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Protein arginine methylation plays an important role in regulating protein functions
in different cellular processes, and its dysregulation may lead to a variety of human
diseases. Recently, arginine methylation was found to be involved in modulating pro-
tein liquid-liquid phase separation (LLPS), which drives the formation of different
membraneless organelles (MLOs). Here, we developed a steric effect—based chemical-
enrichment method (SECEM) coupled with liquid chromatography—tandem mass spec-
trometry to analyze arginine dimethylation (DMA) at the proteome level. We revealed
by SECEM that, in mammalian cells, the DMA sites occurring in the RG/RGG motifs
are preferentially enriched within the proteins identified in different MLOs, especially
stress granules (SGs). Notably, global decrease of protein arginine methylation severely
impairs the dynamic assembly and disassembly of SGs. By further profiling the dynamic
change of DMA upon SG formation by SECEM, we identified that the most dramatic
change of DMA occurs at multiple sites of RG/RGG-rich regions from several key
SG-contained proteins, including G3BP1, FUS, hnRNPA1, and KHDRBS1. Moreover,
both in vitro arginine methylation and mutation of the identified DMA sites significantly
impair LLPS capability of the four different RG/RGG-rich regions. Overall, we provide
a global profiling of the dynamic changes of protein DMA in the mammalian cells under
different stress conditions by SECEM and reveal the important role of DMA in regulat-
ing protein LLPS and SG dynamics.

arginine dimethylation | chemical-enrichment method | RG/RGG motif | liquid-liquid phase separation
| stress granule

As one of the important protein posttranslational modifications, arginine methylation
regulates the structural conformations and physiological functions of a variety of
proteins involved in different biological processes, such as transcription regulation, pre—
messenger RNA (pre-mRNA) splicing, and the DNA damage response (1-3). Dysregula-
tion of arginine methylation is closely associated with diseases such as cancer and
neurodegenerative diseases (4-9). Recently, mounting evidence has demonstrated that
arginine methylation may play an important role in regulating liquid-liquid phase sepa-
ration (LLPS) of the proteins involved in the dynamic (dis)assembly of different mem-
braneless organelles (MLOs) (8-11). Moreover, dysregulations of LLPS of several
disease-related proteins, including FUS and TDP-43, are closely related to different neu-
rodegenerative diseases (12), implying a possible link between arginine methylation of
pathological proteins for regulating LLPS and diseases (8, 9). Methylation can directly
alter the hydrophobicity and the hydrogen-bonding ability of the side chain of arginine
residue, and thus weaken the cation-n interaction essential in mediating protein LLPS
(10, 13-15). Although arginine methylation has been found to modulate LLPS of several
individual proteins, the global identification and characterization of arginine methylation
in regulating protein LLPS and MLO dynamic assembly were still lacking.

Methylated arginine features three different forms including monomethylated arginine
(MMA), asymmetrical dimethylated arginine (aDMA), and symmetrical dimethylated
arginine (sDMA), which are regulated by nine different protein arginine methyltrans-
ferases (PRMTs). To analyze the three different forms at the proteome level, a series of
different strategies were developed (16-23). Among them, the immunoaffinity-based
enrichment method exhibits the best performance in the identification of both MMA
and DMA. But in comparison with MMA identification, its performance in DMA
identification is relatively poor (18). Since aDMA or sDMA generated from MMA has
been found to play a crucial role in fulfilling different functions in many biological
processes (1, 4), it would be important to develop a robust method specifically for the
global profiling of DMA sites at the proteome level.
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Design of SECEM to enrich arginine dimethylated peptides. (A) Principle for the selective derivatization of dimethylated arginine residue with cis-diol.

Briefly, unmethylated arginine residue or MMA selectively reacts with 1,2-cyclohexanedione (CHD) to form a spirocyclic group, which prevents them from
reacting with pyruvic aldehyde (PA), while aDMA or sDMA that cannot react with CHD would further react with PA to form a cis-diol, enabling boronate affin-
ity enrichment. (B) Workflow of SECEM. The primary amino-blocked peptide mixture is treated with CHD to block the un- and monomethylated arginine resi-
dues. Then dimethylated arginine residues in the obtained sample are modified with cis-diol by PA and further enriched by using boronate-affinity chroma-
tography (refer to S/ Appendix, Fig. S6 for the detailed information). The block group labeled on the primary amino is represented by a star, the spirocyclic
structure by a semicircle, DMA by “R” labeled with “M,” and boronate-modified resin for the boronate-affinity chromatography by green spheres.

Here, we developed a steric effect—based chemical-enrichment
method (SECEM), a chemistry method which can enrich
arginine dimethylated peptides from complex peptide mixtures
(Fig. 1 A and B). Compared with the immunoaffinity-
enrichment method, our method largely increases the enrich-
ment efficiency and features superior performance in identifying
the DMA sites within the RG/RGG motif. Comprehensive
analysis of the DMA data set identified by SECEM suggests
that DMA within the RG/RGG motif is closely implicated in
stress granules (SGs). Thus, we further analyzed its dynamic
change upon SG formation in cells and performed a series of
in vitro assays to explore how arginine methylation of the
RG/RGG motif regulates protein LLPS. Overall, our work
highlights the importance of the arginine methylation within
the RG/RGG motif in modulating protein LLPS and the
dynamic assembly of SGs.
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Results

Design of SECEM. Boronate-affinity chromatography, based on
the reversible covalent interaction between boronate and cis-
diol, was broadly used to enrich various cis-diol—containing
compounds such as carbohydrates, nucleotides, and glycopro-
teins (24). Because the guanidine group on an arginine residue
can be modified with a cis-diol group by reacting with vicinal
dicarbonyl compound, boronate-affinity chromatography was
also applied to enrich arginine-containing peptides (25-27).
Inspired by this strategy, we designed a chemical method to
specifically enrich arginine-dimethylated peptides.

Arginine residue can react with 1,2-cyclohexanedione to
form a spirocyclic structure (27). In this study, we found that
both unmethylated and monomethylated arginine residues can
react with 1,2-cyclohexanedione, while the dimethylated arginine
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residue in the form of either aDMA or sDMA remained
unchanged (S/ Appendix, Fig. S1). Meanwhile, the reaction is
quite complete, as only ~0.23% of peptides carrying unmethy-
lated arginine residue from the digest of whole protein were
not modified (SI Appendix, Table S1). Because the steric hin-
drance of this spirocyclic structure is much larger than the
dimethyl group, we hypothesized that pyruvic aldehyde prefer-
entially reacts with dimethylated arginine residue rather than
the spirocyclic structure-modified un- or monomethylated argi-
nine residue to form a cis-diol group (Fig. 14). On that basis,
we designed the SECEM to enrich arginine dimethylated pepti-
des (Fig. 1B). As expected, SECEM could enrich the arginine
dimethylated peptides in the form of either aDMA or sDMA
from the peptides carrying un- or monomethylated arginine
residue (87 Appendix, Figs. S2 and S3).

Next, we sought to evaluate the enrichment performance of
SECEM. The synthetic tryptic peptide carrying aDMA or
sDMA was mixed with the tryptic digest of bovine serum albu-
min (BSA) at the mass ratio of 1:100 to mimic the real tryptic
digest of whole proteins in cells, and then was enriched by
SECEM. Strikingly, both aDMA- and sDMA-carrying peptides
were successfully enriched (Fig. 2). Even though the mass ratio
was increased to 1:1,000, both arginine dimethylated peptides
were enriched with high selectivity (SI Appendix, Fig. S4).
Taken together, SECEM, designed by exploiting the steric hin-
drance of the spirocyclic group, can enrich arginine dimethy-
lated peptide in the form of either aDMA or sDMA with good

performance.

Proteomics Profiling of Arginine Dimethylation in Mammalian
Cells by SECEM. Because the mass shifts caused by methylation
are identical to the mass differences between many amino acid
residues, the large-scale mass spectrometry (MS)—based identifi-
cation of methylpeptides is proven to have a high false-positive
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rate (28, 29). To control DMA identification confidence, we
applied a method by coupling metabolic labeling of “heavy”
methionine with an algorithm called IonPEP in this study
(detailed in Materials and Methods;, SI Appendix, Fig. S5). We
applied SECEM to enrich arginine dimethylated peptides from
100 pg of tryptic digest of the whole protein in mammalian
Jurkat T cells (a detailed workflow is presented in SI Appendix,
Fig. S6). On average, 184 arginine dimethylated peptides were
identified in a single MS run (Fig. 34). In contrast to directly
analyze the whole-protein digest, the number of identified argi-
nine dimethylated peptides was increased by 5.13 times, and
the number of identified DMA sites by 5.16 times.

However, we noticed that 85.79% of the peptides not carry-
ing DMA still have at least one arginine residue after the
enrichment, while the percentage of arginine-containing pepti-
des is only 46.10% for the direct analysis of the tryptic digest
of whole proteins (SI Appendix, Table S2). Thus, arginine resi-
dues modified by 1,2-cyclohexanedione still have little chemical
activity to react with pyruvic aldehyde and are then partially
enriched by boronate-affinity chromatography. To identify
more DMA sites, we further improved the sample preparation
scheme to reduce the proportion of arginine-containing pepti-
des. Because the dimethylation of arginine could inhibit the
protease cleavage on this residue, DMA sites are always pre-
sented in the middle of tryptic peptides (16, 20-22). In com-
parison, unmethylated arginine residues are mainly presented in
the C terminuses. Thus, unmethylated arginine residues can be
selectively cut off by carboxypeptidase B, an exopeptidase cut-
ting the basic amino acid residue in peptide C terminus. In
addition, we also found that 11.69% of arginine-containing
peptides carry the unmethylated arginine residue in the peptide
middle due to the missed cleavage in the process of trypsin
digestion. To expose more unmethylated arginine residues to
the peptide C terminus, the tryptic digest was further digested

B - 1374 (SDMA)
100%
)
=
< 80%
=y
wn
c 60%-
(1]
b
£
o 40%
2z
=
% 20%
x
%
1000 1500 2000 2500 3000
m/z
D - 1468 (SDMA+CHD)
100%
9
< 80%
>
=
7]
= 60%4
]
2
£
P 40%
2
©
o 20%A
“ NL
0% koo Lol 1 | . \
1000 1500 2000 2500 3000
m/z

Fig. 2. SECEM enables selective enrichment of arginine dimethylated peptide from a peptide mixture. The peptide mixture included an arginine dimethy-
lated peptide, GGNFSG-aDMA-GGFGGSR or GGNFSG-sDMA-GGFGGSR, and the tryptic digest of BSA at a mass ratio (m/z) of 1:100. (A and B) The aDMA- or
sDMA-carrying peptide was observed with a very noisy background when the peptide mixture was directly analyzed by MALDI MS, while a dominant peak
with a clean background (C and D) was observed after the enrichment. Note that the unmethylated arginine residues in the C terminuses of both arginine
dimethylated peptides were modified by 1,2-cyclohexanedione (CHD), which caused the mass shift of +94 Da.
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Fig. 3.

Identification performance of SECEM and bioinformatics analysis of the identifications. (A) The number of DMA sites identified from Jurkat T cells by

using SECEM coupled with different protein digestion strategies. Peptides (100 pg) were used as starting material for each enrichment experiment. “Without
enrichment” refers to the direct analysis of the tryptic digest without the enrichment. “Enrichment_Trypsin” means that the protein sample was digested by
trypsin alone before SECEM enrichment. “Enrichment_CPB” means that the protein sample was digested by trypsin, ArgC, and carboxypeptidase B (CPB)
before SECEM enrichment. Data were repeated in triplicate for each bar. Error bars indicate SD. (B) The number of the DMA sites within different motifs
identified by using different enrichment methods. Peptides (200 pg) were used as starting material for each SECEM enrichment experiment, while 10 mg of
proteins was used as starting material for each immunoaffinity-enrichment experiment. Data were repeated in triplicate for each bar. Error bars indicate
SD. (C) The proportion of arginine methylated proteins presented in the database consisting of LLPS-regulating proteins. The arginine dimethylated proteins
identified by using SECEM were separated into two groups according to whether the protein carries the identified DMA sites within the RG/RGG motif, and
matched to the database. (D) Distribution of the database-matched proteins in different MLOs. All the proteins labeled in this cellular schematic carry the

identified DMA sites within the RG/RGG motif.

by Arg-C, a protease having better efficiency cutting arginine
residues than trypsin. As expected, the proportion was decreased
to 3.10%. The resulting digest was then treated with carboxy-
peptidase B. Dramatically, the proportion of arginine-containing
peptides was decreased from 45.02% to 6.67% (SI Appendix,
Table S2). Arginine dimethylated peptides were then enriched
by SECEM. Strikingly, by using this optimized sample prepara-
tion method, the number of identified arginine dimethylated
peptides was increased from 184 to 321, and the number of iden-
tified DMA sites from 197 to 273 (Fig. 34). When the starting
amount of peptide was increased from 100 pg to 200 pg, the
numbers of identified arginine dimethylated peptides and DMA
sites were further increased to 375 and 313, respectively (Fig.
3B and S/ Appendix, Fig. S7).

Immunoaffinity enrichment is a frequently used method to
enrich arginine methylated peptides (17-19, 30, 31). Two dif-
ferent antibodies were developed to enrich aDMA- and sDMA-
carrying peptides, respectively. To compare their performance
with SECEM, we used these two antibodies to enrich the argi-
nine dimethylated peptides from the whole-protein digest of
Jurkat T cells. On average, 252 and 109 DMA sites were iden-
tified in one liquid chromatography—mass spectrometry run
by using aDMA and sDMA antibodies, respectively (Fig. 3B).
It should be noted that the data were obtained by using 10 mg
of proteins in each immunoaffinity-enrichment experiment
according to the recommended protocol (31). When the sample
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amount was decreased to 200 pg of peptides, as SECEM used,
the identified numbers by using aDMA and sDMA antibodies
were sharply decreased to 39 and 29, respectively (S/ Appendix,
Fig. S7). Clearly, SECEM has much higher efficiency to enrich
dimethylated peptides. In comparison with the identifications
obtained by using immunoaffinity enrichment with 10 mg of
proteins, SECEM exhibits superior performance in identifying
DMA sites within the RG/RGG motif (Fig. 3B and S/ Appendix,
Fig. S8). The number of identified DMA sites within the RG
motif was increased by >97.64%, and the number of DMA sites
within the RGG motif was increased by >118.18%.

The RG/RGG motif is widely presented in proteins and reg-
ulates various biological processes such as DNA damage, gene
transcription, pre-mRNA splicing, mRNA translation, and the
apoptosis pathway by mediating protein—protein and RNA-
protein interactions (32, 33). Recently, mounting evidence also
has shown that the RG/RGG motif is crucial to regulate pro-
tein LLPS (8, 9, 33-36). Considering the importance of the
RG/RGG motif in biology, we performed a series of bioinfor-
matics analyses for the DMA sites within the RG/RGG motif
identified by SECEM. Strikingly, in silico prediction shows
that 94.82% of these sites are localized in the intrinsically dis-
ordered regions (IDRs). Since the IDRs were found to play an
important role in modulating protein LLPS in different MLOs
(37-39), we next sought to assess whether the proteins with
identified DMA sites are identified or predicted to undergo
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LLPS or are involved in different MLOs. Notably, when
we matched proteins carrying the DMA site(s) within the
RG/RGG motifs to the database (40), 27.18% of proteins were
annotated as LLPS-regulating proteins (Fig. 3C). Moreover,
16 of 28 matched proteins are involved in the formation of 12
different MLOs, including SGs, P-body, and paraspeckles
(Fig. 3D). In contrast, the percentage is only 2.7% for SECEM-
identified arginine dimethylated proteins not carrying the DMA
site within the RG/RGG motif (Fig. 3C). Taken together, our
results strongly suggest that the DMA sites within the RG/RGG
motif are closely associated with protein LLPS involved in differ-
ent MLO:s.

Global Inhibition of Arginine Methylation Promotes SG
Formation and Impairs Self-Disassembly of SGs. Our data
show that 10 of 16 MLO-related methylproteins identified by
SECEM are implicated in SGs, implying that DMA plays an
important role in SG regulation (Fig. 3D). We thus examined
whether the global change of protein arginine methylation
influences SGs assembly and disassembly in HeLa cells. Global
down-regulation of protein arginine methylation level was
achieved by treating cells with the combination of type I
PRMT inhibitor and PRMTS5 inhibitor (i.e., MS023 and
GSK591) (81 Appendix, Fig. S9). Notably, upon stress induced
by sodium arsenite, we observed that both the average number
and the mean area of SGs per cell were significantly increased
in the inhibitor-treated cells (Fig. 4 A-C), which is consistent
with previous observation in U20S cells (11).

We further asked whether the inhibition of global protein
arginine methylation level influences the dynamics disassembly
of SGs. We performed a washout assay in stressed Hela cells
by removing the sodium arsenite in the culture medium. In the
controlled cells, the average number of SGs per cell was dra-
matically decreased by ~70.5%, and the average area of SGs
per cell was decreased by ~79.9% (Fig. 4 D—F). Whereas, in
the inhibitor-treated cells, the average number and the mean
area were only decreased by 19.8% and 37.5%, respectively.
Therefore, the dynamic disassembly of SGs is severely impaired
upon the inhibitor treatment. Taken together, our results dem-
onstrate that inhibition of global protein arginine methylation
significantly facilitates the formation of SGs as well as dimin-
ishes the disassociation of SGs in HeLa cells.

Methylproteome Analysis Reveals the Dynamic Change of
Arginine Dimethylation Upon SG Formation. We next analyzed
the change of DMA, especially DMA within the RG/RGG
motif, at the proteome level during SG formation by using
SECEM (Fig. 54, detailed in Materials and Methods). We
induced SG formation by treating cells with different stress
conditions, including sodium arsenite treatment and heat
shock. As for sodium arsenite treatment, 280 arginine dimethy-
lated peptides in 92 proteins were identified, and the abun-
dance of 16 arginine dimethylated peptides in 15 proteins was
changed (Fig. 5B and SI Appendix, Table S3). Notably, among
the identified proteins, nine proteins are annotated in the RNA
granule database as being included in SGs, and three proteins
(i.e., hnRNPR, KIFIC, and NCL) are predicted to exhibit
LLPS capability (41) (Fig. 5C). For heat-shock treatment, 226
arginine dimethylated peptides were identified from 77 pro-
teins, and seven methylpeptides in seven proteins were signifi-
cantly changed upon the stress (Fig. 5D and SI Appendix, Table
S3). Among them, five proteins are presented in SGs (Fig. 5E).

Strikingly, the DMA levels of several well-known SG compo-
nents, including the crucial SG scaffold protein G3BP1 (42),
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and FUS and hnRNPAI, exhibit significant changes under
both stress conditions (Fig. 5 C and E). The changed methyl-
peptides under both stress conditions were identical for all three
proteins (87 Appendix, Table S4). Moreover, these methylpepti-
des are all localized in the RG/RGG-rich regions, which are
IDRs and were previously characterized to be crucial for medi-
ating protein LLPS (9, 42-46) (SI Appendix, Figs. S10 and S11
and Table S4). Besides these three proteins, KHDRBSI, which
was previously reported to be recruited into SGs, was also iden-
tified in both stress conditions (S/ Appendix, Table S4). And
the identified methylpeptide is also located in an RG-rich
region, which is an IDR vital for KHDRBS1 to localize into
SGs (47, 48) (SI Appendix, Figs. S10 and S11). Of note, as
arginine methylation inhibits trypsin digestion, the change of
arginine dimethylated peptide may be caused by the change of
methylation state on the arginine residue within this peptide or
ahead of the N terminus of this peptide (SI Appendix, Fig.
S12). Here, we defined the sequence containing those two types
of arginine methylated sites as the region with changed arginine
methylation (RCAM). We found 11 potential changed DMA
sites in the RCAMs of the four RG/RGG-rich regions (S/
Appendix, Fig. S10). Taken together, our results demonstrated
the DMA within the IDRs of the key SG-containing proteins
are dynamically regulated upon the SG formation.

Arginine Methylation of the RG/RGG-Rich Region Is Crucial in
Regulating Protein LLPS. Next, we sought to evaluate whether
arginine methylation effects LLPS of the RG/RGG-rich
regions (SI Appendix, Table S5 and Fig. S13). We overex-
pressed and purified four different RG/RGG-rich regions,
respectively. Consistent with previous studies, the RG/
RGG-rich regions of G3BP1, FUS, and hnRNPAL are highly
prone for undergoing LLPS (87 Appendix, Fig. S14). Notably,
the RG-rich regions of KHDRBSI also exhibits potent LLPS
capability and forms liquid-like droplets in vitro. We then set
up an in vitro arginine methylation assay by using PRMT1
from rat (i.e., Prmtl). PRMT1 is the major asymmetric argi-
nine methyltransferase in mammalian (4) and was previously
identified to interact with three of these four RG/RGG—con-
taining proteins from a PRMT interactome study (49). By
using matrix-assisted laser desorption/ionization mass spectrom-
etry (MALDI-MS), we confirmed that the four RG/RGG-rich
regions were methylated by Prmtl (S/ Appendix, Fig. S15).
Moreover, we used LC-MS/MS to further identify 26 DMA
sites on the four different RG/RGG-rich regions (87 Appendix,
Fig. S15 A-D). Notably, we validated that most of the DMA
sites (2 =9 of 11) identified from our cell assays are modified
by Prmtl in the in vitro pure protein assay.

We then examined how arginine methylation influences LLPS
of these four RG/RGG-rich regions by preparing five different
samples for each RG/RGG-rich region (SI Appendix, Table S5
and Fig. S13). Importantly, we found that Prmtl-mediated
arginine methylation significantly impairs LLPS of all four
RG/RGG-rich regions (Fig. 6), whereas blocking enzymatic
activity of Prmtl by an inhibitor MS023 abolishes the inhibitory
effect on protein LLPS. As a control, S-adenosylmethionine, the
substrate of arginine methylation reaction, does not influence
LLPS of the four RG/RGG-rich regions (SI Appendix, Fig.
S16). In addition, we mutated the 11 arginine residues identified
in RCAMs to alanine in the four RG/RGG-rich regions. Strik-
ingly, all four mutants exhibited severely impaired capability for
LLPS in vitro, which further validates the important role of these
arginine residues in mediating LLPS of the RG/RGG-rich
regions (SI Appendix, Fig. S17).
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Fig. 4. Globally decreasing arginine methylation promotes the assembly of SGs and impairs the disassembly of SGs. (A) Confocal images of the SG assem-
bly in HeLa cells. Cells were treated with DMSO or PRMT inhibitors and then stressed by sodium arsenite. The nucleus was stained with blue, and G3BP1
with green. Scale bar: 5 pm. (B and () Quantification analysis of the images in A. Error bars indicate SD, and >150 cells from three replicates were counted
for each bar. (D) Confocal images of the SG disassembly in HeLa cells. Cells were treated with DMSO or inhibitors first. Sodium arsenite was used to stimu-
late the SG assembly of cells and followed by washing out. Nucleus was stained with blue, and G3BP1 with green. Scale bar: 5 pm. (E and F) Quantification
analysis of the images in D. Error bars indicate SD, and >150 cells from three replicates were counted for each bar. *P < 0.05, *P < 0.01, **P < 0.001 by

Student's t test.

Discussion

In this study, we developed a chemical-enrichment method,
SECEM, to selectively enrich arginine dimethylated peptides
from protein digest. As a chemical method, the enrichment of
SECEM is not much influenced by the types of residues adja-
cent to the methylation sites. Thus, SECEM can identify DMA

6 of 12 https://doi.org/10.1073/pnas.2205255119

next to almost all kinds of natural amino acid residues and
within the different motifs, including several common motifs
reported previously (i.e., RXR, RXXY, and proline-rich motifs)
(17, 19) (SI Appendix, Fig. S18). In comparison, methylation-
specific antibodies were developed by using a methylated-
peptide library with specific motifs as the antigen. Since the
glycine residue without bulky side chain has very limited
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Profiling the dynamic change of DMA in Hela cells under the stress of sodium arsenite (ASR) or heat shock. (A) Workflow of the methylproteome

analysis. (B) Volcano plot illustrating the change of arginine dimethylated peptides for HelLa cells under the stress of ASR treatment (n = 5 biological repli-
cates). Significantly changed arginine dimethylated peptides with >1.5-fold change and P < 0.05 are labeled with red or blue. P value was calculated by

Student's t test. (C) The proportion of the labeled proteins from B in SGs.

The proteins labeled by an asterisk are the SG proteins predicted in the RNA

granule database. (D) Volcano plot illustrating the change of arginine dimethylated peptides for HelLa cells under the stress of heat shock (n = 4 biological
replicates). Significantly changed arginine dimethylated peptides with >1.5-fold change and P < 0.05 are labeled with red or blue. P value was calculated by

Student's t test. (E) The proportion of the labeled proteins from D in SGs.

contribution to the enrichment, the immunoaffinity method
exhibits less capability for enriching DMA within the RG/RGG
motif than SECEM.

It is worth noting that although SECEM can identify DMA
sites within various motifs, not all DMA sites identified by the
immunoaffinity method were included in the dataset of SECEM
(81 Appendix, Fig. S8). Additional experiments are needed to find
out why these sites were not identified by SECEM. The methyl-
specific antibodies developed in an immunoaffinity method could
also be used to probe the arginine dimethylation at the protein
level and have broad applications in assays such as Western blot-
ting and immunohistochemistry. Currently, SECEM was devel-
oped and optimized to enrich DMA peptides for proteomics
analysis. Theoretically, it also works for probing arginine dime-
thylation at the protein level; however, its performance needs fur-
ther investigation.

In the dataset of SECEM-identified DMA sites, we found
that the DMA sites within the RG/RGG motif rather than other

PNAS 2022 Vol. 119 No.43 2205255119

motifs are preferentially enriched in the proteins implicated in
MLOs, especially SG. More importantly, our SECEM study
further pinpointed the dramatic change of the DMA of several
SG-containing proteins, including G3BP1, FUS, hnRNPAI,
and KHDRBS1 upon SG formation. This suggests that the
dynamic regulation of DMA on SG-containing proteins is cru-
cial for modulating SG assembly and disassembly. Indeed, the
global inhibition of protein arginine methyladon significantly
promotes SG formation and severely impairs SG disassembly. It
will be interesting to further explore whether arginine methyla-
tion is dynamically regulated for proteins involved in other
MLOs, such as P-body, paraspeckle, and TDP-43 nuclear body,
for fine-tuning their dynamic assembly and disassembly.

Materials and Methods

Enrichment of Synthetic Arginine Dimethylated Peptides. The four pep-
tides sharing the same sequence (i.e., GGNFSGRGGFGGS), but with different

https://doi.org/10.1073/pnas.2205255119 7 of 12
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Fig. 6. Arginine methylation impairs the LLPS capability of the RG/RGG-rich region. (A-D) Observation and statistical analysis of liquid droplet formed by four
RG/RGG-rich regions before and after arginine methylation. The methylated RG/RGG-rich regions in G3BP1, FUS, hnRNPA1, and KHDRBS1 were prepared as
described in Materials and Methods and SI Appendix, Table S5. The differential interference contrast images of the droplets are shown on the Left, and the droplet
area measurements on the Right. 'Me’, arginine methylated RG/RGG-rich region. “UnMe” and “Me-Inhibition” are the controls (refer to S/ Appendix, Table S5 for
the detailed information). For each protein sample, the area of each droplet was normalized by the average droplet area of the “UnMe” sample. Error bars indi-

cate SD, and each bar represents 40 droplets. *

arginine methylation forms including no methylation, MMA, aDMA, and sDMA,
were prepared by treating four synthetic peptides (GGNFSGRGGFGGSR, GGN
FSG-MMA-GGFGGSR, GGNFSG-aDMA-GGFGGSR, and GGNFSG-sDMA-GGFGGSR)
with carboxypeptidase B (Sigma) at a peptide to enzyme ratio of 50:1 for 2 h at
50 °C. The primary amino groups in those peptides were dimethyl labeled (50)
to prevent them from reacting with other chemical compounds. It is worth noting
that the dimethyl group introduced by dimethyl labeling is on the N terminus or
lysine residue, which is different from endogenous arginine dimethylation and
does not interfere the DMA identification in this study. The peptide carrying
sDMA was labeled by using formaldehyde-D, and sodium cyanoborodeuteride,
but the other three peptides were labeled by using the nondeuterated reagents.
All of the labeled peptides were desalted by using HLB cartridges, dried, and
redissolved in water to a final concentration of 0.5 pg/uL. Then the peptides with
unmethylated arginine, MMA, and one of DMAs were mixed at the mass ratio of
2:2:1, and 5 pg of peptide mixture was added into 50 pL of 200 mM NaOH
water solution containing 20 mM 1,2-cyclohexanedione, and incubated at 37 °C

8 of 12  https://doi.org/10.1073/pnas.2205255119

*P < 0.01, ***P < 0,001 by Student’s  test. ns, nonsignificant difference. Scale bar: 10 ym.

for 40 min. Then the pH of the solution was adjusted to 7 by using 400 mM HCI.
Agarose beads modified with m-aminophenylboronic acid (40 pL; Sigma) were
washed with 3x 200 L 0.1% formic acid (FA) and 3x 200 pL of 10 mM triethy-
lammonium bicarbonate (TEAB) buffer (pH 10.0) and then added into the peptide
mixture. Subsequently, 50 pL of 100 mM NaCl, 125 pL of 25 mM TEAB buffer
(pH 10.2 to 10.4), and 1.54 pl of 40% pyruvic aldehyde solution (J&K) were
added in sequence. The reaction was incubated at 15 °C for 1 h. Then the beads
were filtered and washed with 3% 50 pL of 10 mM TEAB buffer (pH 10.0). Bound
peptides were eluted by using 5x 50 uL of 0.1% FA. In each elution, the beads
were incubated with 0.1% FA for 5 min. Eluted peptides were dried and redis-
solved in 1% NHs-H,0 with 30% acetonitrile (ACN). The solution was incubated
at room temperature (RT) for 1 h, and then the peptides were analyzed by
MALDI MS.

We dissolved 100 pg of BSA in 100 pL of lysis buffer (100 mM Tris-HCI, 6 M
guanidine hydrochloride, 10 mM tris(2-carboxyethyl)phosphine, and 40 mM
chloroacetamide, pH 7.4) and heated at 100 °C for 5 min. After cooling, the
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buffer was replaced with 100 mM Hepes (pH 7.9) by using a 10-KDa ultrafiltra-
tion tube. The alkylated BSA was digested by trypsin at 37 °C for 16 h. After
digestion, the trypsin was removed by ultrafiltration. The tryptic digest was
mixed with 1 pg of synthetic peptide, GGNFSG-R(me2a)-GGFGGSR or GGNFSG-
R(me2s)-GGFGGSR. The peptide mixtures with aDMA or sDMA were dimethyl
labeled by using nondeuterated and deuterated reagents, respectively. Labeled
peptide mixtures were desalted, dried, and redissolved in 50 uL of 200 mM
NaOH water solution containing 20 mM 1,2-cyclohexanedione; then both of the
arginine dimethylated peptides were enriched as before.

Cell Culture, Small-Molecule Treatment, and SG Formation. For heavy
methyl stable-isotope labeling by amino acid in cell culture (hM-SILAC), Roswell
Park Memorial Institute (RPMI) medium 1640 lacking L-methionine (Gibco) was
supplemented with 10% dialyzed fetal bovine serum (Gibco), 1% penicillin/strep-
tomycin and 0.TmM either 1-methionine or L-methionine-methyl-13CD3, DMEM
(Gibco) lacking L-methionine, t-arginine, and L-lysine was supplemented with
10% dialyzed fetal bovine serum (Gibco), 1% penicillin/streptomycin, 0.398 mM
L-arginine, 0.798 mM tlysine, and 0.2 mM t-methionine-methyl-"*CD;. Other-
wise, cells were cultured in the medium supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin. Jurkat T cells were cultured in the RPMI
medium 1640, and Hela cells in the DMEM. All the cells were grown at 37 °C
in a humidified atmosphere with 5% CO,. For hM-SILAC, cells were grown for
seven cell doublings.

The Hela cells treated with small molecules or stimulated by heat shock were
not metabolically labeled. For small-molecule treatment, GSK591 and MS023
(Selleck) were used to treat Hela cells at 5 uM and 10 uM for 48 h, respectively.
To induce SG assembly, Hela cells were treated with 200 pM NaAsO, or heated
at 43°C for 1 h. For SG disassembly, the medium containing sodium arsenite
was removed and the cells were incubated in the fresh medium for 1 h.

Cell Lysis, Protein Digestion, and Peptide Labeling. Cells were mixed with
the lysis buffer and heated at 100 °C for 5 min. The mixture was cooled on ice
for 5 min and sonicated. The lysate was heated at 100 °C for 5 min, cooled, and
centrifuged at 8,000g for 30 min at 4 °C. The supernatant was mixed with both
1x volume of 4 °C water and 8x volumes of —20 °C acetone, and incubated at
—20°C overnight. The precipitated protein was collected by centrifuging for
15 min at 2,000g and washed twice with —20 °C 80% acetone. The pellet was
air-dried at RT for 10 min and mixed with digestion buffer (100 mM Hepes, pH
7.9). The precipitated protein was resuspended by sonicating.

Protein was digested by trypsin at 37 °C for 16 h. The trypsin was denatured
by heating at 100 °C for 10 min. After cooling, the primary amino groups in part
of the digest were blocked by dimethyl labeling in "light" form. The digest not
blocked would be further digested by other proteases. In this situation, 2 Arg-
C buffer (100 mM Hepes, 10 mM dithiothreitol [DTT], 0.4 mM EDTA, pH 7.65)
and 500 mM CaCl, were added to the tryptic digest to a final concentration of
1% and 5 mM, respectively. Then the tryptic digest was further digested by Arg-
C (Worthington Biochemical) at 37 °C for 16 h. To quench the DTT and denature
the Arg-C, 500 mM chloroacetamide was added to a final concentration of
20 mM, and the solution was heated again at 100 °C for 10 min. After cooling,
the peptides were digested by carboxypeptidase B at 50 °C for 2 h and blocked
by dimethyl labeling as the tryptic digest. Finally, peptides were desalted by
using HLB cartridge, and dried. The concentration of peptides was measured by
nanodrop (Thermo Scientific).

Enrichment of Arginine Dimethylated Peptide from Whole-Protein Digest.
We redissolved 100 pg of desalted peptides in 50 pL of 200 mM NaOH water
solution with 20 mM 1,2-cyclohexanedione. Arginine dimethylated peptides were
enriched as described earlier in Materials and Methods. After bound peptides were
eluted from agarose beads and dried, they were redissolved in 60 pl of loading
buffer (5 mM KH,PO,4 buffer, pH 2.7, 20% ACN). The coeluted impurities, which
are not peptides, were removed by strong cation exchange (SCX) chromatography,
as described below. A small piece of degreasing cotton was packed into a 20-pL
pipet tip. We added 5 pL of Polar MC30-SP SCX beads (Sepax) into the blocked
tip and washed them with 3x 20 pL of elution buffer (1% NH3-H,0, 30% ACN)
and 6x 20 pl of loading buffer in sequence. Then the redissolved peptides were
loaded on the beads. The beads were washed with 15 pl of wash buffer (0.01%
trifluoroacetic acid [TFA], 30% ACN). Finally, bound peptides were eluted by using
3% 20 pl of elution buffer. The elution was incubated at RT for 1 h and dried.

PNAS 2022 Vol. 119 No.43 2205255119

Immunoaffinity enrichment of arginine dimethylated peptides was similar to
the procedure previously described (31). Briefly, tryptic digest of 10 mg of whole
proteins was dissolved in 1x immuno-affinity purification (IAP) buffer (9993,
CST) and incubated with 80 pL of PTMscan Asymmetric Di-Methyl Arginine Motif
antibody (13474, CST) or PTMscan Symmetric Di-Methyl Arginine Motif antibody
(13563, CST) at 4°C for 2 h on a rotator. When 200 pg of tryptic digest was
used as starting material, 16 pL of antibody was used. Beads were centrifuged
and washed two times in 1x IAP buffer and three times in water. The peptides
in the beads were eluted by 0.15% TFA and desalted by C18. Finally, the pepti-
des were digested again by trypsin for 2 h and desalted.

Basic Reverse-Phase LC for Fractionation. Basic reverse-phase LC for frac-
tionation of peptide mixture was performed with a 4.6 x 250-mm analytical
column containing 5 pm of C18 particles (ZORBAX 300Extend-C18, Agilent).
The flow rate was set as 1 mL/min. The mobile-phases were as follows: phase
A5 mM ammonium bicarbonate in water (pH 8.0), and phase B, 25 mM ammo-
nium bicarbonate in water (pH 8.0) with 80% ACN. The gradient was as follows:
held at 2% B for 5 min, from 2% to 5% B in 1 min, from 5% to 10% B in 9 min,
from 10% to 30% B in 60 min, from 30% to 40% B in 15 min, from 40% to
80% B in 5 min, and held at 80% B for 20 min. Carboxypeptidase B-treated
peptides (1.1 mg) were fractionated. A total of 51 fractions from 19.5 min to
96 min were collected and further mixed into 17 fractions. These 17 fractions
were dried and desalted. Arginine dimethylated peptides in each fraction were
then enriched by SECEM.

MS Analysis. The mass shifts of synthetic peptides in different reactions were
analyzed by an AB Sciex 5800 MALDI-time-of-flight/time-of-flight mass spectrom-
eter with a pulsed Nd/YAG laser at 355 nm. We used 2,5-dihydroxybenzoic acid
as a MALDI matrix. Peptide mixtures prepared from cells were analyzed by
Q Exactive mass spectrometer (Thermo Scientific) equipped with the Ultimate
3000 RSLCnano System (Dionex). Peptides were redissolved in 0.1% FA and
loaded on a 5-cm x 150-mm trap column (ReproSil-Pur 120C18, 1.9 um). Then
they were separated by using a linear gradient at 550 nL/min over 120 min in a
15-cm X 150-mm analytical column (ReproSil-Pur 120C18, 1.9 um). In the
mass spectrometer, survey scans (mass range, 300 to 1,750 Th) were acquired at
a resolution of 70,000 at 200 Th. "Top 10" data-dependent acquisition mode
was used with dynamic exclusion (30 s) for MS/MS scans. A 2-Th isolation win-
dow was used for higher-energy collisional dissociation fragmentation. MS/MS
scans were acquired at a resolution of 35,000 at 200 Th.

Database Searching. MaxQuant (version 1.6.4.0) was used to search raw files
against the Uniprot human database containing 20,367 entries (as of June
2018). When carboxypeptidase B was used, semispecific free C terminus of
trypsin/P was set as digestion mode. A maximal of three miscleavages were
allowed for the digestion mode of trypsin/P. For the database searching not to
identify DMA, carbamidomethyl on cysteine and methyl-">CD5-labeled methio-
nine were set as fixed modifications, while acetylation of protein N terminus and
methionine oxidation were set as variable modifications. Other default parame-
ters were not changed. To identify DMA, the dimethyl on the primary amino of
peptide N terminus and lysine residue, carbamidomethyl on cysteine, and meth-
yl-*CDs-labeled methionine were set as fixed modifications, while the spirocy-
clic group (C4Hs0) on arginine residue and the "heavy” form of DMA were set as
variable modifications. In particular, when dimethyl labeling was used in quanti-
fication, the dimethyl on the peptide N terminus and lysine residue were not set
as fixed modifications. Water loss and ammonia loss were not be selected in the
database searching. The false-discovery rates of PSM, protein, and site were set
to the maximum. The cutoff score for modified peptides was 25. After the data-
base searching, the identified arginine dimethylated peptides were further
screened by the lonPEP algorithm.

lonPEP Algorithm. To control the confidence of arginine dimethylated peptide
identification, posterior error probability (PEP), p(X = false|n,), was used. It was
calculated by the following equation:

p(n. I|X = false)p(X = false)

p(n.1)
To calculate the PEP of target PSM, the number of the matched daughter ions
from this PSM and its peptide length were input as n and I, respectively. In the

p(X = falsen, ) =
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dataset of all identified PSMs, the proportion of the PSMs whose peptide length
and the number of matched daughter ions are equal to | and n, respectively,
was used as the approximate value of p(n,). In the dataset of all reverse
PSMs, the proportion was used as the approximate value of p(n,/|X = false).
p(X = false) is the proportion of the reverse PSMs in all identified PSMs. By
using the above equation, each PSM would have a PEP value reflecting its confi-
dence. Then all PSMs were sorted by their PEP, starting with the minimum
value. PSMs were accepted until the proportion of the reverse PSMs in all filtered
PSMs was close to 1%. Because proline cannot be modified with two methyl
groups, the PSM was removed when proline residue was presented in the pep-
tide N terminus. For the samples that reacted with 1,2-cyclohexanedione, the
PSMs identified with unmodified arginine were also removed. The DMA sites
with a localization probability of <0.75 or identified as contaminant proteins
were removed.

Bioinformatics Analysis. The LLPS-regulating protein database is located at
lab.phasep.pro/. The RNA granule database is located at magranuledb.lunenfeld.
cal. IDRs were predicted by using [UPred3 (51). A sequence with the score of
>0.5 was regarded as an IDR.

Methylproteome Analysis during SG Formation. When Hela cells were
metabolically labeled, they were cultured in the medium with dialyzed fetal
bovine serum that did not have low-molecular-weight nutrients. Lacking these
nutrients may influence SG formation. Thus, for the methylproteome analysis of
SG formation, Hela cells were not metabolically labeled. However, it would lead
to the high false-positive rate of DMA identification. To control the identification
confidence, we proposed the library-dependent quality control for methylpro-
teome identification (Fig. 5A). First, by using SECEM, we built a library contain-
ing highly confident arginine dimethylated peptides identified from the Hela
cells metabolically labeled by heavy methionine. Then, the arginine dimethy-
lated peptides identified in the methylproteome analysis of SG formation were
matched with the library, and only the methylpeptides presented in the library
would be considered in subsequent analysis.

In this study, stable-isotope dimethyl labeling was used to quantitatively
investigate the dynamic change of DMA in the process of SG formation (50).
Skyline was used to extract the MST peak areas of identified arginine dimethy-
lated peptides (52). In the quantification, two samples with different states
would be mixed at the mass ratio of 1:1; however, that ratio is always hard to
reach. To calibrate the deviation, we also used stable-isotope dimethyl labeling
to quantify the fold changes of whole proteins in the process of SG formation,
calculated the median of these fold changes, and divided the fold change of
each methylpeptide by this median. The calibrated value was regarded as the
real fold change of methylpeptide.

Western Blot Analysis. After being treated with PRMT inhibitors or dimethyl
sulfoxide (DMSO), Hela cells were lysed in radioimmunoprecipitation assay
buffer supplemented with a 1 mM mixture on ice. Lysates were clarified by cen-
trifugation at 20,000 for 10 min. Protein concentration was determined using
the BCA protein assay kit. Lysates were mixed with loading buffer, separated by
10% or 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred onto polyvinylidene difluoride membranes. The membranes were
blocked and incubated with primary and secondary antibodies. Anti-asymmetric
dimethylated arginine antibody (#13522), anti-symmetric dimethylated arginine
antibody (#13222), and anti-B-actin antibody (#3700) were purchased from Cell
Signaling Technology. The bands in the membranes were detected by Biolmag-
ing systems (Fusion FX5-XT).

Immunocytochemistry and Confocal Imaging. Cells were fixed with 4%
paraformaldehyde in PBS for 15 min, permeabilized with 0.5% Triton X-100 in
PBS for 10 min, and then blocked with 3% goat serum in PBST (PBS plus 0.1%
Triton X-100) for 1 h, with all steps performed at RT. Cells were further incubated
with anti-G3BP1 antibody (BD, 611127) overnight at 4°C. AlexaFluor-488
(Invitrogen, A11001) used as the second antibody was incubated with the cells
for 1 h at RT. After 3 washes with PBST, cells were mounted on glass slides using
the ProLong Gold Antifade Mountant with DAPI (ThermoFisher, P36935). Images
were captured using the Leica TCS SP8 confocal microscopy system with a x100
objective (oil immersion). Images were processed and assembled into figures
using LAS X (Leica) and Fiji.
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Plasmid Construction and Protein Expression and Purification. For .
coli expression, G3BP1-RG (residues 411 to 466), FUS-RGG (residues 215 to
267), KHDRBS1-RG (residues 269 to 321), or their R-A mutants were cloned into
pET28a with an N-terminal His-SUMO tag. HnRNPA1-RGG (residues 186 to 320)
or its R-A mutant was cloned into a pET32a vector with an N-terminal Trx1 tag.
For the R-A mutants, R447 and R460 of G3BP1-RG; R234, R242, and R244 of
FUS-RGG; R284, R289, and R291 of KHDRBS1-RG; and R196, R206, and R218
of hnRNPA1-RGG were mutated. The tyrosine-rich region of FUS (residues 1 to
163) was cloned into pET22b with an N-terminal His tag. The tyrosine-rich region
of KHDRBS1 (residues 269 to 443) was cloned into pET28a with an N-terminal
His-SUMO tag. ULP1 (residues 403 to 621) was cloned into pET28a with an
N-terminal His tag. Prmt1 (rat, residues 1 to 353) was cloned into pGEX-6P-1 vec-
tor with an N-terminal GST tag. All recombinant plasmids were validated
by sequencing.

For protein purification, all plasmids were overexpressed in E. coli BL21(DE3)
with induction of 0.5 mM isopropyl p-d-1-thiogalactopyranoside (IPTG) at 16 °C
for 16 h except that hnRNPA1 and its mutant were overexpressed with induction
of 0.4 mM IPTG at 25 °C for 12 h. After G3BP1-RG, FUS-RGG, KHDRBS1-RG, their
R-A mutants, the tyrosine-rich region of KHDRBS1 or ULP1 expression, cells were
harvested and lysed in 50 mM Tris-HCI (pH 7.5), 500 mM NaCl, 25 mM imidaz-
ole, 2 mM B-mercaptoethanol, and 2 mM phenylmethylsulfonyl fluoride (PMSF)
at 4°C. Proteins were purified by using an Ni column and eluted by the
buffer containing 50 mM Tris-HCI (pH 7.5), 500 mM NaCl, 500 mM imidazole,
and 4 mM B-mercaptoethanol. Eluted proteins were fractionated via Superdex
75 16/600 column in 50 mM Tris-HCI (pH 7.5), 100 mM NaCl, and 2 mM DTT.

After hnRNPAT-RGG or its R-A mutant expression, cells were harvested
and lysed in bacteria lysis buffer (50 mM Tris-HCl, 6 M guanidine hydrochloride,
pH 8.0) at RT. Proteins were purified by using an Ni column and eluted by the
buffer containing 50 mM Tris-HCl (pH 8.0), 6 M guanidine hydrochloride, and
500 mM imidazole. Proteins then were further purified by C18 column
(Phenomenex 00G-4053-N0) and dried. Trx1 tags in two proteins were cleaved
by 3C enzyme at a molar ratio of 50:1 at RT overnight. Then the precipitates
were collected by centrifugation at 3,724 for 30 min at RT and dissolved in bac-
teria lysis buffer. HnRNPA1-RGG or its mutant without tag was purified by C18
column again.

After the tyrosine-rich region of FUS expression, cells were harvested and
lysed in bacteria lysis buffer at RT. The protein was purified by using an Ni
column and eluted by the buffer containing 50 mM Tris-HCl (pH 8.0), 6 M
guanidine hydrochloride, and 500 mM imidazole. Then the buffer was changed
to 5 mM N-cyclohexyl-3-aminopropanesulfonic acid (pH 11) by desalting column.

After Prmt1 expression, cells were harvested and lysed in 50 mM Tris-HCl
(pH 8.0), 500 mM NaCl, and 2 mM PMSF at 4 °C. Protein was purified using
a GST column and eluted by the buffer containing 20 mM Tris-HCI (pH 8.0),
50 mM NaCl, and 20 mM GSH. Then the buffer was changed to 20 mM Tris-HCl
(pH 8.0) and 50 mM NaCl by dialysis.

In Vitro Arginine Methylation Assay. Purified G3BP1-RG, FUS-RGG,
KHDRBS1-RG, or hnRNPA1-RGG was mixed with other substrates as described in
the SI Appendix, Table S5. These samples were prepared in the buffer containing
20 mM Tris-HCI (pH 8.0), 5% (vol/vol) glycerol, 1 mM EDTA, and 1 mM DTT. The
final concentration of the purified protein in each sample was 50 uM. Prmt1
and MS023 were added at a final concentration of 50 pM, respectively, and
S-adenosylmethionine was added at a final concentration of 0.5 mM. Then all of
samples were incubated at 37 °C ovemight. After the incubation, NaCl was
added to a final concentration of 200 mM for the sample containing G3BP1-RG,
FUS-RGG, or KHDRBS1-RG. Then these proteins were incubated with ULP1
(molar ratio of 1:1) at 37 °C for 1 h to cut off His-SUMO tags. Prmt1 and ULP1 in
all samples were precipitated by boiling at 90 °C for 10 min and removed by
centrifugation at 14,000g for 10 min.

In Vitro LLPS Assay. To determine the influence of the mutated sites on
protein LLPS, G3BP1-RG (2 mg/mL), FUS-RGG (1.9 mg/mL), KHDRBS1-RG
(1 mg/mL), hnRNPA1-RGG (0.6 mg/mL), and their mutants were prepared in
the buffer containing 50 mM Tris-HCl (pH 7.5), 1 mM DTT, and 100 mM
NaCl in the water solution containing 10% (wt/vol) polyethylene glycol
3,350. In vitro LLPS experiments were performed at RT.
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To determine the influence of arginine methylation on protein LLPS, unme-
thylated or methylated proteins, including G3BP1-RG (0.6 mg/mL), FUS-RGG
(0.5 mg/mL), and hnRNPAT-RGG (0.6 mg/mL), were prepared with the tyrosine-
rich region of FUS (0.9 mg/ml) to trigger phase separation. The unmethylated or
methylated KHDRBS1-RG (0.6 mg/mL) was prepared with the tyrosine-rich
region of KHDRBS1 (0.6 mg/mL). These samples were prepared in the buffer con-
taining 20 mM Tris-HCl (pH 8.0), 200 mM NaCl, 5% (vol/vol) glycerol, 1 mM
EDTA, and 1 mM DTI. Of note, addition of the tyrosine-rich region of FUS or
KHDRBS1 into the protein phase-separation assays of the protein samples from
in vitro arginine methylation assays is to enhance LLPS of the four RG/RGG
regions, since we found the procedure for sample preparation of in vitro arginine
methylation (e.g., methylation, heating, centrifugation) generally decreases LLPS
capability of the four RG/RGG regions. In vitro LLPS experiments were all per-
formed at RT.

All images were captured within 5 min after LLPS induction. Differential inter-
ference contrast images of droplets were acquired on a Leica TCS SP8 microscope
with a x100 objective (oil immersion) at a resolution of 2,048 x 2,048 pixels
after 3 pL of sample was pipetted onto a glass slide and coverslip sealed. The
optical density at 600 nm of samples was measured by a Varioskan Flash spec-
tral scanning multimode reader (Thermo Fisher). Droplet areas were measured
by Image J software.

Data, Materials, and Software Availability. Mass spectrometry data are
available via ProteomeXchange with the identifier PXD033048 (53) and
PXD035137 (54). All other data are included in the article and/or SI Appendix.
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