1 substrates and 

substrate scavenging by other PRMTs 

 Next, we sought to integrate data from our five types of methylarginine enrichment 

techniques (MMA IAP and SCX, ADMA and SDMA IAP, DMA SCX) to identify PRMT1 substrates 

(Supp. Table 11). Based on significant decreases in ADMA IAP levels and low 172/158 ratios, the 

methyl peptides YBX3 R220, NEFL R23, and XRN2 R946 appear to be bona fide PRMT1 

substrates (Fig. 6A). XRN R946 was also reduced in MMA levels, suggesting that PRMT1 

mediates both MMA and ADMA on this substrate. Nine other methyl peptides exhibited significant 

upregulation of MMA accompanied by downregulated dimethylation (eg, ADMA IAP or DMA SCX 

with ADMA-like 172/158 ratios). The fold change in MMA was consistent for peptides identified 

by both IAP and SCX. The combination of decreased dimethylation and increased 

monomethylation in cells with reduced PRMT1 activity suggests that other PRMTs catalyze MMA 

but not ADMA on these residues, such that MMA accumulates in PRMT1 knockdown cells. We 

suggest that these methyl peptides are high confidence PRMT1 substrates. In addition, we 

identified 24 methyl peptides with significantly decreasing MMA (Fig. 6B) and 19 with significantly 

increasing MMA (Fig. 6C) but without corresponding dimethylation data. We suggest that these 

methyl peptides are putative PRMT1 targets but that they do not meet the threshold for high 

confidence PRMT1 substrates because we cannot rule out that changes in methylation state are 

driven by changes in total protein levels.  
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In the absence of PRMT1 activity, other PRMTs may have access to substrates that were 

formerly blocked by PRMT1. Integrating mono- and dimethylation data revealed ten methyl 

peptides with increased levels of both MMA and SDMA (Fig. 6D). All these methylation sites were 

likely to SDMA based on their 172/158 ratio of characteristic neutral ion losses. In addition, we 

identified seven methyl peptides with increasing MMA and ADMA levels and 172/158 ratios 

indicative of ADMA (Fig. 6E). This data suggests that reduced PRMT1 activity enabled these 

substrates to be either SDMA or ADMA methylated by other, non-PRMT1 arginine 

methyltransferases, as reported elsewhere [31]. Interestingly, this analysis identified R128 of the 

known PRMT1-interactor protein chromatin target of PRMT1 (CHTOP) as an MMA and ADMA 

site that is upregulated upon PRMT1 knockdown [52], [53].  Taken together, we identified 12 high 

confidence PRMT1 substrates, 43 putative PRMT1 substrates, and 17 methyl peptides that are 

scavenged by other PRMTs in cells with reduced PRMT1 activity. 
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DISCUSSION 

Despite its relevance for signal transduction, metabolism, transcription, and other cellular 

phenotypes, protein arginine and lysine methylation remains understudied. This is partly because 

of the inherent difficulty of enriching a small, neutral PTM and partly because methyl peptide 

enrichment strategies have been less comprehensively studied than other PTMs. In this study, 

we demonstrate the optimization and comparison of two methyl peptide enrichment techniques: 

high pH SCX and IAP. By exploiting the known hydrophilic characteristics of methyl peptides, we 

were able to reduce instrument time while maintaining sensitivity (high pH SCX, Fig. 1) and to 

increase the number of unique methyl peptides by ~20% (IAP, Fig. 2). We found that the overlap 

in methyl peptides identified by these two techniques is low (10-24%, Fig. 3A and Supp. Fig. 5), 

demonstrating that comprehensive measurement of the protein methylome requires both SCX 

and IAP enrichment strategies. 

 

Using these orthogonal methyl peptide enrichment strategies, we investigated the 

PRMT1-dependent protein methylome. In total, we found that PRMT1 knockdown in 293T cells 

resulted in significant changes to 97 methylarginine peptides (q < 0.05) on 59 proteins (Fig. 4-5). 

Fewer than 10% of these significantly changing proteins are known to interact with PRMT1 (EBI 

database). Many of the significantly changing methyl proteins were annotated in the UniProt 

database as RNA binding proteins, consistent with the known function of protein arginine 

methylation [54]–[58]. Notably, we observed that PRMT1 knockdown did not affect protein lysine 

methylation (Supp. Fig. 9), although our data do support previous observations that lysine 

methylation is much less abundant in vivo than protein arginine methylation [21], [27]. Finally, 

through integration of mono- and dimethylation data with characteristic neutral losses from ADMA 

and SDMA, we identified high confidence and putative PRMT1 methylation substrates as well as 

PRMT substrate scavenging (Fig. 6). 

 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted February 5, 2019. ; https://doi.org/10.1101/538686doi: bioRxiv preprint 

https://doi.org/10.1101/538686


Deep methylation profiling reveals novel PRMT1 targets 

26 
 

Our findings validate the utility of published methods using SCX and IAP for enrichment 

of methyl peptides prior to LC-MS [21], [27]. We have extended these findings by demonstrating 

the usage of characteristic neutral losses to discriminate between ADMA and SDMA 

modifications. Differentiating between ADMA and SDMA is particularly important for SCX, which 

enriches methyl peptides based on missed trypsin cleavages. Although these characteristic ions 

have been used to discriminate free ADMA and SDMA in serum [32], here we used these 

characteristic ions to distinguish ADMA and SDMA in shotgun proteomic samples. Detection of 

172.108 and 158.092 m/z ions for SDMA and ADMA, respectively, was required because 

detection of methylamine (31.042 Da) and dimethylamine (45.058 Da) is prohibited by the mass 

range of our MS system. Notably, the intensity of these ions is very low so that many 

dimethylarginine peptides could not be assigned as ADMA or SDMA in our data. In addition, we 

have extended the application of IAP by using commercially available anti-SDMA antibodies for 

methyl proteomics. Although the usage of this same suite of antibodies for MMA, ADMA, and 

Kme1/2/3 has been reported [21], this is to our knowledge the first reported usage of the anti-

SDMA antibodies for MS-based proteomics. In addition, by using the 172/158 ratio, we were able 

to confirm the general specificity of these antibodies for their intended methyl arginine form, 

although we did note examples of likely SDMA peptides binding to anti-ADMA antibodies and vice 

versa.  

 

Our data also highlight that PRMT1 is likely to regulate both RNA:protein interactions and 

the protein subcellular localization. Notably, we observed that significantly changing methyl 

peptides were significantly enriched for hnRNP, with 28 of 97 methyl peptides mapping to 12 

different hnRNP family members. This is consistent with reports that arginine methylation affects 

the function of hnRNP [24], [54, p. 5], [56]–[59], including that PRMT1 knockdown increases the 

RNA binding function of HNRNPUL1 [24]. In addition, arginine methylation can affect protein 

subcellular localization, including the nucleo-cytoplasmic shuttling of RNA binding proteins 
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[60],[61]. In our data, PRMT1 knockdown decreased MMA of DHX9 R1160, a residue which is 

known to regulate the nuclear localization of DHX9 [62]. Interestingly, SDMA levels of DHX9 on 

the neighboring residues R1249/R1253/R1265 increased in PRMT1 knockdown cells, suggesting 

that DHX9 becomes more accessible to Type II PRMTs when localized to the cytoplasm.  

 

Our results also highlight the value of combining analysis of both arginine 

monomethylation and dimethylation. Because PRMT1 can mediate both MMA and ADMA, 

putative PRMT1 substrates may exhibit either downregulation (Fig. 6B) or upregulation (Fig. 6C) 

of MMA upon PRMT1 knockdown. When available, measurement of both decreasing DMA and 

increasing MMA (Fig. 6A) provides increased confidence that the identified methyl peptide is a 

true substrate of PRMT1. In addition, switching between methyl forms can affect protein function, 

for example E2F-1 which is associated with apoptosis when ADMA modified by PRMT1 on R109 

and associated with proliferation when SDMA modified by PRMT5 on R111 and R113 [12]. Here, 

through integrative analysis, we identified 10 SDMA and 7 ADMA sites that show increased 

methylation upon PRMT1 knockdown, suggesting that these methylation sites are normally 

competitively blocked by PRMT1. In our study, the increasing SDMA sites upon PRMT1 

knockdown included R206 of the known PRMT5 target HNRNPA1 [54]. A crucial aspect of 

identifying ADMA/SDMA switching is the ability to discriminate these isobaric PTMs through 

neutral ion losses. 

 

In summary, our results confirm that PRMT1 regulates a substantial amount of arginine 

methylation in mammalian cells. The fact that over 90% of significantly changing methyl arginine 

sites are not known interactors of PRMT1 demonstrates the need for continued comprehensive 

analysis of PRMTs and their substrates. This is especially relevant considering the growing body 

of evidence that dysregulation of arginine methylation may contribute to diseases affecting cancer 

[14]. The dynamic interplay between different methylation marks highlights the need for further 
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development of methods to quantify site occupancy across all methylation forms, as has been 

done for simpler PTMs including phosphorylation [65]. Towards this end, improved methods to 

distinguish ADMA and SDMA through fragmentation patterns will be valuable. Finally, given our 

demonstration that high pH SCX and IAP are largely orthogonal, the continued incorporation of 

fractionation techniques [24] and alternative methyl-peptide enrichment strategies [28]–[30] will 

enable deeper analysis of the protein methylome. 
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FIGURES 

 

Figure 1: LC gradient optimization for high-pH SCX reduces instrument time while 

retaining sensitivity for methyl peptides 

A) Schematic of the high-pH SCX enrichment protocol. Tryptic lysates from LN229 cells were 

incubated with SCX beads at high pH. Peptides were eluted off the SCX beads with high-pH 

buffers into five separate fractions. B) Density plot of methyl and non-methyl peptides versus time 

using the proposed LC gradient from Wang et al (1). The shaded bar indicates the sample loading 

phase from where the percentage of ACN is held constant (2%). Methyl peptides eluted earlier 

than non-methyl peptides. C) LC gradients showing the percentage of acetonitrile versus time for 

the short and long gradients. D) Density plot of methyl peptides identified versus time for the long 

and short LC gradients shown in C. E) Number of methyl peptides identified using the long and 

short gradients. Data are from 2 independent experiments. Error bars represent the standard 

deviation. 
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Figure 2: Slower gradient for Immunoaffinity Purification improves number of methyl 

peptides identified 

A) Schematic of the IAP enrichment protocol. Tryptic lysates from LN229 cells were incubated 

with anti-MMA antibodies conjugated to agarose beads. 

B) Density plot of methyl and non-methyl peptides versus time using a standard in-house 

proteomics gradient. Methyl peptides eluted earlier than non-methyl peptides. 

C) LC gradients showing the percentage of Acetonitrile versus time for the standard and slow 

gradients. 

D) Density plot of methyl peptides identified versus time for the standard and slow LC gradients 

shown in C. 

E) Number of methyl peptides identified using the standard and slow gradients. Data are from 2 

equal injections of single MMA IAP run on each gradient. 
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Figure 3: SCX and IAP enrich different subsets of methyl peptides 

A) Overlap of MMA containing methyl peptides in SCX and IAP from LN229 cells.  

B) Number of methyl R sites per peptide from A in SCX and IAP. 

C) Motif table of enriched sequences from SCX MMA or IAP MMA sites in LN229 cells. All motifs 

shown were significant with adjusted p-value < 2e-8 [39]. 

D) Percent of peptides with terminal mono-methyl R sites in SCX and IAP in LN229 cells. 

E) Two-sample motif analysis of MMA peptides enriched by SCX or IAP in LN229 cells. 
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Figure 4: MMA analysis of PRMT1 depleted-293T cells reveals novel PRMT1 MMA and 

ADMA targets. 

A) Western blot of PRMT1 and MMA proteins in 293T shPRMT1 or control cells. β-actin was used 

as an equal loading control. 

B) Schematic of parallel SCX and IAP enrichment of 293T cells. Only MMA peptides were 

considered for analysis here. Analysis of di-methylarginine can be found in Fig. 5. 
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C) Volcano plot of quantified MMA peptides in 293T shPRMT1 or control cells. Enrichment 

method for each peptide is noted along with significance cutoff (q < 0.05) and whether the protein 

is a known PRMT1 interactor. 

D) Two-sample motif analysis of MMA peptides enriched by SCX or IAP in 293T cells. 

E) List of significantly changing MMA sites upon PRMT1 depletion.  
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Figure 5: Analysis of dimethyl-arginine in PRMT1-depleted 293T cells. 

A) Western blot of ADMA and SDMA proteins in 293T shPRMT1 or control cells. The equal 

loading control β-actin is shown in Fig. 4A. 

B) Schematic of parallel SCX and IAP enrichment of 293T cells. Only (S/A)DMA peptides were 

considered for analysis here. Analysis of MMA can be found in Fig. 4. 

C) Volcano plot of quantified ADMA peptides from IAP in 293T shPRMT1 or control cells. 

Enrichment method for each peptide is noted along with significance cutoff (q < 0.05). 
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D) Volcano plot of quantified SDMA peptides from IAP in 293T shPRMT1 or control cells (q < 

0.05). 

E) Volcano plot of quantified DMA peptides from SCX in 293T shPRMT1 or control cells (q < 

0.05). 

F) Two-sample motif analysis of ADMA peptides to SDMA peptides (p < 0.05) 
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Figure 6: Integration of methyl arginine forms and characteristic neutral ion losses reveal 

high and medium confidence PRMT1 substrates and substrate scavenging by other 

PRMTs. 

A) High confidence PRMT1 substrates that show a loss of ADMA upon knockdown of PRMT1 

and low (172/158) characteristic ion ratios. 

B) Putative PRMT1 MMA substrates that show loss of MMA upon knockdown of PRMT1. Of 24 

identified methyl peptides, the 10 with the largest log2 fold-change are shown. 

C) Putative PRMT1 ADMA substrates that show an accumulation of MMA upon knockdown of 

PRMT1. Of 19 identified methyl peptides, the 10 with the largest log2 fold change are shown. 

D) Upregulated SDMA sites upon knockdown of PRMT1. Each methyl peptide was likely to 

contain SDMA (even when identified by ADMA IAP) based on the ratio of characteristic ions 

following neutral loss (et, 172/158 ratio). 
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E) Upregulated ADMA sites upon knockdown of PRMT1. Each methyl peptide was likely to 

contain ADMA (even when identified by SDMA IAP) based on the ratio of characteristic ions 

following neutral loss (et, 172/158 ratio). 
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