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Type I protein arginine N-methyltransferases cata-
yze the formation of v-NG-monomethylarginine and
symmetric v-NG, NG-dimethylarginine residues using
-adenosyl-L-methionine as the methyl donor. In vitro
hese enzymes can modify a number of soluble methyl-
ccepting substrates in yeast and mammalian cell ex-
racts including several species that interact with
NA. We treated normal and hypomethylated Saccha-

omyces cerevisiae and RAT1 cell extracts with RNase
rior to in vitro methylation by recombinant protein
-arginine methyltransferases and found that the
ethylation of certain polypeptides is enhanced up to

2-fold whereas that of others is diminished. 2-D gel
lectrophoresis of RNase-treated yeast extracts al-
owed us to tentatively identify the glycine- and
rginine-rich (GAR) domain-containing proteins Gar1,
op1, Sbp1, and Npl3 as major methyl-acceptors based
n their known isoelectric points and apparent molec-
lar weights. These results suggest that the methyl-
tion and RNA-binding of GAR domain-containing
roteins in vivo may regulate protein-nucleic acid or
rotein-protein interactions. © 1999 Academic Press

Type I protein arginine N-methyltransferases
PRMTs) catalyze the S-adenosyl-L-methionine-de-
endent formation of v-NG-monomethylarginine and
symmetric v-NG, NG-dimethylarginine residues on a
ariety of methyl-accepting polypeptides. Genes encod-
ng these methyltransferases have been identified in
east (1,2), rats (3,4), and humans (5). The Rmt1 yeast
S. cerevisiae) and the PRMT1 rat enzymes share 45%
equence identity and have been shown to act as func-
ionally homologous proteins (1,4-6). A second rat en-
yme, PRMT3, shares 46% sequence identity over its

1 This work was supported by National Institutes of Health Grants
M26020 (S.C.) and GM07185 (A.F.).
2 Corresponding author. Mailing address: UCLA Molecular Biol-

gy Institute, Box 951570, Los Angeles, California 90095-1570. Fax:
10-825-1968. E-mail: clarke@ewald.mbi.ucla.edu.
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-terminal domain containing a putative C2H2 zinc
nger motif. PRMT3, however, differs in its subcellular

ocalization, regulation, and substrate specificity to
ther Type I enzymes (4).
PRMT1 has been implicated in a variety of cell sig-

aling events. It was initially identified in a yeast
wo-hybrid screen based on its interaction with both
itogenically stimulated proteins TIS21 (BTG2) and
TG1 (3). In an independent yeast two-hybrid screen
uman PRMT1 (IRIB4) was identified based on its
ssociation with the cytoplasmic domain of the
FNAR1 chain of the interferon-a,b receptor (7). An
ntisense oligonucleotide to PRMT1 reduced growth
nhibition by interferon while concomitantly curtailing
rginine methyltransferase activity in human my-
loma U266S cells (7). Finally, the human PRMT1
ene was also cloned as a multicopy suppressor (HCP1)
f the inositol auxotrophy exhibited in S. cerevisiae
re15 mutants (6). Its expression resulted in an upregu-
ation of inositol 1-phosphate synthase transcription
6). The variety of screens which resulted in the isola-
ion of PRMT1 suggests that the modification of argi-
yl residues may be important in some signal trans-
uction reactions.
RNA-binding proteins are major in vivo substrates

or Type I protein arginine methylation (for review, see
8)). These include mammalian hnRNP A1 (9-11), hu-

an GAP-associated tyrosine phosphoprotein p62 (also
nown as SAM68 for Src-associated in mitosis) (12),
uman poly(A)-binding protein II (13), rat fibrillarin
14), rat nucleolin (15), and yeast Npl3 (2,16). In fact,
east RMT1 was also found in a screen that caused

synthetic lethality in a strain containing a
emperature-sensitive mutation in the Npl3 protein, a
ethyl-acceptor that plays an important role in

oly(A)1-RNA maturation and transport (2). More re-
ently, RNA-binding proteins Hrp1 and Hrb1 in yeast
ave been shown to be methylated in vitro by Rmt1,
nd functional studies suggest that they are methyl-
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
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ated in vivo (17,18). The site of arginine methylation
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or these substrates typically occurs within glycine-
nd arginine-rich (GAR) domains from which several
onsensus sequences have been derived (3,4,8,19,20).

To explore the relationship between the methyl-
ccepting substrates for Type I protein arginine
-methyltransferases and RNA binding, we pre-

reated hypo- and normally-methylated yeast and
AT1 cell extracts with RNase prior to in vitro
ethylation by recombinant protein arginine N-methyl-

ransferases. An enhancement of methylation for cer-
ain substrates was found to be dependent upon RNase
reatment in extracts tested. Methylation under these
onditions allowed us to tentatively identify the GAR
omain-containing proteins Gar1, Nop1, Sbp1, and
pl3 from a list of candidate substrates as major
ethyl-acceptors based on their known isoelectric

oints (pIs) and apparent molecular weights by 2-D gel
lectrophoresis. Gar1 methylation, in particular, was
ependent upon the pre-treatment of the extracts with
Nase, suggesting that the in vitro methylation of
ar1 may be blocked by its interaction with the small
ucleolar RNAs that interact with it (21). The results

n this study suggest that protein methylation in vivo
ay be regulated by RNA interactions with methyl-

ccepting proteins.

XPERIMENTAL PROCEDURES

Preparation of GST fusions of type I protein arginine N-methyl-
ransferases. GST fusion proteins of recombinant yeast protein
rginine N-methyltransferase RMT1 (1), rat PRMT1 (3), and rat
RMT3 (4) were purified as previously described from extracts of
scherichia coli strain DH5a harboring vectors pGEX-RMT1,
GEX(SN)-PRMT1, and pGEX(SN)-PRMT3, respectively. These fu-
ion proteins were purified from extracts by binding to glutathione-
epharose 4B beads (Amersham Pharmacia Biotech) according to
he manufacturer’s instructions and eluting with 30 mM glutathi-
ne, 50 mM Tris-HCl, pH 7.5, 120 mM NaCl, and 2% glycerol.
liquots of these enzymes were subsequently stored at 280°C.

Preparation of yeast soluble extracts. Saccharomyces cerevisiae
east strains CH9100-2 (MATa, prc1-407, prb1-1122, pep4-3, leu2,
rp1, ura3-52, ycl57D::URA3) (22), and JDG9100-2 (MATa, prc1-407,
rb1-1122, pep4-3, leu2, trp1, ura3-52, ycl57D::URA3, rmt1::LEU2)
1), also referred to as RMT1 and rmt1, respectively, were grown in
50 mL YPD media on a shaker at 30°C to an A600 nm 5 2.5. Cell
uspensions were then centrifuged at 4,400 3 g for 10 min at 4°C,
ashed several times in buffer A (250 mM Tris-HCl, pH 7.5, 1 mM
DTA, 1 mM EGTA), and finally resuspended in approximately 3 mL
uffer A/g (wet weight) of cells. These cell suspensions were passed
wice through a French pressure cell at 20,000 p. s. i., and the
esultant lysates were centrifuged at 23,000 3 g for 50 min at 4°C.
he soluble extracts were then collected and stored at 220°C.

Protein concentration determination. A modification of the Lowry
rocedure was used to determine protein concentrations of GST
usion proteins and yeast soluble extracts following precipitation
ith 1 mL of 10% (w/v) trichloroacetic acid (23). A stock solution of
ovine serum albumin (10 mg/mL) was used as a protein concentra-
ion standard.

Preparation of RNase-treated soluble extracts. 50 mL of yeast
oluble extracts (protein concentrations are as follows: 5.1 mg/mL
392
ithout 12.5 ng bovine pancreatic RNase (2.5 mL of a 5 mg/mL stock
olution) for 30 min at 23°C. The RNase treatment was also per-
ormed using 50 mL extracts from RAT1 cells (1.95 mg/mL) and
denosine dialdehyde-treated (AdOx-treated) RAT1 cells (0.12 mg/
L) generously donated by Drs. Jie Tang and Harvey Herschman at
CLA, and prepared as previously described (3). After the RNase

reatment, samples were then placed on ice prior to methylation
eactions described below.

Methylation reactions. RNase-treated and untreated yeast solu-
le extracts were incubated with or without varying amounts of
ecombinant methyltransferases in 0.83 mM S-adenosyl-[methyl-3H]-
-methionine (Amersham Pharmacia Biotech; 80.0 Ci/mmol; 2 mL)
nd buffer A in a final volume of 30 mL for 1 hr at 30°C, or 37°C for
ome experiments. The reactions were either stopped by the addition
f an equal volume of 2 3 SDS-PAGE sample buffer for 1-D analysis
24), or by the addition of 1 mL sample solution A (10% SDS, 150 mM
TT) for 2-D analysis, as recommended by Bio-Rad for their
ROTEAN II xi 2-D Cell system.

Gel electrophoresis. Methylation reaction samples were heated
or 5 minutes at 100°C prior to loading the entire reaction onto gels.
amples for 1-D analysis were loaded onto slab gels (1.5 mm 3 10.5
m resolving gel) using the buffer system described by Laemmli
1970) and run in either 10% or 12.6% (w/v) acrylamide, 1.1% or 1.4%
w/v), respectively, N, N-methylenebisacrylamide matrix with a con-
tant current of 35 mA (25). Samples for 2-D analysis were run on a
ROTEAN II xi 2-D Cell (Bio-Rad) per the manufacturer’s instruc-
ions. Following electrophoresis, gels were stained for 1 hour with
.1% (w/v) Coomassie Brilliant Blue R250 (Sigma) in 50% (v/v) meth-
nol, 10% (v/v) acetic acid, and water. Destaining was performed in
% (v/v) methanol, 10% (v/v) acetic acid with several solution
hanges over the course of several hours until bands Coomassie-
tained protein bands were visible. Low molecular weight standards
ere obtained from Bio-Rad (rabbit phosphorylase b, 97.4 kDa; bo-
ine serum albumin, 66.2 kDa; hen egg ovalbumin, 42.7 kDa; bovine
arbonic anhydrase, 31.0 kDa; soybean trypsin inhibitor, 21.5 kDa;
en egg lysozyme, 14.4 kDa). The destained gels were soaked in
n3Hance (DuPont) for 1 hour and then in water for 30 minutes as
uggested by the manufacturer, dried in vacuo onto a filter paper
upport for 1.5 hours at 70°C, and finally fluorographed by exposing
o film (Kodak X-Omat AR) at 280°C for varying lengths of time.

Total radioactivity of the major methylated species on 1-D gels
escribed above was determined by a gel-slice method. Briefly, each
lice (corresponding approximately to the size of the band on the
uorograph) of the dried gel was incubated with 3 mL 30% (v/v) H2O2

n a capped scintillation vial for 24 hrs at 55°C to completely dissolve
he slice. After the incubation, 10 mL scintillation fluid (Safety-
olve, Research Products International) was mixed into the vial and
hen the sample was counted to assess the extent methylation.

ESULTS

The yeast Rmt1 protein arginine N-methyltrans-
erase has been previously shown to methylate several
roteins in wildtype yeast soluble extracts and extracts
repared from Rmt1-deficient cells (1). In this study,
e used purified GST-protein arginine methyltrans-

erase fusion proteins to methylate polypeptides in
arious preparations of yeast extracts (Fig. 1). When
omparing wildtype (RMT1) and rmt1 mutant extracts
s methyl-acceptors (lanes 5 and 6), polypeptide sub-
trates with approximate molecular weights of 29 kDa
nd 44 kDa are methylated in Rmt1-deficient extracts,
ut are not methyl-accepting substrates in wildtype
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xtracts, suggesting that these species are fully modi-
ed in vivo. Bands at approximately 55 kDa and 63
Da, indicated here as R4 and R5, respectively, show
onsiderably less, yet detectable methylation in wild-
ype extracts as compared to rmt1 extracts. Interest-
ngly, bands at approximately 37 kDa and 40 kDa,
ndicated as R2 and R3, respectively, appear to migrate

ore slowly in wildtype extracts than they do in hy-
omethylated extracts. It is possible that the difference
n migration of these two polypeptides between the
wo extracts is due to differences in their endogenous
ethylation.
Pre-treatment of wildtype and hypomethylated yeast

oluble extracts with bovine pancreatic RNase prior to
dding recombinant GST-RMT1 exposed additional
ethylation of substrates that would not otherwise be

bserved (Fig. 1, lanes 7 and 8). A dramatic enhance-

FIG. 1. RNase treatment of hypo- and normally-methylated yeas
rginine N-methyltransferase. Yeast soluble extracts from different
nder “Experimental Procedures.” These extracts (50 mg rmt1 protei

n methylation reactions with or without 2.25 mg GST-RMT1 as desc
week exposure. Major methylated species are indicated as R1 (25

anes 5-8), R4 (55 kDa; lanes 5-8), and R5 (63 kDa; lanes 5-8).
393
ent of a 25 kDa methylated polypeptide indicated as
1 in RNase-treated hypomethylated extracts was

ound (lane 7). This labeled polypeptide is not found in
ontrol or RNase-treated wildtype extracts. However,
ethylation of a predominant 27 kDa methylated pro-

ein labeled R19 is enhanced by RNase-treatment (lane
). It is unclear if R1 and R19 represent the same gene
roduct. A group of methylated proteins with molecu-
ar weights ranging from 70-80 kDa exhibits an overall
ecrease in their methylation upon RNase treatment
n all of the extracts tested. In order to quantitate the
xtent of the change in methylation upon the addition
f RNase a gel slice assay of the labeled bands from
oth rmt1 and RMT1 extracts was employed (Table I).
hile the methylation of R1 and R19 increased 12- and

-fold in RNase-treated extracts, respectively, R3 in-
reased only 2- to 3-fold, R2 did not change signifi-

luble extracts affects their in vitro methylation by the yeast protein
ins were pre-incubated with (1) or without (2) RNase as described
1 mg RMT1 protein) were then used as methyl-accepting substrates
ed under “Experimental Procedures.” The fluorograph represents a
; lane 7), R19 (27 kDa; lane 8), R2 (37 kDa; lanes 5-8), R3 (40 kDa;
t so
stra
n; 5
rib

kDa
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antly, and R4 and R5 decreased slightly. These results
uggest that the presence of endogenous RNA can ei-
her promote or inhibit the in vitro methylation of
pecific yeast proteins.
We used 2-D gel electrophoresis to characterize the
ajor methylated species R1-R5 in RNase-treated ex-

racts. Figure 2 shows the Coomassie gel and its cor-
esponding fluorograph for reactions including either
Nase-treated hypomethylated extracts (Fig. 2A and
B, respectively) or RNase-treated wildtype extracts
Fig. 2C and 2D, respectively). R1, R19, R2 and R5 were
ound to be basic polypeptides that were not well-
esolved in the isoelectric focusing direction. R3 and R4
esolved in a region of the gels in which previously
dentified proteins in 2-D gel analysis also migrate
Fig. 2A and 2C). Both methylated species appear to be
eterogeneous in both their respective pIs, indicated by
he additional labels R39 and R49 (Fig. 2B and 2D).
ajpurohit et al. (1994) have reported that recombi-
ant rat hnRNP A1 differs in pI by 0.07 when compar-

ng its unmethylated to methylated (less basic) form of
he protein (26). This difference in pI may be reflected
n the heterogeneous nature of the banding pattern
bserved for the R3/R39 pair and the R4/R49 pair of
ubstrates, revealing various amounts of methylation.
The major methylated substrates R1-R5 were then
atched with potential candidates for arginine meth-

lation based on a comparison of apparent molecular
eights on SDS gels, pIs, and the presence of arginine

esidues in a glycine-rich context. Many polypeptides
ontaining GAR domains migrate anomolously slowly
n SDS gels, and thus the observed apparent molecular
eight values for these polypeptides in our compari-

ons were cited rather than their calculated weights
hen available (Table II). The methylated species R1
nd R19 have been assigned as Gar1 and Rps2, respec-
ively, although R19 might be an abberantly migrating
orm of Gar1 whose molecular weight is different in the

RNase-Dependent Changes in Methyl-Accepting Activities
f Specific Polypeptides in Yeast Soluble Extracts as Deter-
ined by the Gel Slice Assay Described Under Experimental
rocedures

Methylated species

Fold change in methylationa

rmt1 extract RMT1 extract

R1 12.1 6 3.8 N.D.
R19 N.D.b 7.3 6 5.6
R2 1.0 6 0.22 1.7 6 0.5
R3 2.5 6 0.39 2.7 6 1.1
R4 0.73 6 0.067 0.90 6 0.26
R5 0.93 6 0.20 0.96 6 0.18

a Average of cpm in RNase-treated sample/cpm in control sam-
le 6 standard error of the mean for 4 experiments.

b N.D., Not determined.
394
trate because it contains a total of 18 potential sites
or arginine methylation within its GAR domains,
hereas Rps2 contains only 3 potential sites. R2, R3,
nd R4 have been assigned as Nop1, Sbp1, and Npl3,
espectively. Each of these proteins contain several
rginine-glycine repeats as potential methyl-accepting
ites for Type I arginine N-methyltransferases. The R5
ethylated species is poorly resolved in the basic re-

ion of the 2-D gels (Fig. 2B and 2D); however, 3
andidate substrates listed in Table II have similar
asic pIs and molecular weights. Within their GAR
omains, Ded1, Dbp2, and Psp2 proteins contain 2, 5,
nd 13 potential arginine methylation sites, respec-
ively, but it is unclear as to which protein, if any,
orresponds to R5 without additional analysis.
We then asked if mammalian Type I protein arginine
-methyltransferases could also demonstrate a change

n the pattern of yeast extract methylation upon RNase
reatment. We found that the GST fusion of the recom-
inant rat PRMT1 acts in a very similar manner as
oes GST-RMT1 (Fig. 3; lanes 1-8). These results are
ndicative of the fact that PRMT1 and Rmt1 are func-
ionally homologous proteins (5). However, the results
een with the rat PRMT3 GST fusion protein show an
ntirely different substrate specificity (Fig. 3, lanes
-12). This enzyme recognizes very few sites in the
mt1 and RMT1 extracts that have not been treated
ith RNase (Fig. 3, lanes 9 and 11). This result sug-
ests that PRMT3 specifically recognizes substrates
hose potential sites of methylation are otherwise
locked by RNA, or by proteins whose association with
NA prevent methylation. One of the most promi-
ently methylated proteins observed for GST-PRMT3

n RNase-treated extracts is a 29 kDa protein previ-
usly reported to be its major substrate in rmt1 yeast
xtracts (4). In all cases the 29 kDa band is substan-
ially more methylated in wildtype extracts than in
mt1 extracts, which may imply that prior methylation
ay confer some substrate availability, or that the

mount of available substrate is less abundant in rmt1
xtracts. It is unclear at this point as to the identity of
he 29 kDa substrate.

Finally, we asked whether RNase-treatment could
lso modify the methyl-accepting activity of mamma-
ian extracts. By treating a RAT1 cell extract with
Nase, the methylation of a 55 kDa species is en-
anced, as well as several other proteins (Fig. 4; lanes
-4); included is a 34 kDa methyl-acceptor which was
reviously shown to be hnRNP A1 (3). Lin et al. (1996)
ave reported that GST fusions of BTG1 and TIS21
ugment the activity of an endogenous arginine meth-
ltransferase in RAT1 cell extracts towards a 55 kDa
rotein (3). Mammalian extracts can be made hypo-
ethylated by treating cells with AdOx, an effective
-adenosyl-L-homocysteine hydrolase inhibitor that
inders AdoMet-dependent methylation reactions as a
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FIG. 2. 2-D analysis of in vitro methylation reactions of RNase-treated extracts. Yeast soluble extracts pre-incubated with RNase
ere subject to methylation by GST-RMT1 and separation by 2-D gel electrophoresis as described under “Experimental Procedures.”
he Coomassie gel of the methylation reaction with RNase-treated rmt1 yeast soluble extract as the methyl-accepting substrate is
hown in panel A, and its corresponding fluorograph (2 month exposure) is shown in panel B. The Coomassie gel of the methylation
eaction with RNase-treated RMT1 yeast soluble extract is shown in panel C, and its corresponding fluorograph (2 month exposure) is
hown in panel D. Proteins previously identified in 2-D gel analysis (Swiss 2D-PAGE; http://expasy.hcuge.ch/ch2d/ch2d-top.html) are
ndicated as standards along with their reported isoelectric points (x-axis) and apparent molecular weights (y-axis): IPP1 (inorganic
hosphatase; 5.41; 32.0 kDa), TDH3 (glyceraldehyde 3-phosphate dehydrogenase; 6.73; 32.8 kDa), FBA1 (fructose bisphosphate
ldolase II; 5.87; 36.9 kDa), ADH1 (alcohol dehydrogenase I; 6.45; 41.1 kDa), ACT1 (actin; 5.40; 42.5 kDa), ENO2 (enolase 2; 6.00; 44.7
Da), TIF1 (translation initiation factor 4A; 4.95; 44.7 kDa), GDH1 (glutamate dehydrogenase; 5.50; 50.7 kDa), and PDC1 (pyruvate
ecarboxylase isozyme 1; 5.77; 58.4 kDa).
395
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irect consequence of the substrate build-up (27). Pre-
ious studies have shown that AdOx treatment of
C12, RAT1, and human lymphoblastoid cells substan-
ially increase the amount of available Type I methyl-
cceptors (3,19,28). Although we do not observe any
ncrease in the methylation of hnRNP A1 and several
ther substrates when AdOx-treated RAT1 cell ex-
racts are pre-incubated with RNase, other polypep-
ides do appear to be methylated in an RNase-
ependent manner (Fig. 4; lanes 5-8). Both BTG1 and
IS21 GST fusion proteins can enhance the GST-
RMT1-dependent methylation of hnRNP A1 in AdOx-
reated RAT1 cell extracts (3). In light of these results
t is tempting to speculate that one of the functions of
oth BTG1 and TIS21 may be to remove RNA from
roteins whose sites for methylation can then be ex-
osed to Type I methyltransferases.

ISCUSSION

RNase-treatment of yeast and RAT1 soluble extracts
an affect the availability of substrates for Type I pro-
ein arginine methylation. Previous studies have used
ypomethylated extracts as the source of substrates to
llow for maximal in vitro methylation (1,3,4,19,28).
he combination of using hypomethylated extracts
re-treated with RNase can dramatically increase the
umber of methyl-accepting sites for certain proteins.
he methylation enhancement of specific proteins
pon RNase treatment of the extracts is methyl-
ransferase-specific, where GST fusions of RMT1 and
RMT1 exhibit a distinct substrate specificity from
hat of PRMT3.

RNase treatment of yeast soluble extracts to enhance
n vitro-methylation of specific proteins followed by 2-D
el electrophoretic analysis allowed us to tentatively
dentify some of the major substrates for GST-RMT1. The

Candidate Type I Protein N-Arginine Methyltransfera

Methylated species
observed on 2-D gela

Observed molecular
weight on 2-D gel (Da)a

Observed isoelec
point on 2-D ge

R1 (rmt1 only) 25,000 .7.0
R19 (RMT1 only) 27,000 .7.0
R2 37,000 .7.0
R3/R39 40,000 5.4-5.5
R4/R49 55,000 4.95-5.50
R5 66,000 .7.0
R5 66,000 .7.0
R5 66,000 .7.0

a Identification of methylated species from the 2-D gel in Fig. 2.
b Putative Type I protein arginine methyltransferase substrates p
c Values are provided by the Yeast Proteome Database (YPD) at h
d This value is based on studies with the DBP2 human homolog, p
396
rst major methylated species, R1 and R19, whose meth-
lation was enhanced dramatically upon RNase treat-
ent of both wildtype and hypomethylated extracts, re-

pectively, match two candidate substrates from the list
n Table II, GAR1 and RPS2 (SUP44). Gar1 was initially
dentified as containing GAR domains at both termini of
he protein, and was subsequently shown to be an essen-
ial nucleolar protein that is associated with snoRNAs
nR10 and snR30 and that is required for the pseudouri-
ylation of rRNAs (29-31). Recently, evidence was pre-
ented for the contribution of the GAR domain of Gar1
inding of snoRNAs in vitro, suggesting an accessory role
or these domains in Gar1 (21). Based on our results, we
elieve that the potential methylation sites of Gar1 are
ompletely blocked in the presence of RNA, and that the
emoval of RNA from our in vitro reaction allows for Gar1
ethylation. It is unclear under our assay conditions as

o whether RNA is directly blocking methylation, or that
nother protein in complex with Gar1 and RNA is pre-
enting methylation. Both Nhp2 and Nop10 have been
hown to associate with Gar1 (32), and could possibly
nterfere with its methylation. Recently, the Hrp1 pro-
ein, a requirement for mRNA 39-polyadenylation forma-
ion in association with several other factors (33), was
hown to be methylated by Rmt1 in vitro, and that this
ethylation was inhibited by the presence of in vitro-

elected UAUAUA-containing RNAs (18). Interestingly,
ub-stoichiometric methylation (approximately 2 mol
ethyl group per mol of GST-Hrp1) of Hrp1 did not affect

ts binding to RNA, but perhaps its methylation might
ediate interactions with other proteins instead of RNA

18). RPS2 encodes the yeast ribosomal protein S4 in
hich mutations have been shown to cause missense

ranslation errors (34,35). Although the predicted 2-D
igration of Rps2 closely corresponds to R19, it is also

ossible that this species actually corresponds to an al-
ered form of R1.

Substrates in RNase-Treated Yeast Soluble Extracts

Candidate methyl-acceptors

Substrate
Apparent molecular

weight (Da)
Calculated isoelectric

pointc

GAR1b 24,500 (29,30) 11.48
RPS2/SUP44 28,000 (34) 10.59
NOP1b 38,000 (36,37) 10.37
SBP1/SSBR1b 45,000 (40) 5.48
NPL3/NOP3b 55,000 (63) 5.33
PSP2/MSR15 64,020c 8.44
DED1 65,553c 7.87
DBP2b 67,000d (64) 8.97

iously described in Gary and Clarke (1998).
://www.proteome.com/YPDhome.html.
.
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The R2 methylated species appears to correspond to
op1, which is the essential nucleolar yeast homolog

o mammalian fibrillarin associated with several
noRNAs (36,37). The N-terminal portion of fibrillarin
as been shown to be asymmetrically dimethylated in

ts N-terminal GAR domain, yet the function of this
odification remains unclear (14,38).
The R3/R39 methylated substrate matches Sbp1,
hich was originally purified by DNA affinity chroma-

ography (39,40). Its homology to hnRNPs, particularly
n the GAR domain in the middle of Sbp1, and its
ucleolar localization led researchers to believe that
he Sbp1 protein is involved in RNA metabolism (41).
mmunoprecipitation of Sbp1 revealed that snRNAs
nR10 and snR11 bound to it, implicating its role in
re-rRNA processing (42). Methylation of Sbp1 has not
et been studied, but it may help elucidate a role for
rginine methylation.
The R4/R49 major methylated species matches to
pl3, whose C-terminal GAR domain has been shown

o be mono- and asymmetrically dimethylated on its
rginine residues, as well as being phosphorylated
2,16). Several studies have shown that Npl3 is in-
olved in RNA export (43-46), and that its GAR domain
s necessary for its nuclear localization (46,47), per-

FIG. 3. RNase treatment of yeast soluble extracts highlight
ransferases. Yeast soluble extracts indicated (50 mg rmt1 protein; 5
nd then incubated with 2.25 mg GST-RMT1 (lanes 1-4), 2.85 mg GST
eactions as described under “Experimental Procedures.” The fluoro
397
aps through its association with Mtr10 at the Npl3
-terminus (48).
The R5 major methylated species matches three can-

idate substrates from the list in Table II. The first
andidate, PSP2 was isolated as a nuclear multicopy
uppressor (MRS15) that restores respiratory compe-
ence to the mrs2-1 yeast mutant (49), and was also
ound to be a multicopy suppressor of temperature
ensitive mutations in POL1, and a partial suppressor
f mutations in POL3 (50). The Psp2 protein contains a
ubstantial C-terminal GAR domain believed to be in-
olved in RNA binding (50). The other two candidates,
ed1 and Dbp2, are both “DEAD-box” proteins/puta-

ive RNA helicases thought to function in pre-mRNA
plicing (51,52). Although overexpression of DED1 can
uppress a temperature sensitive mutation in RPC31
53), Chuang et al. (1997) have provided evidence sup-
orting a cytoplasmic role for Ded1, showing that it is
nvolved in translation initiation (54). Since the Psp2
rotein contains significantly more potential sites for
ethylation than does Ded1 and Dbp2 combined, Psp2

ppears to be the likely match for R5. Further work
ill be necessary to determine which, if any, of

hese polypeptides are in fact substrates of the Type I
ethyltransferases.

erent substrate specificities between Type I arginine N-methyl-
g RMT1 protein) were pre-incubated with (1) or without (2) RNase
MT1 (lanes 5-8), or 2.04 mg GST-PRMT3 (lanes 9-12) in methylation
ph represents a 10 day exposure.
diff
1 m
-PR
gra
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GAR domain interactions may play a key role in
nderstanding the function of Type I protein arginine
ethylation. The C-terminal GAR domains of hnRNP
and nucleolin have been shown to be essential for

NA binding (55,56). The GAR domain of hnRNP A1
as demonstrated to exhibit positive cooperativity
ith other RNA recognition motifs in binding to RNA,
s well as promoting A1-A1 cooperativity (57). The
ethylation of hnRNP A1 did, however, decrease its

ffinity towards MS2-RNA (26). It has been considered
hat the methylation of arginine residues would effec-
ively block H-bonding between the protein and the
NA phosphodiester backbone while keeping the same
ositive charge on the guanidino group of the arginine
esidue (58,59). In the case of Hrp1, methylation did
ot affect RNA binding (18). Therefore, it is still con-
eivable that the methylation of GAR domains might
ctually mediate both protein-protein and protein-
NA interactions.

FIG. 4. RNase treatment of hypo- and normally-methylated RA
dOx-treated RAT1 cells were pre-incubated with (1) or without (2)
.2 mg AdOx-treated RAT1 protein) were subject to methylation at 3
1), run on SDS-PAGE, and then fluorographed, all of which is descr
eek exposure.
398
Finally, RNase treatment can result in a similar
ctivation of methyl-acceptors that was previously
een for treatment with the BTG1 and TIS21 pro-
eins in RAT1 cell extracts (3). In that same study,
TG1 and TIS21 were both shown to interact with
RMT1 in a yeast two-hybrid screen, thus connect-

ng the role of arginine methylation with cell growth
3). BTG1 and TIS21 have been implicated in cell
ycle regulation demonstrating tumor suppressor
nd anti-apoptotic activities, respectively (60,61). In
separate yeast two-hybrid screen, BTG1 and TIS21
ere shown to interact with mCAF, the murine ho-
olog to the yeast CCR4 transcriptional regulatory

omplex (62). Interestingly, one of the genes ob-
ained in our search of the S. cerevisiae genome for
andidate methylation substrates is RPC31, which
odes for a subunit of RNA polymerase III. Whether
r not the Rpc31 protein is a methyl-acceptor re-
ains to be seen, but it is tempting to speculate that

cell extracts affects in vitro methylation. Extracts from RAT1 and
ase as previously described. These extracts (19.5 mg RAT1 protein;
for 1 hr with the addition of 2.85 mg GST-PRMT1 when indicated

d under “Experimental Procedures.” The fluorograph represents a 2
T1
RN
7°C
ibe
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cription in light of recent findings (62).
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