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Abstract

Arginine methylation is a novel post-translational modification within the voltage-gated ion
channel superfamily, including the cardiac sodium channel, Nayv1.5. We show that Nay1.5 R513
methylation decreases S516 phosphorylation rate by 4 orders of magnitude, the first evidence of
PKA inhibition by arginine methylation. Reciprocally, S516 phosphorylation blocks R513
methylation. Nav1.5 p.G514C, associated to cardiac conduction disease, abrogates R513
methylation, while leaving S516 phosphorylation rate unchanged. This is the first report of

methylation - phosphorylation cross-talk of a cardiac ion channel.
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Introduction

Arginine methylation is emerging as a common post-translational modification of voltage-gated
ion channels (Beltran-Alvarez et al. 2014, Guo et al. 2014). Arginine methylation is catalyzed
by protein arginine methyltransferases (PRMT)S, which transfer methyl groups from S-
adenosyl- L-methionine (SAM) to produce mono- or dimethylated arginines (Pang et al. 2010).
We have recently described that the o subunit of the cardiac voltage-gated sodium channel,
Nav1.5, is methylated by PRMT3 (Beltran-Alvarez et al. 2013).

Nav1.5 is responsible for the fast sodium current that initiates cardiomyocyte action
potentials. It is a large protein (ca. 2,000 residues) containing 24 transmembrane segments
allocated in four homologous domains, DI to DIV, which are joined by cytosolic, interdomain
linkers. The linker between domains DI and DIl has been identified as a hot-spot of post-
translational modifications that modulate Nay1.5 function, including arginine methylation, and
phosphorylation. Nay1.5 residues R513 and R526 are mono- or dimethylated (Beltran-Alvarez
et al. 2011). Additionally, there are 11 phosphorylated serines, including S516, S524 and S525,
which are targets for kinases such as cAMP-dependent protein kinase (PKA), (Marionneau et al.
2012, Herren et al. 2013). The fine-tuned regulation of Nay1.5 current is vital for proper cardiac
function, which is exemplified by the fact that single mutations in Nay1.5 can lead to serious
cardiac disorders, including cardiac conduction disease (Tan et al. 2001).

In our original report of Nayl.5 methylation, we had speculated that arginine
methylation could regulate phosphorylation of adjacent phosphosites (Beltran-Alvarez et al.
2011). Here, we describe the interplay between Nayl.5 R513 methylation and S516
phosphorylation.

Materials and Methods

The manuscript does not contain clinical studies or patient data.

In vitro methylation and phosphorylation assays

Peptides were synthesized by the Laboratory of Proteomics and Protein Chemistry, University
Pompeu Fabra, and isolated to 98 % purity. We used 15,000 recombinant murine PKA a
isoform (EC 2.7.11.11) units, and 500 puM ATP (both from New England Biolabs, Ipswich,
MA, product numbers P6000L and PO756L) in 20 pL phosphorylation reactions. PKA reaction
buffer (pH 7.5) was provided by the manufacturer. Human PRMT3 (EC 2.1.1.125) was

expressed in E. coli as GST fusion and purified following published protocols (Zurita-Lopez et




al. 2012). PRMT3 preparations contained (mM): 50 Tris, 150 NaCl, 10 reduced glutathione, pH
=7.4. SAM (Sigma) concentration was 200 pM.
All phosphorylation and methylation reactions were started by addition of the peptide,

and then incubated at 30 °C with shaking (400 rpm). At desired time points, aliquots were taken

and reactions stopped by addition of 1 % formic acid. Samples were kept at -20 °C until

analysis. All reactions were done in triplicate.
To identify methylation sites, RS _long methylated by PRMT3 as above was incubated

with trypsin (Promega) for 2 hours at 37 °C, and we analyzed the resulting peptide fragments by

matrix-assisted laser desorption ionization - time of flight (MALDI-TOF) as described below.

MALDI-TOF analysis of methylation and phosphorylation

Peptides were directly spotted onto a Bruker Anchor Chip 384-spot MALDI target plate (Bruker

Daltonics) using a-cyano-4-hydroxy-cinnamic acid as matrix. Mass spectra (m/z 900 - 4000)

were acquired using an Ultraflex MALDI-TOF mass spectrometer (Bruker Daltonics) in the
positive ion mode. Between 500 and 1,000 shots / sample were performed. Spectra were
analyzed using FlexAnalysis v.2.0. The extent of reaction was calculated as the ratio (area
phosphorylated peptide) / (area unmodified peptide), and it was less than 15 % in all cases. For
every substrate concentration, 5 - 7 time points were used to calculate initial rates. We used the

Michaelis-Menten formalism to fit reaction rate data (shown as mean + SD).

LC-MS/MS analysis of methylation and phosphorylation

Tandem mass spectrometry was done in the Proteomics Platform, University of Barcelona.
RS_short phosphorylated by PKA (see above) was analyzed in a nanoAcquity liquid
chromatographer (Waters) — LTQ Orbitrap Velos Pro (Thermo) mass spectrometer. Peptides
(m/z 350-1700) were analyzed in data dependent mode in the Orbitrap with a resolution of
60,000 FWHM at 400 m/z. The 10 most abundant peptides were fragmented using collision
induced dissociation (CID) in a linear ion trap. Data were collected with Thermo Xcalibur
(v.2.1.0.1140). Searches were performed using the Sequest search engine (Proteome Discoverer
v.1.3.0.339) against a database containing common laboratory contaminants and the sequence of
RS_short. The PhosphoRS node was used to provide a confidence measurement of the
phosphorylation site.

To search for mutual exclusivity of Nay1.5 arginine methylation and phosphorylation in
a cellular model, we used our previously obtained LC-MS/MS characterization of Nayl.5

overexpressed in HEK293 cells (Beltran-Alvarez et al. 2011). Searches were done using



Sequest, as before, against a database containing common laboratory contaminants and Nayl1.5

sequence.

Molecular dynamics

Molecular dynamics simulations of RS _short and RmeS_short assessed the different
conformational states explored by peptides in solution. See Supplemental Methods for details.

Results and Discussion

First, we used the synthetic peptide RS_short (Table 1) as a substrate for PKA in vitro. PKA
readily monophosphorylated RS _short (Figure 1, Panel a, and Online Resources S1 and S2).
The main phosphorylation site was S516 (pRS node site probability: 99.7 %, Online Resource

S3) although, due to the resolution of our mass spectrometric analyses, we cannot rule out the

possibility of a very small population of RS short having an unexpected modification site.

Introduction of a methyl group at position R513 decreased RmeS_short phosphorylation rate
(Figure 1, Panel a, and Online Resource S2), and the specificity constant (Vmax / Km) was
reduced by ca. 26-fold (Figure 1, Panel b). We propose that this effect was due to arginine

methylation within the PKA consensus motif (RRxS/T), which may impose additional

hydrophobic / steric constraints and jeopardize PKA binding. An alternative would be that

arginine_methylation alters peptide folding, but molecular dynamics simulations of RS_short

and RmeS_short predicted superimposable secondary structures (Online Resource S4).

PRMT3 asymmetrically dimethylates its substrates (Tang et al. 1998). R513 asymmetric
dimethylation in the peptide Rme2S_short reduced Vimax / Km by ca. 10,000-fold compared to
RS_short (Figure 1, Panels a, and b). Given our evidence, it appears that S516 phosphorylation

rate may be determined by R513 methylation state, although there could be other mechanisms

occurring in vivo that cannot be explored with our current approach.

Our mass spectrometric analyses assumed that MALDI-TOF performance of RS_short,
RmeS_short, and Rme2S short was similar. This was supported by the observation that
MALDI-TOF analysis of a mixture containing 0.1 pug / uL each peptide rendered peaks of
comparable intensities (Online Resource S5). Although RS short, RmeS_short, and
Rme2S_short phosphorylation was not expected to affect mass spectrometric properties (Steen
et al. 2006), kinetic parameters in this work should be regarded as apparent constants. In any
event, our approach was suitable for comparing different substrates (Pahlich et al. 2005, Kang et
al. 2008, Kdbel et al. 2009).

Having described how R513 methylation defines S516 phosphorylation rate, we asked
whether S516 phosphorylation could, in turn, modulate R513 methylation. We initially
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performed methylation experiments using RS long, which included 12 residues at the C
terminus of RS_short, and which was a better substrate for PRMT3 (Online Resource S6).
Methylation assays using RS_long indicated that R513 was the preferential methylation site
(Online Resource S7). To eliminate any residual activity of PRMT3 towards non-R513 arginine

residues, we synthesized the peptide RS_long_K, where R517, R523 and R526 were substituted
for lysines. RS_long_K was efficiently mono- and dimethylated by PRMT3 (Figure 1, Panel c).

To test the effect of S516 phosphorylation on R513 methylation, we performed
experiments using the peptide RpS_long_K. We could not detect methylation of RpS_long_K (1
pg / pL) after 8 h reactions (Figure 1, Panel d). This indicated that S516 phosphorylation
abrogated R513 methylation.

To validate our results in a cellular system, and to assess whether the antagonistic
relation of arginine methylation and phosphorylation could be generalized to other Nay1.5 Arg-
Ser pairs, we re-analyzed our original mass spectrometry data of Nay1.5 overexpressed in
HEK293 cells (Beltran-Alvarez et al. 2011). We set both arginine methylation, and serine
phosphorylation, as dynamic post-translational modifications. We found methylated R526 only
in peptides where S524 and S525 were not phosphorylated, and S524 and S525 phosphorylation

only in peptides where R526 was not modified (Online Resource S8). These observations

suggest that S524 / S525 phosphorylation, and R526 methylation, are mutually exclusive (Baek
et al. 2014). Overall, our results suggest a model where arginine methylation may regulate
Nav1.5 phosphorylation, and viceversa.

Cross-talk between arginine methylation and phosphorylation has previously been
described. For instance, methylation of arginines within the Akt kinase consensus motif
(RXRxxS/T) blocks phosphorylation of BAD proteins (Sakamaki et al. 2011). Conversely,
phosphorylation of RNA polymerase Il inhibits arginine methylation in vitro (Sims et al. 2011).
In one of the few examples of arginine methylation — phosphorylation interplay in membrane
proteins, methylation of R1175 of the epidermal growth factor receptor enhanced auto-
phosphorylation of Y1173 (Hsu et al. 2011).

Our results raise the possibility that pathogenic Nayl.5 mutations alter Nayl.5
methylation-phosphorylation equilibria. To test for this hypothesis, we evaluated the effect of
Nayl.5 p.G514C, associated to cardiac conduction disease (Tan et al. 2001), on R513
methylation and S516 phosphorylation rates. We could not observe methylation of
RS_long_K_G514C (1 pg / pL) after 8 h reactions (Figure 1, Panel e). This was not entirely
unexpected, because G514C disrupts the RG consensus methylation motif, thereby introducing
a non-favored Cys at the +1 position (Guo et al. 2014). In contrast, PKA phosphorylated
RS_short_G514C with the same efficiency as RS_short (Online Resources S2 and S9). We
speculate that one of the mechanisms by which Nay1.5 p.G514C leads to cardiac conduction

disease could be S516 hyperphosphorylation due to R513 methylation blockade. Nevertheless
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the translation of our current results to an in vivo context must be done with care. Future studies,

including mutagenesis of R513 and S516 in the full-length protein, should shed light on how

post-translational modification of these residues affect e.qg. the structure and protein-protein

interactions of this Nay1.5 region.

As this manuscript was in preparation, proteomic studies by the group of Trimmer
identified reciprocal changes in phosphorylation and arginine methylation of the rat brain
sodium channel (Nav1.2) after seizure (Baek et al. 2014). One of the three methylated arginines
identified in Nav1.2 was R563, equivalent to R513 in Nav1.5 (Online Resource S10). The
authors speculate that Nay1.2 R563 methylation regulates phosphorylation of Nayl1.2 S568,

equivalent to S516 or S519 in Nay1.5. Using a completely different approach, we have herein
characterized the interplay R513 methylation — S516 phosphorylation in Nay1.5 as a model to
understand how arginine methylation may regulate phosphorylation of voltage-gated sodium
channels, and viceversa. At a broader level, our results open the door to pharmaceutical
intervention to balance Nayv1.5 methylation - phosphorylation equilibria in cardiopathological
states, and provide the first evidence that arginine methylation inhibits PKA-catalyzed
phosphorylation reactions. In this sense, we are currently assessing the hypothesis that arginine
methylation imposes steric constraints on peptide : PKA catalytic complexes, and our results

will be published in due time.
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8 Abbreviations. MALDI-TOF: matrix-assisted laser desorption ionization - time of flight;
Nav1.5: voltage-gated sodium channel, cardiac isoform, o subunit; PKA: cAMP-dependent
protein kinase; PRMT: protein arginine methyltransferase; SAM: S-adenosyl-L-methionine

References

Baek JH, Rubinstein M, Scheuer T, Trimmer JS. Reciprocal changes in phosphorylation
and methylation of mammalian brain sodium channels in response to seizures. J Biol Chem.
2014 May 30;289(22):15363-73.

Beltran-Alvarez P, Pagans S, Brugada R. (2011) The cardiac sodium channel is post-

translationally modified by arginine methylation. J Proteome Res 10: 3712-9.

Beltran-Alvarez P, Espejo A, Schmauder R, Beltran C, Mrowka R, Linke T, Batlle M,
Pérez-Villa F, Pérez GJ, Scornik FS, Benndorf K, Pagans S, Zimmer T, Brugada R. (2013)
Protein arginine methyl transferases-3 and -5 increase cell surface expression of cardiac
sodium channel. FEBS Lett. 587:3159-65.

Beltran-Alvarez P, Tarradas A, Chiva C, Pérez-Serra A, Batlle M, Pérez-Villa F, Schulte
U, Sabidé E, Brugada R, Pagans S. (2014) Identification of N-terminal protein acetylation
and arginine methylation of the voltage-gated sodium channel in end-stage heart failure
human heart. J Mol Cell Cardiol. Aug 27;76C:126-129.

Guo A, Gu H, Zhou J, Mulhern D, Wang Y, Lee KA, Yang V, Aguiar M, Kornhauser J, Jia
X, Ren J, Beausoleil SA, Silva JC, Vemulapalli V, Bedford MT, Comb MJ (2014)
Immunoaffinity enrichment and mass spectrometry analysis of protein methylation. Mol
Cell Proteomics. 13:372-87.

Herren AW, Bers DM, Grandi E (2013) Post-translational modifications of the cardiac Na
channel: contribution of CaMKII-dependent phosphorylation to acquired arrhythmias. Am J
Physiol Heart Circ Physiol. 305:H431-45.

Hsu JM, Chen CT, Chou CK, Kuo HP, Li LY, Lin CY, Lee HJ, Wang YN, Liu M, Liao
HW, Shi B, Lai CC, Bedford MT, Tsai CH, Hung MC (2011) Crosstalk between Arg 1175
methylation and Tyr 1173 phosphorylation negatively modulates EGFR-mediated ERK
activation. Nat Cell Biol. 13:174-81.



Kang JH, Kuramoto M, Tsuchiya A, Toita R, Asai D, Sato YT, Mori T, Niidome T,
Katayama Y (2008) Letter: correlation between phosphorylation ratios by matrix-assisted
laser desorption/ionization time-of-flight mass spectrometric analysis and enzyme kinetics.
Eur J Mass Spectrom (Chichester, Eng). 14:261-5.

Kolbel K, Ihling C, Bellmann-Sickert K, Neundorf I, Beck-Sickinger AG, Sinz A, Kiihn U,
Wahle E (2009) Type | Arginine Methyltransferases PRMT1 and PRMT-3 Act
Distributively. J Biol Chem. 284:8274-82.

Marionneau C, Lichti CF, Lindenbaum P, Charpentier F, Nerbonne JM, Townsend RR,
Meérot J (2012) Mass spectrometry-based identification of native cardiac Navl.5 channel a

subunit phosphorylation sites. J Proteome Res. 11:5994-6007.

Pahlich S, Bschir K, Chiavi C, Belyanskaya L, Gehring H (2005) Different methylation
characteristics of protein arginine methyltransferase 1 and 3 toward the Ewing Sarcoma

protein and a peptide. Proteins. 61:164-75.

Pang CN, Gasteiger E, Wilkins MR (2010) Identification of arginine and lysine-
methylation in the proteome of Saccharomyces cerevisiae and its functional implications.
BMC Genomics. 11:92.

Sakamaki J, Daitoku H, Ueno K, Hagiwara A, Yamagata K, Fukamizu A (2011) Arginine
methylation of BCL-2 antagonist of cell death (BAD) counteracts its phosphorylation and
inactivation by Akt. Proc Natl Acad Sci USA. 108:6085-90.

Sims RJ 3rd, Rojas LA, Beck D, Bonasio R, Schiiller R, Drury WJ 3rd, Eick D, Reinberg D
(2011) The C-terminal domain of RNA polymerase Il is modified by site-specific
methylation. Science. 332:99-103.

Steen H, Jebanathirajah JA, Rush J, Morrice N, Kirschner MW (2006) Phosphorylation
analysis by mass spectrometry: myths, facts, and the consequences for qualitative and

guantitative measurements. Mol Cell Proteomics. 5:172-81.

Tan HL, Bink-Boelkens MT, Bezzina CR, Viswanathan PC, Beaufort-Krol GC, van
Tintelen PJ, van den Berg MP, Wilde AA, Balser JR (2001) A sodium-channel mutation

causes isolated cardiac conduction disease. Nature. 409:1043-7.



Tang J, Gary JD, Clarke S, Herschman HR (1998) PRMT 3, a type | protein arginine N-
methyltransferase that differs from PRMTL1 in its oligomerization, subcellular localization,
substrate specificity, and regulation. J Biol Chem. 273:16935-45.

Zurita-Lopez CI, Sandberg T, Kelly R, Clarke SG (2012) Human protein arginine
methyltransferase 7 (PRMT?7) is a type III enzyme forming o-NG-monomethylated arginine
residues. J Biol Chem. 287:7859-70.



Table 1 Synthetic peptides used in this work. The RS short peptide series was used in PKA

reactions, but could not be used in methylation assays due to lack of activity of PRMT3 towards

RS short. The RS long peptide series was used in PRMT3 reactions, but could not be used in

phosphorylation assays because the introduction of four extra Ser residues in RS long led to a

complex mixture of di-, tri- and quatri-phosphorylated peptides upon incubation with PKA.

R513 and S516 are bold throughout. Rme: methylated arginine. Rme2: asymmetrically
dimethylated arginine. pS: phosphorylated serine

Fig. 1 a. Michaelis-Menten plots of RS_short (squares), RmeS_short (circles), and Rme2_short
(inset, diamonds) phosphorylation by PKA. Note the scale change in the inset. b. Apparent
Kinetic parameters of RS_short, RmeS_short, and Rme2_short phosphorylation by PKA. c.
Methylation of RS_long_K by PRMT3. Incubation of RS _long_K (expected mass: 2603.420 Da)
with PRMT3 led to mono- and dimethylated RS _long_K (expected masses: 2617.447 Da and
2631.474 Da, respectively). The species at 2625 Da is most likely sodium adduct to RS _long_K.
d. S516 phosphorylation blocks R513 methylation. MALDI-TOF spectrum of RpS_long K
(expected mass: 2683.750 Da) incubated with PRMT3. Methylated species were expected, but
not observed, at 2697.8 Da (mono-) and 2711.8 Da (dimethylation). The species at 2705.924
and 2727.930 Da are most likely mono- and disodium adducts to RpS_long_K. e. G514C blocks
R513 methylation. MALDI-TOF spectrum of RS_long_K_G514C (expected mass: 2649.410
Da) incubated with PRMT3. Methylated species were expected, but not observed, at 2663.4 Da
(mono-) and 2677.4 Da (dimethylation). The species at 2671.930 Da is most likely sodium
adduct to RS_long_K_G514C
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Table 1

Peptide Name

Peptide Sequence

RS_short
RmeS_short
Rme2S_short
RS_short_G514C
RS_long
RS_long_K
RpS_long_K

RS _long_K_G514C

NHLSLTR

NHLSLTR__
NHLSLTR__

NHLSLTR
NHLSLTR
NHLSLTR
NHLSLTR
NHLSLTR

GL SRT
GL SRT

,GL SRT

CL SRT

GL SRTSMKPRSSRGSIFE
GL SKTSMKPKSSKGSIE
GLPSKTSMKPKSSKGSIF
CL SKTSMKPKSSKGSIFE
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Fig. 1

a 250+
L
=] i
*x
= 200
E min?' |
e ] (x 10E-3) <
E ] »
= 150 - 9
=] ]
B i 1
100 ] +}
| 3
200 600 1000 pM
50
:P/.‘A/,—*i *
T rrrr1rr1rr1rrr1rr1rr1rrr1rr1rrrr1rrr1rr1rrv1r+1r1
10 20 30 40 50 60 70
c Peptide concentration (uM)
RS_long_K
2603.922
RS _long K V. IK,
Peptide K, (uM) (UM min™")
L] RS_short 19103 134+ 20
® RmeS_short 53+0.2 5+0.2
* Rme2S_short 99 +18 1.3E-2t 4E-4
\ 2625.913
|
el d e
RS_long_K_
RS_long_K RpS_long_K G514C
2603.833 2683.944 2649.966
\|| RS_long_K g RpS_long_K g.gFLogg_K_
+ PRMT3 + PRMT3
+ PRMT3
\
+methyl 2705.924
2517.\553 | ~ ‘
2625.824 ~ !
“ "J +dimethy! ‘ |J f‘ h [ ‘ \\ 2671.930
H' ‘“N \,‘ ,2631.898 “’ -‘|\ .ik\l \H
el ‘VI‘JI"’L"vj ,,<,JII»”‘J‘J"JL",AH}.UL‘-‘.‘\.,Lul‘!v‘td‘l‘u‘u:m‘J\,’-ﬁ. I‘«""‘*“’“‘M L\ﬂ"ﬂ“w_..mum ‘ \‘"’A"“»'\«\M.__.- JJ‘\‘(“‘\-‘\,.U_._..\,N IJI‘J"'-\,,.V,_NWJV,_ _J’UUL’L’\&,WM
2600 2620 m/z 2680 2700 m/z 2640 2660 m/z

12



