Supplemental Text and Figures

Saha et al. “Arginylation meets methylation: posttranslational modifications double
up to regulate nuclear proteins and nuclear architecture in vivo”

Dataset S2

Mass spectra of arginylated peptides with detailed description of
b andy ions

The following dataset contains the mass spectra of identified arginylated peptides.
Each spectrum is followed by a table containing the expected and identified ions for the
spectrum. The identified ions are highlighted in bold font in the tables. In the mass
spectra b and y ions are marked in red and blue respectively. The complete sequence of
the modified peptide is represented on top of each spectrum.
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Figure S1to S5

Saha et al Figure S1
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Saha et al Figure S3
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Supplemental Text and Figures

Saha et al. “Arginylation meets methylation: posttranslational modifications double
up to regulate nuclear proteins and nuclear architecture in vivo”

Dataset S1

Mass spectra of arginylated/methylated peptides with detailed description of
b and y ions

The following dataset contains the mass spectra of identified
arginylated/methylated peptides. Each spectrum is followed by a table containing the
expected and identified ions for the spectrum. The identified ions are highlighted in bold
font in the tables. In the mass spectra b and y ions are marked in red and blue

respectively. The complete sequence of the modified peptide is represented on top of
each spectrum.
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Supplemental Text

Saha et al. “Arginylation and methylation double up to regulate nuclear proteins and

nuclear architecture in vivo”: Supplemental Information.

Inventory of Supplemental Information

Supplemental Table S1: Related to Figures 1 and S1 and Table 1
Supplemental Table S2: Related to Figures 4 and S5, Tables 1 and 2 and Datasets 1 and 2
Supplemental Table S3: Related to Tables 1 and 2 and Datasets 1 and 2
Supplemental Table S4: Related to Tables 1 and 2 and Datasets 1 and 2
Figure S1: Related to Figure 1 and Table 1.

Figure S2: Related to Figure 2.

Figure S3: Related to Figure 2.

Figure S4: Related to Figure 3.

Figure S5: Related to Figure 4 and Tables 1 and 2.

Dataset S1: Related to Figure 4 and Table 1.

Dataset S2: Related to Figure 4 and Table 2.

Supplemental Figure and Table Legends and Experimental Procedures.



Supplemental Table Legends:

Supplemental Table S1. Accession numbers, peptide sequences, and database search
parameters used for the identification of the arginylated/methylated peptides in the cytosolic
samples from heart and fibroblasts and the analysis of the peptide standards shown in Fig. 1 and

S1. See Experimental Procedures for method description.

Supplemental Table S2. Accession numbers, peptide sequences, and database search
parameters used for the identification of the arginylated and arginylated/methylated peptides in
nuclear subfractions shown in Tables 1 and 2 and Supplemental Datasets S1 and S2. See

Experimental Procedures for method description.

Supplemental Table S3. Mass ambiguities considered during the validation of monomethyl-
arginylated peptides, listing the identity of residues in the positions preceding the arginylation
site (denoted as -1 and -2 for the two residues found N-terminally of the arginylation site in the

protein sequence).

Supplemental Table S4. Mass ambiguities considered during the validation of dimethyl-
arginylated peptides, listing the identity of residues in the positions preceding the arginylation
site (denoted as -1 and -2 for the two residues found N-terminally of the arginylation site in the

protein sequence).



Supplemental Figure Legends:

Figure S1. MS/MS spectra of the experimentally identified dimethyl-arginylated
HSP90/HSP84b peptide (AAA37866) (left, natural peptide) and synthetic standard peptide
containing N-terminal dimethylated Arg (right, dimethyl groups in both are denoted with
double stars). Peptide sequences and b and y ion masses are shown on the top right for each

spectrum and in the tables underneath. See Supplemental Table S1 for the search parameters.

Figure S2. Estimation of intracellular methylated Arg derivatives. A. In vivo total methyl
group incorporation in the presence of translation inhibitors, using *H-Met as methyl donor
(derived by dividing the total cpm of *H-Met incorporation by the total protein amount in the
cytosolic and nuclear fractions, from the same data as that shown in Fig 2B of the main text)
presented as cpm. per ug of protein. Atel KO cells have overall higher methylation. B.
Estimation of methylated Arg concentration in TCA-precipitated total intracellular protein by
amino acid hydrolysis followed by HPLC. Out of the three types of methyl-Arg derivatives
analysed, only asymmetric dimethyl Arg (ADMA) was detected during the analysis. Error bars
+/- SEM, n = 3, p value is 0.06. Overall, levels of protein-incorporated methylated Arg are
higher in Ate KO cells. C. Estimation of free intracellular methylated Arg derivatives
monomethyl-Arg (MMA), symmetric dimethyl-Arg (SDMA), and asymmetric dimethyl-Arg
(ADMA) in WT and Atel KO cell cytosol (100,000 x g supernatant) shown as a total (left) and
by individual derivatives (right). The free amino acid concentrations were normalized per pg of
cytosolic protein present in the two cell types. Error bars +/- SEM, n = 6. Left panel, p values
are 0.04. Right panel, p values are MMA: 0.09; SDMA: 0.2; ADMA: 0.003. Consistent with the

results shown in A and B, methyl-Arg levels are higher in Atel knockout cells.



Figure S3. Control experiments for in vivo incorporation of arginine and methyl groups. A.
In vivo incorporation of *H-Arg into different subcellular fractions of wild type (WT) and Atel
knockout (KO) cells in the absence of protein synthesis inhibitors, presented as cpm per ug of
protein. B. In vivo incorporation of ®H-Met into different subcellular fractions of
cycloheximide/chloramphenicol-treated wild type (WT) and Atel knockout (KO) cells in the
presence and absence of protein arginine methyl transferase inhibitor AMI-1, presented as cpm

per ug of protein.

Figure S4. In vitro Arg incorporation by endogenous ATE1 is Arg-tRNA dependent. *H-Arg
incorporation by endogenous ATEL into cellular proteins in the cytosolic and nuclear extract at
the 30 min time point (similarly to that shown in Fig. 3A of the main text) in the presence and
absence of RNase A. RNase A abolishes the majority of arginine incorporation activity in both

cytosol and nuclear extracts.

Figure S5. Location of modified residues in tertiary structures of identified proteins. A.
Structures of some of the arginylated/methylated proteins identified in this study. Modified
residues are marked with yellow highlight and arrowheads (arginylated) or arrows
(methylated/arginylated). PDB identifiers for the shown structures: actin, 1J6Z (modified sites
are located on the actin subunit interface (top) and outer surface (left); neighboring residues are
highlighted for visibility of the arginylation/methylation sites); fibrillarin, 1G8A (modified site
is located on the molecule surface); filamin fragment: 2K7Q; spectrin fragment: 1CUN
(modified sites are located on the surfaces exposed to the molecular interactions in a folded

protein). B. Structures of some of the arginylated proteins identified in this study. The



arginylated residues are marked in yellow. Macrophage migration inhibitory factor; PDB
identifier: 1MFI; the image shows a trimer of the protein. GAPDH; PDB identifier: 1U8F; the
image shows a tetramer of the protein. Rab 34; PDB identifier: 2FOL; the arginylation site is in
the GTP and Mg binding site. FUSE binding protein 3; PDB identifier: 1X4N; the blue molecule
represents an RNA molecule bound to the protein and the arginylated residue is one of the
nucleotide binding residue. elF-4B; PDB identifier: 2J76; the arginylation site is on the RNA
recognition motif and RNA-binding site. Nuclear VCP-like protein; PDB identifier: 2X8A; the
arginylation site is in the ATP binding pocket/ Walker A motif. The blue molecule represents a

phosphate ion.

Supplemental Dataset Legends:

Dataset S1. Related to Table 1. Mass spectra and ion mass tables of arginylated/methylated

peptides. Each spectrum is followed by the corresponding ion mass table.

Dataset S2. Related to Table 2. Mass spectra and ion mass tables of arginylated peptides. Each

spectrum is followed by the corresponding ion mass table.



Supplemental Experimental Procedures:

Nuclear fractionation and nuclear protein isolation for mass spectrometry. Cells were lysed
in the lysis buffer (0.3 M sucrose, 4 mM Mg acetate, 12.5 mM KCI, 50 mM Tris pH: 8.0, 0.5
mM arginine, 1 mM DTT, 0.2 mM PMSF, protease inhibitor cocktail). Nucleus and cytosol were
separated by spinning for 5 min at 2000 x g, 4°C. The nuclei-containing pellet was resuspended
in buffer B (50 mM Tris pH:7.5, 25 mM KCI, 5 mM MgCl, 0.5% NP 40, 1 mM DTT, 0.2 mM
PMSF, protease inhibitor cocktail) and further purified by two extractions with buffer B followed
by spinning for 5 min at 2000 x g, 4°C through 0.88 M sucrose in buffer B. Pure nuclei were
lysed by resuspending in the hypertonic nuclear lysis buffer (50 mM Tris pH: 8.0, 100 mM KCl,
400 mM NacCl, 0.5 mM arginine, 4% Triton X 100, 1 mM DTT, 0.2 mM PMSF, protease
inhibitor cocktail) and incubating on ice for 30 min with occasional mixing. The lysate was
fractionated by spinning for 10 min at 16,000 x g at 4°C. The supernatant was collected as
‘nucleosol’ and the chromatin pellet was further extracted with histone extraction buffer (same as
nuclear lysis buffer except NaCl concentration was 2 M and the buffer had no Triton X 100). The
pellet was resuspended by pipetting and incubated on ice for 30 min. The suspension was
centrifuged at 100,000 x g for 30 min at 4°C and the supernatant was collected as ‘chromatin
associated proteins’. The pellet was further extracted by re-suspending in buffer C (10 mM Tris
pH: 7.5, 2.5 mM MgCl2, 0.5 mM CaCl2) and DNase | treatment at 25°C for 20 min. The mix
was centrifuged at 100,000 x g for 30 min at 4°C and the supernatant was collected as ‘chromatin
integrated proteins’. Proteins from each fraction were precipitated by 20% TCA and the pellets

were analyzed by mass spectrometry.



Estimation of intracellular methyl-Arg concentrations in the protein and free metabolite
pools. For estimation of protein-integrated methyl arginine concentrations cell pellet was re-
suspended in buffer D (10 mM Tris pH: 7.5, 25 mM KCI, 1 mM DTT, 0.2 mM PMSF, protease
inhibitor cocktail) and lysed by sonication. The whole cell lysate was precipitated by 10% TCA
and the TCA pellet was analyzed by dissolving in 70% formic acid for hydrolysis and
subsequent HPLC analysis. For estimation of free methyl arginine concentrations cells were
lysed in buffer E (10 mM Tris pH: 7.5 and 25mM KCI) in the same way as mentioned above and
the whole cell lysate was spun at 100,000 x g for 45 min at 4°C and the supernatant was
collected as cytosol. The proteins present in cytosol are precipitated by 10% TCA and the
supernatant was analyzed by HPLC without acid hydrolysis. The pure methyl arginines (MMA,
SDMA, and ADMA) were used as the standards in HPLC analysis. The amounts of methy
arginines injected as standrads were: MMA: 1.05 nMole; ADMA: 0.91 nMole; SDMA: 0.91
nMole. HPLC, amino acid hydrolysis, and Arg determination was performed by the W.M. Keck

Foundation Biotechnology Resource Laboratory at Yale University.

In vitro arginylation assay to estimate endogenous ATEL1 activity in cellular fractions. Prior
to the assay, L-[°H] Arginine (Perkin Elmer) was charged to the tRNA*" using arginyl-tRNA
synthetase (RRS) in a reaction mix containing 50 mM Hepes, pH 7.5, 25 mM KCI, 15 mM
MgCl;, 0.1 mM DTT, 2.5 mM ATP, 12.5 uM L-[*H]-Arginine, 40 uM tRNA*?, 0.6 uM RRS, at
37°C for 1 hr. The charged tRNA was purified by chloroform extraction, 80% ethanol wash, and
re-suspension in water. This purified charged tRNA was used for the final arginylation assay. For
the in vitro arginylation assay cells were lysed using buffer A (50 mM Tris pH: 8, 0.3 M

Sucrose, 4 mM Mg-acetate, 12.5 mM KCIl, 10 mM B-ME, 0.5% NP 40, 1 mM DTT, 0.2 mM



PMSF, protease inhibitor cocktail). Nucleus and cytosol were separated by spinning at 4°C for 5
min at 2000 x g. The supernatant was collected as cytosol and the nuclear pellet was re-
suspended in buffer B (50 mM Tris pH: 7.5, 25 mM KCI, 5 mM MgCl; 0.5% NP 40, 1 mM
DTT, 0.2 mM PMSF, protease inhibitor cocktail) and layered on equal volume of 0.88 M sucrose
in buffer B and spun at 4°C for 5 min at 2000 x g. The pellet was collected as pure nuclei and
lysed in nuclear lysis buffer C (50 mM Tris pH:8.0, 25 mM KCI, 1 mM DTT, 0.2 mM PMSF,
protease inhibitor cocktail) by sonication, followed by centrifugation at 4°C for 10 min at 16000
X g. The supernatant was collected as the soluble nuclear fraction for the assay. Protein
concentration in the cytosolic and nuclear fraction were estimated by the Bradford assay. To
estimate the endogenous ATEL activity in the cytosolic and nuclear fractions, specific amount of
the cytosolic and nuclear proteins were diluted in the ATE1 assay buffer (final concentration, 50
mM Hepes, pH 7.5, 25 mM KCI, 15 mM MgCl,, 0.1 mM DTT, 2.5 mM ATP, 400 pg/ml
cycloheximide) and incubated with 60 uM L-[*H]-Arginine-charged tRNA”" at 37°C for
different time points. For the RNase A control assays, 3pug of RNase A/10ul reaction mix was
added before transferring the reaction mix to 37°C. 10 pl of the reaction at each time point was
immediately quenched into 40 ul of 20% Trichloroacetic acid (TCA) containing 1 mM of
unlabeled Arg, and kept at room temperature for at least 10 min, followed by heating at 95°C for
15 min (to destroy the excess of the labeled Arg-tRNA), cooling down on ice for 20 min, and
spinning at 16,000 x g for 30 min at 4°C to collect the pellets containing precipitated proteins.
Pellets were washed 3x with 10% cold TCA and once with cold acetone, air dried, and counted

in a liquid scintillation counter.



In vitro methyl-Arg incorporation assay. This assay was performed as a single step reaction
(synthesis of methyl arginine charged tRNA coupled to the transfer of methyarginine onto the
substrate) using purified RRS and ATE1-1 enzyme system and using a natural actin N-terminal
peptide (DDIAALVVDNGSGMCK) as a substrate. The reaction mix (50 uM peptide, 50 mM
Hepes pH 7.5, 25 mM KCI, 15 mM MgCl,, 0.1 mM DTT, 2.5 mM ATP, 4 mM methyarginine,
50 uM tRNA™?, 0.6 uM RRS, and 3.4 uM Atel-1) was prepared with either of the three
different methylarginine species MMA, SDMA and ADMA and incubated at 37°C for 1 hr. The

peptides were purified using C18 columns and analyzed by MALDI-TOF mass spectrometry.





