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ABSTRACT

Regulation of translation plays a critical role in deter-
mining mRNA fate. A new role was recently reported
for a subset of RGG-motif proteins in repressing
translation initiation by binding elF4G1. However the
signhaling mechanism(s) that leads to spatial and tem-
poral regulation of repression activity of RGG-motif
proteins remains unknown. Here we report the role
of arginine methylation in regulation of repression
activity of Scd6, a conserved RGG-motif protein. We
demonstrate that Scd6 gets arginine methylated at
its RGG-motif and Hmt1 plays an important role in its
methylation. We identify specific methylated arginine
residues in the Scd6 RGG-motif in vivo. We provide
evidence that methylation augments Scd6 repres-
sion activity. Arginine methylation defective (AMD)
mutant of Scd6 rescues the growth defect caused by
overexpression of Scd6, a feature of translation re-
pressors in general. Live-cell imaging of the AMD mu-
tant revealed that it is defective in inducing formation
of stress granules. Live-cell imaging and pull-down
results indicate that it fails to bind elF4G1 efficiently.
Consistent with these results, a strain lacking Hmt1 is
also defective in Scd6-elF4G1 interaction. Our results
establish that arginine methylation augments Scd6
repression activity by promoting elF4G1-binding. We
propose that arginine methylation of translation re-
pressors with RGG-motif could be a general modula-
tor of their repression activity.

INTRODUCTION

Messenger RNAs in cytoplasm can exist in different func-
tional states. They can get translated, degraded or remain
stored in a translationally repressed state depending on the
physiological state of the cell (1). The storage of mRNAs
in a translationally repressed state can allow them to return

back to translation (2,3). Repression of translation and sub-
sequent storage of mRNAs play an important role in reg-
ulating gene expression to affect various cellular processes
(4). Despite its importance, the molecular basis of move-
ment of mRNASs between a translationally active and a re-
pressed state have been elucidated only for a handful of mR-
NAs (5-7).

Protein factors that aid in the movement of mRNAs out
of translating pool are in general referred to as transla-
tion repressors. Recently, a subset of RGG-motif contain-
ing proteins in yeast was shown to have translation repres-
sion activity (8). These proteins repress translation initia-
tion by binding eIF4G1 through their RGG-motifs. Tempo-
ral and spatial regulation of translation repressors in gen-
eral and specifically of the RGG-motif containing repres-
sors remains poorly explored.

To address the above issue we focused on Scd6, an RGG-
motif containing protein. Scd6 is a conserved translation
repressor that binds elF4G1 through its RGG-motif and
inhibits the formation of 48S complex (8,9). The Scd6 re-
pression mechanism could lead to stabilization of target
mRNAs because it preserves the integrity of cap-binding
complex on repressed mRNAs which would be expected
to result in protection from decapping complex (10). How-
ever, Scd6 can also act as a decapping activator. In Sac-
charomyces cerevisiae, Ascd6 has synthetic decapping defect
with Aedc3 (Edc3 is another related decapping activator)
(11). Consistent with this, Scd6 and its ortholog from Ara-
bidopsis and Schizosaccharomyces pombe physically interact
with Dcp2 (9,12,13). The S. pombe ortholog also directly
stimulates decapping in vitro, albeit weakly (12). Thus Scd6
could be an important mRNA fate determinant that might
act by differentially affecting translation and mRNA stabil-
ity.

The roles of Scd6 ortholog in other model system sup-
ports the Scd6 repression mechanism identified in yeast
(8). The Arabidopsis ortholog, DCPS5, represses translation
of mRNAs encoding seed storage proteins (13). hRAPSS
in humans has been shown to localize to stress granules
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(SGs) and P-bodies (PBs), both of which are markers of
translation repression (14). The Scd6 ortholog in Xenopus
(xRAPSS) represses translation upon tethering to mRNA
(15). Both xRAPS55 and CAR-1 (Caenorhabditis elegans or-
tholog) have been shown to associate with respective Dhhl
(a DEAD-box RNA helicase and translation repressor) or-
thologs (16,17). A conserved role of Scd6 in translation
repression argues that the mechanism of Scd6 repression
identified in yeast might also be conserved. Interestingly
xRAPB, which is a variant of xXRAPS55, has recently been
shown to associate with translating mRNAs upon overex-
pression (18). The mechanism and significance of this ob-
servation remains to be assessed.

RGG-motif proteins are characterized by the presence of
single or multiple RGG- and/or RGX-motifs. Scd6 con-
tains a single RGG- and seven RGX- motifs at its C-
terminus. RGG-/RGX-motifs are sites of arginine methy-
lation in other RGG-motif proteins (19). Hmtl (human
PRMTI1 homolog) is the predominant methyltransferase
in yeast that has been shown to catalyze both mono- and
asymmetric dimethylation reactions (20). RNA metabolism
related functions are anticipated to be strongly affected by
arginine methylation since RNA-binding proteins are the
largest group of arginine-methylated proteins (21). Argi-
nine methylation has been shown to affect protein—protein
and protein—-RNA interactions in both positive and nega-
tive manner suggesting that a diversity of molecular inter-
actions will be affected by arginine modification (22,23).

The role of arginine methylation in modulating the func-
tion of RGG-motif containing translation repressors has
not been addressed. The RGG-motif of Scd6 is impor-
tant for its repression activity (8,9). We hypothesized that
arginine methylation of Scd6 at its C-terminal RGG-motif
could play an important role in modulating this repression
activity. We have tested the above hypothesis and report here
that arginine methylation indeed promotes Scd6 repression
activity by augmenting its interaction with eIF4Gl1.

MATERIALS AND METHODS
Yeast strains and plasmids

All plasmids and strains used in this study are listed
in Supplementary Tables S1 and S2 respectively. Yeast
strains used in this study are BY4741 (wild-type) or its
derivatives. Strains were grown on either standard yeast
extract/peptone medium or synthetic medium supple-
mented with the appropriate amino acids and 2% glucose or
galactose (when required). For galactose induction, strains
were grown in presence of glucose at 30°C until ODgg
reached 0.3-0.4. Cells were then pelleted and washed with
2% galactose containing media followed by induction for 2
h (in case of microscopy experiments) or 12 h (in case of
pull-down experiments from yeast cells).

In vitro methylation assay

His-Scd6-FLAG, His-Scd6ARGG-FLAG, His-Npl3 and
His-Hmt1 were purified in recombinant form by Ni-NTA
chromatography (Thermo Fisher Scientific, catalog no.
88222). Glutathione S-transferase (GST) was purified us-
ing glutathione sepharose (GE Healthcare, catalog no.
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17075605). The methylation buffer (24) contained 100 mM
Tris—Cl pH8, 200 mM NaCl, 2 mM ethylenediaminete-
traacetic acid (EDTA) and 1 mM Dithiothreitol (DTT).
A total of 0.5 uCi of *H S-adenosyl methionine (SAM)
(AdoMet, specific activity 55-85 Ci/mmole; PerkinElmer,
catalog no. NET155HO0IMC) was used in the reaction
along with 20 wM unlabeled SAM ((New England Biolabs)
NEB; catalog no. B9003S). A total of 10 g of purified His-
Scd6-FLAG and His-Npl3 were used in 50 pl reaction along
with 7.5 wg of Hmtl. The reaction mixture was incubated
at 37°C for 1 h following which reaction was stopped by ad-
dition of sodium dodecylsulphate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) buffer. The entire reaction was an-
alyzed by SDS-PAGE followed by staining with Coomassie
Brilliant Blue. The gel was then soaked in En*hance solu-
tion (PerkinElmer, Catalog no. 6NE9701), dried and sub-
jected to fluorography. For detecting arginine methylation
using arginine methylation specific antibodies, recombinant
His-Scd6-FLAG/His-Scd6 ARGG-FLAG (100 pg) was in-
cubated with recombinant His-Hmt1 (100 pg) in the pres-
ence of methylation buffer (100 mM Tris pHS, 200 mM
NaCl,2mM EDTA, 1 mM DTT) in a 250-p.1 reaction, with
or without 1 mM cold SAM at 37°C for 2 h. A total of
15% of reaction was loaded and analyzed by SDS-PAGE
followed by western blotting using mono methyl arginine
(MMA) antibody ((Cell Signaling Technology) CST, cata-
log no. 8711; 1:1000 dilution).

Protein purification, pull-downs and western blotting

Proteins were purified from Escherichia coli according to
standard protocols using glutathione sepharose (GE, cat-
alog no. 17075605) or Ni-NTA agarose (Thermo Fisher
Scientific, catalog no. 88222). To remove RNA that might
provide bridging interactions, extracts were treated for 20
min with RNase A (1 mg/ml) from Qiagen (catalog no.
19101). Purified protein was concentrated and dialyzed into
20 mM Tris—Cl pH7.5, 100 mM NacCl, 10% glycerol and 1
mM DTT. Western analysis was performed using anti-GST
(CST, catalog no. 2624; 1:1000 dilution), anti-His (CST, cat-
alog no. 2366; 1:1000 dilution), Peroxidase anti-peroxidase
(PAP) (Sigma, catalog no. P1291; 1:500 dilution), anti-GFP
(Santa Cruz, catalog no. sc-9996; 1:1000 dilution), anti-
PGKI1 (Abcam, catalog no. ab113687; dilution 1:1000) and
anti-eIF4G1 (Cocalico Biologicals; 1:1000 dilution).

For performing pull-downs from yeast, cells were grown
and induced as indicated above. Cells from a 15 ml galac-
tose induced culture were broken open in 200 wl lysis
buffer containing 50 mM Tris—Cl pH7.5, 50 mM NacCl, 2
mM MgCl2, 0.1% Triton-X100, 1 mM B-Mercaptoethanol,
1x Complete mini-EDTA-free tablet (Roche, catalog no.
04693132001) and lysed by vortexing at 4°C in bead-beater
with glass beads. Unbroken cells and debris were removed
by centrifugation at 5500 rpm for 5 min at 4°C, followed by
a 2 min spin at 14000 rpm to remove any protein aggregates.
A total of 500 g of total protein was used for the pull-down
reactions in 1 ml buffer having 50 mM NaH,PO4 pHS, 300
mM NaCl, 10 mM Imidazole and 50 .l of Ni-NTA beads.
The reaction mix was nutated at 4°C for 2 h. Following this,
beads were washed thrice (10 min each) with buffer having
50 mM NaH,PO, pHS, 300 mM NaCl and 40 mM Imida-
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Figure 1. Scd6 gets arginine methylated invivo. (A) Galactose-inducible
Scd6 and its RGG-deletion variant was pulled down from wild-type yeast
cells. The blots were probed with mono-methyl arginine (MMA) specific
antibody and Peroxidase-anti peroxidase (PAP) antibody, in that order af-
ter stripping the blot. * Represents another arginine-methylated protein.
(B) Quantitation of three independent experiments (n = 3) that were per-
formed as in A. (C) Galactose-inducible His-Scd6 was pulled down from
wild-type and Ahmt] cells followed by probing as explained in A. * Rep-
resents another arginine-methylated protein. (D) Quantitation of three in-
dependent experiments (7 = 3) that were performed as mentioned in C.

zole in all cases except in Figure 1A where 100 mM imida-
zole washes were performed to get rid of the arginine methy-
lated band running at same position as SCA6ARGG. After
washing, 100 pl of SDS-PAGE loading dye was added to
beads. About 5% of input and 30% of pellet was analyzed
by SDS-PAGE followed by western blotting.

For glutathione pull-downs, cells were lysed and spun as
above. After removing the input sample, the supernatant

was nutated for 2 h at 4°C with 30 wl of Glutathione
Sepharose-4B (GE Healthcare) in 1 ml reaction mix with
buffer containing 50 mM Tris—Cl pH 7.4, 150 mM NacCl,
I mM EDTA, 1% Triton X-100 and 0.25 wg RNase A.
Beads were washed three times (10 min each) with wash
buffer containing 50 mM Tris—Cl pH 7.4, 150 mM NacCl,
I mM EDTA, 1% Triton X-100. A total of 40 wl of SDS-
PAGE loading dye was added to beads and analyzed by
SDS-PAGE. About 5% input and 40% pellet was loaded
followed by western blotting. Glutathione pull-downs using
recombinant proteins were set as described earlier (8).

Tandem mass spectrometry coupled to liquid chromatography

Tandem mass spectrometry (MS/MS) coupled to liquid
chromatography analysis of trypsin-digested gel bands as
described (25) was carried out using a LTQ Orbitrap Ve-
los mass spectrometer (Thermo Fisher Scientific, San Jose,
CA, USA) equipped with an Advion nanomate ESI source
(Advion, Ithaca, NY, USA), following ZipTip (Millipore,
Billerica, MA, USA) C18 sample clean-up according to the
manufacturer’s instructions. Peptides were eluted from a
C18 precolumn (100-pm id x 2 cm, Thermo Fisher Scien-
tific) onto an analytical column (75-pm ID x 10 cm, C18,
Thermo Fisher Scientific) using a 5% hold of solvent B (ace-
tonitrile, 0.1% formic acid) for 5 min, followed by a 5-7%
gradient of solvent B over 5 min, 7-15% gradient of solvent
B over 45 min, 15-35% gradient of solvent B over 60 min,
35-40% gradient of solvent B over 28 min, 40-85% gradient
of solvent B over 5 min, 85% hold of solvent B for 10 min
and finally a return to 5% in 1 min and another 10 min hold
of 5% solvent B. All flow rates were at 400 nl/min. Solvent
A consisted of water and 0.1% formic acid. Data depen-
dent scanning was performed by the Xcalibur v 2.1.0 soft-
ware (26) using a survey mass scan at 30 000 resolution in
the Orbitrap analyzer scanning m/z 350-2000, followed by
alternating collision-induced dissociation and higher colli-
sion dissociation MS/MS of the five most intense ions mea-
sured in the Orbitrap at 7500 resolution.

Precursor ions were selected by the monoisotopic precur-
sor selection setting with selection or rejection of ions held
to a +/— 10 ppm window. Dynamic exclusion was set to
place any selected m/z on an exclusion list for 45 s after a
single MS/MS. All MS/MS spectra were searched against
a combined protein database of S. cerevisiae and E. coli
proteins downloaded from UniproKB, and also included
the YPR129W primary sequence, using Thermo Proteome
Discoverer 1.3 (Thermo Fisher Scientific) considering fully
or semi tryptic peptides with up to two missed cleavages.
Todoacetamide derivatives of cysteines, oxidation of me-
thionines, methylation and dimethylation of arginines were
all specified as variable modifications. This database con-
tained 30 213 protein entries. Proteins were identified at 99%
confidence with XCorr score cut-offs (27) as determined by
a reversed database search using the Percolator algorithm
(http://per-colator.com) (28). Identified modified peptides
were considered with a g-value < 0.01 (29). The protein and
peptide identification results were also visualized with Scaf-
fold v 3.6.1 (Proteome Software Inc., Portland OR, USA),
a program that relies on various search engine results (i.e.:
Sequest, X! Tandem, MASCOT) and which uses Bayesian
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statistics to reliably identify more spectra (30,31). Proteins
were accepted that passed a minimum of two peptides iden-
tified at 95% peptide confidence and 99.9% protein confi-
dence by the Peptide and Protein Profit algorithms, respec-
tively, within Scaffold.

Microscopy

For all experiments, yeast cultures were grown to ODggp of
0.3-0.5 in the appropriate synthetic drop-out media at 30°C.
Galactose inductions were performed as described above
for 2 h. After induction, cells were pelleted and spotted on
coverslips for immediate microscopic examination at room
temperature. All images were acquired using a Deltavision
RT microscope system running softWoRx 3.5.1 software
(Applied Precision, LLC), using an Olympus 100x, oil-
immersion 1.4 NA objective. Exposure time and transmit-
tance settings for Green Fluorescent Protein (GFP) chan-
nel were 0.2 s and 32%, respectively. Images were collected
as 512 x 512 pixel files with a CoolSnapHQ camera (Pho-
tometrics) using 1 x 1 binning for yeast. All yeast im-
ages were deconvolved using standard softWoRx deconvo-
lution algorithms. ImageJ (32) was used to adjust all im-
ages to equal contrast ranges according to the experiment
conducted or protein examined. For each experiment, 150—
180 cells were counted. Data from three independent exper-
iments was used for quantitation and statistical significance
was calculated using z-test.

RESULTS
Scd6 is arginine methylated in RGG-motif dependent manner

RNA binding proteins are the largest group of arginine
methylated proteins (22). Several RNA binding proteins
with RGG-motifs such as Sbpl (33,34), Npl3 (35), Gbp2
(36) have been shown to be substrates for arginine methyla-
tion. Because Scd6 is an RNA-binding protein with RGG-
motif, we hypothesized that it might be a substrate for argi-
nine methylation.

To test this hypothesis, we first examined if Scd6 gets
methylated in vivo. We performed His-pull-downs from
BY4741 yeast strain expressing either full length Scd6 or a
variant lacking the C-terminal RGG domain, Scd6ARGG
from a galactose inducible promoter. MMA specific anti-
body (CST, catalog no. 8711) was used to assess the methy-
lation status of Scd6. We observed that full length Scd6
is methylated whereas Scd6ARGG shows very weak cross-
reactivity with MMA antibody (Figure 1A and B), despite
full length and the ARGG variant being expressed at sim-
ilar levels as detected by western analysis using PAP an-
tibody, which specifically detects the ZZ-tag at Scd6 C-
terminal. Similar results were observed with another mono-
methylation specific antibody from Abcam (catalog no.
ab414; data not shown). We interpret these results to indi-
cate that Scd6 is arginine methylated, with the RGG domain
being the primary site of modification.

Since Hmtl is the predominant arginine methyltrans-
ferase in yeast (20), we checked if Hmtl was required for
methylation of Scd6 using the same approach. We observed
that the MMA antibody cross-reacted with Scd6 to a signifi-
cantly (2-fold) reduced level in Ahmtl1 strain (Figure 1C and
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D). Put together, these results indicate that Scd6 is arginine
methylated, at least partially in an Hmt1-dependent manner
and the RGG-motif is required for its efficient methylation.

To determine if Scd6 was a direct substrate of Hmtl,
we tested the ability of Hmtl and Scd6 to physically in-
teract. We performed glutathione pull-downs with lysates
from yeast cells expressing GST-Scd6 under the control of
galactose inducible promoter. We observed that Hmt1 was
present in the pellet fraction of strain expressing GST-Scd6
but not in strain containing empty vector (Figure 2A), indi-
cating that Scd6 binds Hmt1 in vivo.

To test if this binding was direct, we purified GST-
Scd6 and His-Hmt1 in recombinant form. Glutathione pull-
downs were performed with GST-Scd6. We observed that
Hmtl1 was present in pellet fraction along with GST-Scd6
but not with GST alone (Figure 2B) indicating that Scd6
and Hmtl can bind each other, which would be consistent
with Hmt1 binding and directly methylating Scd6.

To examine if Hmtl methylates Scd6 we performed in
vitro methylation assay with recombinant proteins in two
different ways. In first approach, purified recombinant Scd6
was methylated with purified recombinant Hmtl in pres-
ence of 3H-labeled SAM (used as a methyl-donor in the
methylation reaction). We observed that Scd6 but not the
RGG-deletion mutant incorporated tritium (Figure 2C).
Purified NplI3 and GST served as positive and negative
controls respectively. The doublet visible in the lane with
Scd6 ARGG in Figure 2C, top panel and Figure 2D, lower
panel consists of the Scd6ARGG running at position simi-
lar to that of Hmtl due to their similar sizes. In the second
approach, recombinant purified Scd6 was in vitro methy-
lated using purified Hmtl and cold SAM for 2 h followed
by western analysis with MMA antibody. Methylation of
Scd6 was evident based on its cross-reactivity with MMA
antibody (Figure 2D). The RGG-deletion mutant of Scd6
did not cross-react with antibody suggesting that the RGG-
motif was important for its methylation. We conclude based
on above results that Scd6 is a substrate of Hmtl and its
RGG-motif is required for methylation.

The in vivo and in vitro results clearly indicate that Scd6
gets arginine methylated at its RGG-motif and Hmtl1 plays
an important role in its methylation.

Mapping methylation sites on Scd6

Scd6 contains eight -RGG/-RGX repeats and three
arginines in its C-terminal RGG domain (residues 283-349,
Figure 3A) (8). Identifying specific residues that get methy-
lated in vivo would allow us to make mutations that specifi-
cally test the role of methylation in affecting Scd6 repression
activity. It is possible that all of the arginines in RGG-motif
get methylated or perhaps there could be preferred sites of
methylation under different conditions.

In order to identify the arginine residues that get methy-
lated in vivo, we purified GST-Scd6 from yeast cells and
submitted it for mass spectrometry analysis. Of the eleven
arginines present in the RGG-motif, peptides containing
nine arginines were detected and we observed that five of
those arginines were methylated (Figure 3A; methylated
arginines are marked with *). A representative mass spec-
trum of one of the methylated RGG-motif peptides has



9362 Nucleic Acids Research, 2016, Vol. 44, No. 19

£ © £ ©
& o & o
© <2 «© <2
A I 0‘6 IS 06
S § S
e & 2 S
. ' | Hmt1
37. WB: anti-Hmt1
75- - Scd6
WB: anti-GST
Input Pellet PD: Glutathione
< <
3 £
B IS & 'S 9
& il £ T
DS © ¥ ©
9 S & 5
& § £ &
£ 0§ & &
& & & &
75
— - Scdé
WB: anti-GST
50.
37 WB: anti-His
GST
25 WB:anti-GST
Input Pellet PD: Glutathione
¢ &
L
[
(<]
<
4
>
0_)0

Coomassie
stained gel
NpI3

Scdé

Scd6ARGG
Hmt1

GST

3H signal

75

J— NpI3
50 i Scdé

37

50. . $ Scd6
WB: anti-MMA

37

Scdé

Scd6ARGG

Hmt1

(Ponceau-

_ | stained
blot)

Figure 2. Scd6 is a direct target of Hmtl. (A) Interaction of Hmtl with
GST-Scd6. Glutathione pull-down was performed from cells expressing

been shown (Figure 3B). Both mono- and di-methylated
arginines were detected for 306R and 310R (Figure 3C)
whereas only di-methylated peptides were identified for
288R, 294R and 298R. The relative significance of mono-
and di-methylation in general remains to be established.
Mass spectrometry results identified specific methylated
arginine residues of Scd6 in vivo suggesting that multiple
arginines in the RGG-motif are methylated. It is possible
that in the Scd6 RGG-motif, arginine residues besides the
five detected by mass spectrometry also get methylated. We
may not have detected such methylated residues in our mass
spectrometry analysis either due to the absence of trypsin-
cleaved peptide fragments containing these residues (304R
and 335R) or due to very low levels of methylated arginine
containing peptides for other residues.

Mutation of multiple arginines is required to create an argi-
nine methylation defective (AMD) mutant

To test the significance of arginine methylation in Scd6 re-
pression activity, it was imperative to create a mutant that
was methylation defective. Since Hmt1 has many substrates
in yeast, phenotypes of the Ahmtl mutant may not be due
to defects in Scd6 methylation only. We began with sequen-
tially creating arginine to alanine mutations of modified
residues identified in the mass spectrometry in Scd6 RGG-
motif. We observed that increasing the number of argi-
nine to alanine mutations lead to concomitant decrease in
methylation as observed using MMA antibody (Figure 4B
and C). A mutant with nine arginines converted to alanine
was the most defective in methylation (henceforth referred
to as arginine methylation defective [AMD] mutant, Figure
4A—C). Mut3 has all five arginines detected by mass spec-
trometry analysis converted to alanine in addition to R292,
R301 and R304. However it still has significantly higher
methylation levels than AMD (Figure 4C) suggesting that
arginine residues other than the five detected by mass spec-
trometry get methylated. We observed that the expression
level of the AMD mutant was comparable to that of wild-
type protein indicating that the decreased signal with the
MMA antibody is not due to lower expression of this vari-
ant (Figure 4D). Based on this result, we have used the
AMD mutant as a tool for assessing the role of arginine
methylation in regulating ability of Scd6 to repress trans-
lation.

GST-Scd6 under galactose-inducible promoter. Hmtl was probed with
anti-Hmt1 antibody (a kind gift from Michael Yu). (B) Recombinant pu-
rified His-Hmt1 was incubated with recombinant GST-Scdé6 followed by
glutathione pull-down. (C) Purified GST (negative control), Npl3 (positive
control), full-length Scd6 and Scd6 ARGG mutant were invitro methylated
by incubating with purified Hmtl in presence of *H-labeled S-adenosyl
methionine (SAM). Top panel shows Coomassie Brilliant Blue-stained gel
and bottom panel shows fluorograph of the same gel. (D) Recombinant
purified Scd6 and Scd6ARGG were incubated with recombinant purified
Hmtl in presence or absence of SAM followed by probing with MMA an-
tibody. Lower panel shows the Ponceau-S stained blot which indicates the
amount of each protein present.
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306R 310R [(R)GrGGQrGNYQNR(N) di-Methylation (+28), Methyl (+14)

306R 310R |(R)GrGGQrGNYQNR(N) Methyl (+14), di-Methylation (+28)

288R (R)FHSrGLGR(G) di-Methylation (+28)

288R (R)FHSrGLGR(G) di-Methylation (+28)

Figure 3. Identification of methylation sites in Scd6 by mass spectrometry. (A) Scd6 protein sequence showing arginine residues (marked with *) observed
to be methylated invivo by mass spectrometry analysis. Residues marked in red represent the RGG-motif (283-349). The green underlined residues represent
the extent of protein coverage. (B) A representative mass spectrometry chart of GRGGQRGNYQNR peptide. (C) Table listing methylated peptides that

were detected by mass spectrometry along with their methylation status.

Scd6 AMD mutant is defective in repressing translation

Overexpression of Scd6 (and other translation repressors
such as Dhh1 and Ded1) leads to a growth defect (9,17,37)
due to global translation repression. Translation repression
defective mutants of above proteins are compromised in
causing overexpression mediated growth defect. We tested
the ability of AMD mutant to repress translation using this
type of growth assay. We observed that the AMD mutant
rescues the growth defect of overexpressed wild-type Scd6
(Figure 5A) arguing that the methylation defect in the AMD
mutant hampers its ability to repress translation. It is note-
worthy that the growth defect rescue by AMD mutant was
similar to the one observed for RGG-deletion mutant of
Scd6 (Figure SA) suggesting that the translation repression

defect in AMD mutant is comparable to the one in RGG-
deletion mutant.

Translationally repressed mRNAs accumulate in RNA
granules such as mRNA processing-bodies and SG. The
formation of granules in response to translation repression
is evolutionarily conserved (38). Translation repressors like
Scd6 and Ded1 upon overexpression induce the formation
of RNA granules, which harbour translationally repressed
mRNPs (8,37). We next tested the ability of AMD mu-
tant to induce formation of RNA granules using Pab1-GFP
strain (39) since Pab1 is a core SG marker (40). We observed
that the AMD mutant induced significantly fewer SG than
the wild-type Scd6 protein (Figure 5B and C). We confirmed
that decreased granule formation was not due to decrease in
expression of Pabl-GFP upon AMD mutant overexpres-
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Figure 4. Arginine methylation defective (AMD) mutant of Scd6. (A)
Arginines (green) mutated to alanine in different mutants have been shown.
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and AMD mutant, respectively. Only the RGG-motif sequence (283-349)
of Scd6 has been shown. (B) His pull-down was performed from cells
expressing galactose-induced mutants. Western analysis was performed
with MMA antibody followed by probing with Peroxidase anti-peroxidase
(PAP). (C) Quantitation of three independent experiments (rz = 3) that were
performed as described in B. (D) Expression level analysis of AMD mutant
in yeast cells using PAP antibody.

sion (Figure 5D). This observation is consistent with the
growth assay result where AMD is defective in translation
repression. Based on the results of growth and RNA gran-
ule assay presented in Figure 5, we conclude that the AMD
mutant is defective in repressing translation.
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Figure 5. AMD mutant of Scd6 is defective in repressing translation. (A)
AMD mutant rescues growth defect caused by overexpression of SCD6.
Five independent growth assay experiments (n = 5) were performed. (B)
Live cell imaging of stress granule formation upon overexpression of wild-
type and AMD mutant in Pabl-GFP strain. (C) Quantitation of Pabl-
GFP granule formation by AMD mutant. Three independent experiments
(n = 3) were considered for quantitation. (D) Western analysis to compare
Pab1-GFP levels in cell lysates from strains expressing wild-type Scd6 and
AMD mutant. Blots were probed with anti-GFP (upper panel) followed
by probing with anti-PGK1 (lower panel).



AMD mutant fails to induce elF4G1-foci formation in a man-
ner comparable to wild-type

Scd6 binds elF4G1 leading to its accumulation in RNA
granules along with the repressed mRNAs (8). Since the
AMD mutant is defective in repressing translation, we
wanted to check if it was proficient in inducing formation
of eIF4G1 containing repression mRNPs. We tested this by
overexpressing wild-type Scd6 and the AMD mutant in an
elF4G1-GFP (39) strain and observed that overexpression
of wild-type Scd6 induced formation of eIF4G1-foci as re-
ported earlier (Figure 6A and B). However, the AMD mu-
tant induced fewer eI[F4Gl1-foci as compared to wild-type
Scd6 (Figure 6A and B), although the expression level of
elF4G1-GFP was comparable in each case (Figure 6C). We
conclude that arginine methylation of Scd6 is important for
driving cytoplasmic eIF4G1-GFP into repression foci.

Arginine methylation of Scd6 promotes its interaction with
elF4G1

Scd6 has been reported to repress translation by binding
elF4G1 through its RGG-motif (§). Based on the obser-
vation that Scd6 RGG-motif gets methylated at multiple
arginine residues and the Scd6 AMD mutant is also de-
fective in repressing translation, we hypothesized that argi-
nine methylation of Scd6 could be important for its abil-
ity to bind eIF4G1. Our hypothesis predicted compromised
Scd6-elF4G1 interaction in absence of Hmt1 because Scd6
methylation is defective in this background (Figure 1C and
D). To test this, we pulled down eIF4G1-GST (genomically
tagged) from wild-type and Ahmtl cells and observed that
a significantly reduced amount of Scd6 came down from
Ahmtl cells as compared to wild-type cells (Figure 7A and
B). To further establish the role of arginine methylation in
promoting Scd6-eIF4Gl1 interaction, binding of elF4Gl1
with AMD mutant was tested. We observed that the AMD
mutant was significantly defective in binding ¢IF4Gl as
compared to wild-type Scd6 (Figure 7C and D) in yeast
cells. Based on the results presented here for eIF4G1-Scd6
interaction in Ahmtl background and for eIF4G1-AMD
mutant interaction, we conclude that arginine methylation
of Scd6 promotes its interaction with eI[F4G1 to augment
its repression activity.

DISCUSSION

We demonstrate in this work that conserved translation re-
pressor Scd6 gets arginine methylated at its RGG motif and
provide several pieces of evidence to support this conclu-
sion. First, Scd6 gets methylated in vivo and methylation
is defective in absence of RGG motif and Hmt1 based on
western analysis performed using anti-mono methyl argi-
nine antibody (Figure 1). Second, purified Hmt1 methylates
purified Scd6 in vitro, but not its RGG-motif lacking vari-
ant (Figure 2). Third, mass spectrometry analysis identified
multiple methylated arginine residues in Scd6 (Figure 3).
These observations identify Scd6 as an arginine methylated
translation repressor in yeast.

The ability of Scd6 to get methylated depends on Hmtl
enzyme (Figure 1), although some methylation occurs in ab-
sence of Hmtl. Nevertheless, this is consistent with the ob-
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granule formation. Three independent experiments (n = 3) were consid-
ered for quantitation. (C) Western analysis to compare e[F4G1-GFP levels
in cell lysates from strains expressing wild-type Scd6 and AMD mutant.
Blots were probed with anti-e[F4G1 (upper panel) followed by probing
with anti-PGK1 (lower panel).

servation that Hmt1 is the predominant methyltransferases
in yeast and has been shown to methylate other RGG-motif
proteins (20,41). It has been recently reported that hRAPS55
(human ortholog of Scd6) also gets arginine methylated and
interacts with PRMT1, which is the human homolog of
Hmt1 (42). However the functional significance of hRAPS55
methylation has not been demonstrated.

We also provide evidence that methylation promotes the
repression activity of Scd6 using the AMD mutant and
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Figure 7. Arginine methylation promotes Scd6-eIF4G1 interaction. (A)
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Ahmtl strain. First, the AMD mutant of Scd6 rescued the
over expression growth defect compared to wild-type Scd6
(Figure 5A). Second, the AMD mutant did not efficiently
induce the formation of SG, which arise as a result of trans-
lation repression (Figure 5B and C). Third, Scd6-eIF4G1
binding was compromised in Ahmtl mutant (Figure 7A
and B). Fourth, the AMD mutant was defective both in
binding eIF4G1 and in inducing its localization to RNA
granules (Figures 6A—C, 7C and D). These results argue that
arginine methylation of Scd6 modulates its repression activ-
ity, at least in part, by promoting interaction with eIF4G1.
To our knowledge this is the first example of a direct role of
arginine methylation in modulating activity of a translation
repressor.

Interestingly, Scd6 overexpression growth defect was not
rescued in absence of Hmt1 (data not shown). We think that
residual methylation occurring in absence of Hmtl (Fig-
ure 1C and D) could allow Scd6 overexpression mediated
growth arrest. The methyltransferase(s) that might methy-
late Scd6 in absence of Hmtl remains to be identified.

The evolutionary conservation of Scd6 arginine methyla-
tion combined with results presented in this work argue for
a role of methylation in modulating translation repression
activity of Scd6 orthologs including hRAPSS. Understand-
ing the basis of how methylated arginines promote Scd6—
elF4G1 interaction will be an important future direction.

Our work raises the possibility that arginine methylation
could be a general regulator of RGG-motif containing pro-
teins affecting translation. Sbpl, Npl3 and Ded1 are other
proteins shown to repress translation by binding eIF4G1
(10,37). All the three proteins have been shown to get argi-
nine methylated in vivo (33,35,43) although the contribu-
tion of this modification to their repression activity has
not been determined. It is interesting to note that numer-
ous proteins involved in neurological disorders (e.g. FUS,
FMRP, ATXN-2 and hnRNPA1) contain RGG-motifs and
have roles in RNA biogenesis/function including the reg-
ulation of translation (44,45). As such, a comprehensive
understanding of the impact of arginine methylation on
global translation would impinge on studying regulation of
other RGG-motif proteins involved in translation by argi-
nine methylation. One interesting possibility is that e[F4G1
might function as a ‘reader’ of methylated arginines, a role
reminiscent of Tudor proteins, and thereby integrate the
methylation status of various translational repressors into
a biological outcome. However, since arginine methylation
can affect interactions with protein/RNA in either positive
or negative manners, its effects are likely to be differential
on proteins involved in translation.

Understanding the diversity and specificity of methyl-
transferases will be an important future challenge. Al-
though Hmtl has been reported to be the predominant
methyltransferase (20), it is likely that other methyltrans-
ferases could be playing a back-up role. A recent report indi-
cates that methylation of many yeast proteins remain unaf-
fected in a triple mutant lacking Hmt1, Rmt2 and Hsl7 (43),
which suggests there are unidentified arginine methyltrans-
ferases. Thusidentifying the functions and targets of numer-
ous putative methyltransferases (46) and proteins that can
modify the function of these enzymes (47) would be impor-
tant for elucidating mechanisms that ensure specificity of



arginine methylation of proteins in general and specifically
RNA-binding proteins.
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