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中文摘要 

 
後基因體時代的一個主要的挑戰就是研究細胞中全部表達出來的蛋白

質—也就是蛋白體。轉譯後之修飾使蛋白質的複雜度提昇，不只僅是二十個氨

基酸之排列組合而已。本計劃就是要用蛋白體的研究方法來分析一種轉譯後的

修飾—蛋白質精胺酸甲基化，主要為使用蛋白質體的方法二維電泳後以質譜來

分析。我們也已成功的找到一些已知的甲基接受蛋白和某些可能的新甲基接受

蛋白。此計劃我們致力於以下四個方向： （一）蛋白質體法整體性的分析甲

基接受蛋白。 （二）分析所有蛋白質精胺酸甲基脢在生物界中存在情形。 （三）

探討透過上述的方法找出之新甲基接受蛋白質的特性。 （四）我們將藉由蛋

白質體的研究方法法來分析不同生物醫學樣本的精胺酸甲基接受蛋白，以找出

蛋白質精胺酸甲基化和人類特殊疾病主要為自體免疫疾病之間的相關性。透過

這些蛋白質體的研究我們將可明確得知甲基接受蛋白精胺酸甲基化的功能，使

我們能更加暸解此種轉譯後修飾所扮演的的角色。 

 

關鍵詞: 蛋白體，蛋白質精胺酸甲基化，蛋白質精胺酸甲基轉移脢，轉譯後

修飾 
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Abstract 
 

In the post-genomic era the major challenge is to investigate the complete 
expressed proteins in cells, the proteome. Posttranslational modifications increase the 
complexity of proteins beyond the combination of twenty amino acids. The project 
will investigate one type of protein posttranslational modification— protein arginine 
methylation using the proteomic tools, basically two dimensional gel electrophoresis 
followed by mass spectrometry to identify specific protein spot. We have started the 
investigation of the methylaccepting proteins using proteomic approach and 
successfully identified some known and novel putative methylaccepting proteins. In 
this project we focus on four areas. Firstly, we perform global analysis of protein 
methylaccepting proteins by the proteomic approach. Secondly, we analyze protein 
arginine methylacceptors globally in subcellular localization. Thirdly, we 
characterize the novel protein methyl- acceptors identified through the above 
approaches. At last, we analyze the relationship of protein arginine methyl- -ation 
with specific human diseases by proteomic analyses of the arginine methylaccepting 
proteins in different biomedical samples. Through these studies we will identify, and 
specify the function of arginine methylation of the methylaccepting proteins through 
the proteomic approach, to help to better understand the roles of this posttranslational 
modification. 

 
Keywords: proteomics, arginine methylation, protein arginine methyltransferase, 
posttranslational modification 
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Introduction 
 

Protein arginine methylation is an irreversible posttranslational modification 

involved in various cellular functions such as signal transduction, protein subcellular 

localization, transcriptional regulation and protein–protein interactions (Bedford and 

Richard, 2005; McBride and Silver, 2001). Since the identification of the first protein 

N-arginine methyltransferase (PRMT) gene PRMT1 (Lin et al., 1996), by now at least 

eight PRMT genes have been identified in the mammalian system and seven of them 

has direct or indirect evidences to be able to catalyze the transfer of methyl groups 

from AdoMet to the side chain ω−guanido nitrogens of arginine residues in protein 

substrates. The PRMT activity can be further divided into type I and type II, 

depending on the catalyses of formation of asymmetric NG,NG –dimethylarginines 

(aDMA) or symmetric NG,N’G–dimethylarginine (sDMA) residues respectively (Gary 

and Clarke, 1998). 

Even though the protein N-arginine methyltransferase activities have been 

described in the 1960s, the first PRMT gene was not identified until 1996 as an 

immediate-early gene TIS21-interacting rat protein by a yeast two hybrid screen (Lin 

et al., 1996). The human counterpart of the PRMT1 gene was later identified as an 

interacting protein with the cytoplasmic domain of interferone α/β receptor (IFNR1), 

that has been shown to be the docking site of a few signaling proteins including 

proteins in the Jak-Stat pathway. Since cells rendered deficient in PRMT1by antisense 

oligonucleotides become more resistant to growth inhibition by IFN, methylation of 

proteins by PRMT1 may be a signaling mechanism complementing protein 

phosphorylation (Abramovich et al., 1997). PRMT1 appears to be the major protein 

N-arginine methyltransferase in cells that preferred the arginine and glycine rich 

domain (GAR or RGG box) in numerous RNA binding proteins including hnRNP and 
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nucleolar proteins fibrillarin and nucleolin. The methyltransferase modifies arginine 

residues, in appropriate protein substrates, to form NG-monomethyl and 

NG,NG-dimethylarginine (asymmetric). The concensus PRMT1 methylation sequence 

has been suggested. However, other sites have been identified as the GXR motifs and 

more recently, some without no known sequence (Smith et al., 1999).  

PRMT1 knock mice model was reported by Pawlak et al., 2000 in their screen 

for developmentally regulated genes. Homozygous mutant embryos failed to develop 

beyond E6.5, a phenotype consistent with a fundamental role in cellular metabolism. 

Expression of the Prmt1-betageo fusion gene was greatest along the midline of the 

neural plate and in the forming head fold from embryonic day 7.5 (E7.5) to E8.5 and 

in the developing central nervous system from E8.5 to E13.5. However, Prmt1 was 

not required for cell viability, embryonic stem (ES) cell lines established from mutant 

blastocysts were viable. Low levels of Prmt1 transcripts (approximately 1% of the 

wild-type level) were detected as assessed by a quantitative reverse transcription-PCR 

assay. Total levels of arginine N-methyltransferase activity and asymmetric N(G), 

N(G)-dimethylarginine were reduced by 85 and 54%, respectively, while levels of 

hypomethylated substrates were increased 15-fold. Prmt1 appears to be a major type I 

enzyme in ES cells, and in wild-type cells, most substrates of the enzyme appear to be 

maintained in a fully methylated state. 

Besides the TIS21 and IFNR1, the original bait proteins that fish out PRMT1, 

PRMT1 has been reported to be interacting with many other proteins. Using PRMT1 

as a bait, PRMT3, another PRMT gene with substantial sequence similarity to 

PRMT1 (Tang et al., 1998), and ILF3 (interleukin-enhancer-binding factor 3) were 

identified to be putative PRMT1-interacting proteins. Interestingly, recent 

investigations shown that an transcription activator YY1 recruit PRMT1 through 

DRBP76 (ILF3) to activate transcription (Rezai-Zadeh et al., 2003).  
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Three alternatively spliced HRMT1L2 transcripts with variable 5'-ends were 

observed, encoding proteins of 343, 347, and 361 amino acids, respectively. 

HRMT1L2 maps to human chromosome 19q. (Scott et al, 1998). Scorilas (2000) 

described the genomic structure of PRMT1 with 12 coding exons. Three PRMT1 

isoforms exist as a result of alternative mRNA splicing. Amino acid sequence 

comparison of the splicing variants indicates that they are all enzymatically active 

methyl transferases, but with different N-terminal hydrophobic regions. but 

alternative splicing in the N-terminus. PRMT1 is not only the PRMT1 gene that is 

first identified, it is the most predominant as well as most versatile PRMT involved in 

many different aspect of cell activities reported. 

PRMT3 was first identified by yeast two hybrid screen of PRMT1-interacting 

proteins. Recombinant GST- PRMT3 fusion asymmetrically dimethylates arginine 

residues present both in the designed substrate GST-GAR, thus is a functional type I 

protein arginine N-methyltransferase. However, rat PRMT1 and PRMT3 glutathione 

S-transferase fusion proteins have distinct enzyme specificities. PRMT3 is present as 

a monomer in RAT1 cell extracts, in contrast to PRMT1 is present in an oligomeric 

complex. Immunofluorescence analysis localized PRMT1 predominantly to the 

nucleus of RAT1cells. In contrast, PRMT3 is predominantly cytoplasmic. Frankel and 

Clarke (2000) further showed that the zinc-liganded form of a zinc-finger domain in 

amino terminus of PRMT3 is required for the enzyme to recognize RNA-associated 

substrates in RAT1 cell extracts. The recombinant form of PRMT3 is inhibited by 

high concentrations of ZnCl(2) as well as N-ethylmaleimide, reagents that can modify 

cysteine sulfhydryl groups. 

CARM1/PRMT4 is a coactivator-associated arginine methyltransferase that 

binds to the p160 family of steroid receptor coactivatorsand has been shown to 

enhance the transcriptional activation of nuclear receptors (Chen et al., 2000). Even 
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though a few substrates have been identified, no consensus substrate specific 

sequence can be suggested. 

PRMT6 was first report by Frankel et al., 2002. The novel gene has been 

found on chromosome 1 and the polypeptide chain of PRMT6 is 41.9 kDa consisting 

of a catalytic core sequence common to other PRMT enzymes. Glutathione 

S-transferase fusion PRMT6 demonstrates type I PRMT activity, capable of forming 

both omega-N(G)-monomethylarginine and asymmetric 

omega-N(G),N(G)-dimethylarginine derivatives on the recombinant glycine- and 

arginine-rich substrate. A comparison of substrate specificity reveals that PRMT6 is 

functionally distinct from two previously characterized type I enzymes, PRMT1 and 

PRMT4. In addition, PRMT6 displays automethylation activity; it is the first PRMT 

to do so. HIV Tat 1 protein and HMGA proteins have been reported to be specifically 

methylated by PRMT6. 

Other :PRMT2/HRMT1L1 and HRMT1L3:  PRMT2/HRMT1L1 was the 

first identified PRMT1 homologue by Katsanis et al. (1997) and by Scott el al. (1998) 

probably due to its localization on the telomere of chromosome 21q, the chromosome 

with high resolution map and sequence available early. It contains an Src homology 2 

domain at its N-terminus. However, no methyltransferase activity can be detected in 

the recombinant protein (Scott el al., 1998). A mammalian hnRNP E1B-AP5 has been 

reported to be methylated in vivo in its Arg-Gly-Gly (RGG)-box domain, but 

HRMT1L2 (hPRMT1) did not detectably methylate endogenous E1B-AP5. However, 

HRMT1L1 (PRMT2) was identified as one of the proteins interacting with E1B-AP5. 

It is thus suggested that HRMT1L1 is responsible for specific E1B-AP5 methylation 

in vivo (Kzhyshkowska et al., 2001, Biochem.J). Interestingly, PRMT2 was identified 

as a estrogen receptor α binding protein and can activate EraAP-1 and AP-2 as well as 

PR, PPARγ, and RARα-mediated transcriptional activity (Chao et al., 2002). The 
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potential methyltransferase activity appeared to be important for the coactivator 

function. 

No detailed description of HRMT1L3 has been published. It is on human 

12p13 highly homologous with PRMT1 with 80% amino acid sequence identity and 

even conserved genomic structure (Zhang and Cheng, 2003). Its mouse ortholog was 

recently identified in a neural gene screen. Its expression in developing and mature 

nervous system is reported (Aubert et al., 2003, PNAS). 

For the Type II PRMT, the PRMT5 gene was first identified as a Shk1 protein 

kinase binding protein in Schizosaccharomyces pombe as skb1 (Gilbreth et al., 1996).  

It can form ternary complex with Shk1 and cdc42/Rac-activated kinase. The skb1null 

mutant sre less elongate than wild-type cells and moderate growth defect. 

Overexpression of Shk1 can suppress skb1 delation mutation and overexression of 

skb1 cause wild-type S. pombe cells to become hyperelongated. The human skb1 

homolog, SKB1Hs cab functionally replace skb1 in S. pombe. The Skb1 negatively 

regulate mitosis partially dependent on Shk1 (Gilbreth et al., 1998). Until 1999 the 

protein methyltransferase activity was suggested of the human homologue (Pollack et 

al., 1999) due to its conserved methyltransferase domain and in vitro methylation of 

histone H2A, H4 and myelin basic protein. It is located on chromosome 14q11.2-21 

and was found to be interacting with Jak 2 and was designated as JBP1. The yeast 

homologue of human JBP1, Hsl7p methylate similar protein substrates (Lee et al., 

2000).  However, the type II activity of PRMT5 was not confirmed until 2001 by 

Branscombe et al., 2001).  The skb1 protein was also identified as a pICln 

interacting protein (Krapivinsky et al., 1998). The complex was later found to interact 

with snRNP core proteins SmD1, D2, D3, X5 and SmB/B’ (Schmarda, A). The 20S 

complex containing JBP1 and pICln has later been designated as “methylsome” by 

Friesen et al. (2001, MCB) to produce dimethylarginine modified Sm proteins. It was 
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reported previously that the survival moter neuron (SMN) protein, the spinal muscular 

atrophy disease gene product, binds preferentially to the sDMA modified SmD1 and 

D3. The 20S methyltransferase complex contains the unmodified but not sDMA 

modified SmD1 and D3. Methylation of Sm proteins by the methylosome directs Sm 

proteins to the SMN complex for assembly into snRNP core particles. PRMT5 was 

reported to negatively regulate transcription (Fabbrizio et al., 2002). Recently, 

PRMT5 is association with Brg1 and hBrm-based hSWI/SNF complexes (Pal et al., 

2003). hSWI/SNF-associated PRMT5 can methylate hypoacetylated histones H3 and 

H4 more efficiently than hyperacetylated histones H3 and H4. Protein-protein 

interaction studies indicate that PRMT5 and mSin3A interact with the same 

hSWI/SNF subunits as those targeted by c-Myc. Brg1, mSin3A, HDAC2, and PRMT5 

are directly recruited to the cad  (a c-Myc target gene) promoter. These results 

suggest that hSWI/SNF complexes, through their ability to interact with activator and 

repressor proteins, control expression of genes involved in cell growth and 

proliferation. 

Recently Miranda et al. demonstrated that PRMT7 catalyzed the formation of 

ω−NG monomethylarginine in an arginine/glycine containing peptide but not in 

known protein substrates (Miranda et al., 2004). However, Lee at al. showed that 

PRMT7 is a new type II protein arginine methyltransferase capable for sDMA 

modification (Lee at al., 2004). 

Different mammalian protein arginine methyltransferases are localized in 

different subcellular compartments and appear to have their own substrate sets and 

physiological roles. For example, the predominant PRMT1 appears to be located 

mainly in the nucleus (Tang et al., 1998). Its physiological substrates include histone 

H2A, many hnRNPs, fibrillarin and Sam 68 (Lin et al., 1996; Tang et al., 1998; 

Mowen et al., 2001; Lee and Bedford, 2002; Wada et al., 2002). The other widely 



 7

studied CARM1/PRMT4 were first identified as a coactivator-associated arginine 

methyltransferase (CARM) localized in the nucleus (Chen et al., 1999). Identified 

PRMT4 substrates include histone H3 (Chen et al., 1999), p300/CBP (Xu et al., 2001), 

PABP1 (Lee and Bedford, 2002) and an mRNA –stabilizing protein HuR (Brahms et 

al., 2000). The JBP1/PRMT5 substrates include myelin basic protein (Pollack et al., 

1999; Branscombe et al., 2001; Rho et al., 2001), SmD1, D3 (Brahms et al., 2000), 

Sm B/B’, Lsm4 (Brahms et al., 2001) and coilin (Hebert et al., 2002). Even though 

cytoplasmic localization of PRMT5 has been suggested (Rho et al., 2001; Frankel et 

al., 2002), the interactions of PRMT5 with complexes involved in transcriptional 

regulations (Fabbrizio et al., 2002; Kwak et al., 2003; Pal et al., 2003) indicate that 

certain portion of the protein should be present in the nucleus also. 

In comparison with eight members in mammalian PRMT family, there are 

only two related protein arginine methyltransferase genes in yeast S. cerevisiae. 

RMT1/HMT1 corresponds to the type I methyltransferase activity (Gary et al., 1996; 

Henry and Silver, 1996) while Hsl7p is responsible for the type II activity (Lee and 

Bedford, 2002). The survival of yeast HMT1 or Hsl7 mutants indicates that they are 

not essential genes (Gary et al., 1996; Gilbreth et al., 1996; Henry and Silver, 1996). 

On the contrary, mice null for PRMT1 die early during embryogenesis (Pawlak et al., 

2000) and mice deficient in PRMT4/CARM1 show neonatal lethality (Yadav et al., 

2003), indicating that these genes play critical roles in mammals. 

Nine PRMT genes (DART1-9) have been identified in Drosophila (Boulanger 

et al., 2004). However, only DART1, 4, 5, and 7 are the putative homologues of 

mammalian PRMT1, 4, 5, and 7. Other DART family members have closer 

resemblances to PRMT1 but do not have identifiable mammalian homologous. In our 

recent study, orthologues of the eight human PRMT genes in two fish model systems 

pufferfish Fugu rubripes and zebrafish Danio rerio were identified based on their 
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amino acid sequence homology (Hung and Li, 2004). In addition, the PRMT genes 

are found in a simplified form with two family members (PRMT2 and 

HRMT1L3/PRMT8) missing in Ciona intestinalis, a plausible approximation to the 

ancestral chordates for the origin of vertebrates and chordate. Paralogous vertebrate 

genes such as gene families for cell signaling (such as the fibroblast growth factor) 

and transcription factors (such as SMAD) often match to a single gene in C. 

intestinalis (Ci, Dehal et al., 2002). Interestingly, the missing PRMT1 (HRMT1L2) 

homologue HRMT1L3/PRMT8 has identical exon junctions and share high sequence 

identity with PRMT1 in human and fish. It is likely that PRMT8 occurred by gene 

duplication of PRMT1 after the divergence of the vertebrate ancestors from other 

chordates and can be viewed as a paralogue of PRMT1 in the vertebrates. It is 

interesting that we could not identify PRMT2 in Ciona also. We found that 

phylogenetically PRMT6 and PRMT2 converged in one lineage parallel to the 

PRMT1/3 lineage. The two PRMTs are the least conserved PRMT from fish to human, 

with about 50% sequence identity. Whether the two PRMT genes are evolved at a 

higher rate is an interesting issue. However, the N-terminal SH3 domain before the 

catalytic core of PRMT2 and the characteristic one coding exon in PRMT6 is 

conserved from fish to human. Surprisingly, we found that Ci PRMT6 contains six 

exons, indicating that the one coding exon character of PRMT6 is specific only in the 

vertebrates. It is attractive to propose that PRMT2 is evolved from a duplication of a 

common ancestor of both PRMT6 and PRMT2 in the early vertebrates but are 

diverged with faster rates than other PRMT genes. By now no direct 

methyltransferase activity has been demonstrated for PRMT2 and no physiological 

importance of PRMT6 is known. Whether they are of less physiologically importance 

thus accumulate mutations much faster than other PRMT genes is an interesting 

question.  
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In view that this type of posttranslational modification plays important roles in 

cells, identification of arginine methylaccepting proteins ought to be an important task. 

The arginine methylaccepting substrates were identified and studied through different 

approaches. Proteins such as fibrillarin  (Lischwe et al., 1985), nucleolin  (Lapeyre 

et al., 1986), and hnRNPA1 (Rajpurohit et al. 1994a) were identified to contain 

asymmetric dimethylarginines through direct biochemical analyses. Other proteins 

with similar arginine and glycine rich motifs, mostly RNA binding proteins such as 

herpes simplex virus ICP27 protein  (Mears and Rice, 1996), FGF2 (Klein et al., 

2000) and EWS  (Belyanskaya et al., 2001), have also been identified as 

methylaccepting substrates. Recently, proteins without typical arginine and glycine 

rich sequences have been found to contain methylarginines. The methyl group on the 

PABPII protein was identified on a RXR motif (Smith et al., 1999) while the 

methylarginine in STAT1 is located in the EIRQY context  (Mowen et al., 2001).  

Alternatively, cells were made deficient in methyltransferase activity either by 

genetic approaches  (Pawlak et al., 2000; Frankel and Clarke, 1999) or by chemical 

treatment  (Najbauer et al., 1993). The methylaccepting sites would not be occupied 

in vivo and can be detected by further in vitro methylation reactions and analyzed by 

gel electrophoresis. Although previous studies had utilized two-dimensional (2-D) gel 

electrophoresis for product analyzes, the methylated proteins revealed after 

fluorography could not be identified unambiguously. Candidate proteins were only 

inferred through their molecular mass and pI (Najbauer and Aswad, 1990; Najbauer et 

al., 1993; Frankel and Clarke, 1999).  

In this study, we treated lymphoblastoid cells with an indirect 

methyltransferase inhibitor adenosine dialdehyde (AdOx). After in vivo or in vitro 

methylation reactions, cell extracts were separated by 2-D electrophoresis. Proteins of 

interest were excised from the gel, digested with specific protease and subjected to 
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MALDI (matrix assisted laser desorption ionization)-TOF (time of flight) mass 

spectroscopy for protein identification. With this approach, we have confirmed some 

previously known methylaccepting proteins and identified some novel putative 

methyl-accepting proteins. Furthermore, we performed global analysis of protein 

methylaccepting proteins by the proteomic approach. Basically, the pattern of western 

blot detected by methylarginine specific antibody was compared with that of total 

protein stain. Specific protein spots were picked, digested and analyzed by mass 

spectrometry. Interesting putative methylaccepting proteins were under investigation. 

We also fractionated mouse brain extract proteins by a chromatophocusing Mono P 

column with a pH 9-6 gradient in view to resolve basic proteins with the 

methyl-accepting arginine and glycine rich (GAR) sequences. 
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Materials and Methods 
 

Culture and fractionation of cells   

Lymphoblastoid cells were grown in RPMI 1640 medium (GIBCO) supplemented 

with 10% fetal bovine serum (GIBCO) at 37 oC in a 5% CO2 incubator. Treatment of 

cells with 20 M of　  adenosine dialdehyde (AdOx) for 72 hours was performed as 

described (Li et al., 1998). The cells were harvested and subcellular fractionations 

were prepared as described by Lin et al (2000). Basically, cells were washed with 

PBS and lysed in buffer containing 10 mM Tris-HCl, pH=7.4, 150 mM NaCl, 1.5 mM 

MgCl2, 100 mM NaF, 10 ng/ml aprotinine, 1 mM PMSF, 1 mM dithiothreitol, 10 

U/ml RNasin and 0.5% NP-40. The cells were disrupted by passages through 

hypodermic needles (22 G) for about 10 times. The pellet obtained by the 

centrifugation at 1000 g for 5 min was the nuclear fraction. The supernatant was 

further centrifuged at 100,000 g for 60 min to pellet the ribosomal fraction and to 

obtain the supernatant cytosolic fraction. Alternatively, cells collected from a 75 cm2 

culture flask were resuspended in 600 μl of 2-D extraction buffer (100 mM 

ammonium carbonate, pH 8.0; 0.5 mM PMSF; 2 mM EDTA; 2% NP-40). Cells were 

incubation on ice for ten minutes then lysed by sonication. Cell debris was removed 

by centrifugation at 12,000xg for 20 min. Proteins in the extracts were quantified by 

BCA assay (Pierce) with bovine serum albumin as standard. Extracts thus prepared 

gave poor methylaccepting signals after the in vitro methylation reaction. We thus 

followed the protocol of Li at el. (2) to prepare the extracts for methylation reaction 

using the extraction buffer (phosphate-buffered saline [10 mM dibasic sodium 

phosphate, 1.8 mM monobasic potassium phosphate, 140 mM NaCl, 2.7 mM KCl, 

pH7.4], 5 % glycerol, 1 mM disodium EDTA, 1 mM EGTA, 40 μg/ml leupeptin and 

aprotinin, 20 μg/ml pepstatin, 1 mM PMSF, 0.5% of Triton X-100). 
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    For studies using HeLa cells (ATCC CCL-2), cells were grown in MEM medium 

(GIBCO) supplemented with 10% fetal bovine serum (GIBCO) at 37 oC in a 5% CO2 

incubator. Treatment of cells with AdOx for various time periods was performed as 

indicated. The cells were harvested and washed with phosphate-buffered saline, 

resuspended in buffer A (phosphate-buffered saline with 5% glycerol, 1 mM sodium 

EGTA, 1 mM dithiothreitol, 0.5% Triton X-100 and Complete protease inhibitor 

cocktail [Roche]). Adenosine dialdehyde (AdOx, Sigma) was added to the medium at 

the indicated final concentration. Cycloheximide (CHX, Sigma) and 

N-acetyl-leu-leu-norleucinal (ALLN, Sigma) were added to the culture medium at the 

final concentration of 100 μg/ml and 15 μM respectively.   

 

Preparation of Recombinant Proteins   

Recombinant glutathione S-transferase-yeast RMT1 or rat PRMT1 fusion enzyme 

was prepared from IPTG-induced, pGEX-RMT1 or pGEX-PRMT1 transformed E. 

coli DH5  cells. The expression and purification of the GST　 -RMT1 and 

GST-PRMT1 fusion protein were performed as described (Gary et al., 1996; Lin et al., 

1996). Recombinant mouse fibrillarin with six histidine tag was expressed in 

pET28-fibrillarin transformed JM109 (DE3) cells induced with IPTG at 25 oC. 

Recombinant protein was purified under denaturing conditions through a Ni-NTA 

column (Qiagen) according to the procedures described by Pearson et al. (1999). For 

other putative arginine methylaccepting proteins, the cDNA clones were obtained 

from RZPD (Germany) and subcloned into pGEX4 vector. Recombinant GST-fusions 

were then purified in similar ways. 

 

In vitro protein methylation and fluorography. 

Total extracts (100μg proteins) were incubated with 10 μCi of [methyl-3H]-AdoMet 
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(60 Ci/mmol, Amersham) in the presence or absence of recombinant yeast 

GST-RMT1 arginine methyltransferase in methylation reaction buffer (50 mM sodium 

phosphate, pH7.5, 1 mM EDTA, 1 mM EGTA). The final volume was 70 μl and 

reaction was carried out for two hours at 30 oC. The reaction was stopped by 

incubating on ice. If the reaction products were going to be analyzed by 

2D-electrophoresis, they were then subjected to dialysis using a mini dialysis unit 

(MW cut off 3,500; Pierce) for salt removal. If recombinant fibrillarin was sued as the 

methylaccepting substrate, it was incubated with S-adenosyl [methyl-3H] 

L-methionine (60 Ci/mmol, Amersham) for a final concentration of 1μCi/μl reaction 

in 25 mM of Tris (pH=7.5), 1 mM of EDTA and 1 mM of EGTA in the presence of 

arginine methyltransferase sources. After indicated time of incubation at 30 oC, the 

reaction was terminated by the addition of one third of the volume of 3X SDS sample 

buffer. After gel electrophoresis, the polyacrylamide gel was stained with Coomassie 

brilliant blue, destained, and soaked in EN3HANCE (Du Pont NEN) for an hour and 

then in water for 30 minutes as suggested by the manufacturer. The gel was dried and 

exposed to X-ray film (Kodak, MS) at -75 oC for 7 days if not indicated otherwise. 

  

In Vivo Methylation 

HeLa cells grown to near confluency were treated with AdOx for the indicated times. 

Cycloheximide (100 μg/ml) and chloramphenicol (40 μg/ml) were added 30 min prior 

to the labeling. For in vivo methylation, the medium was replaced with DMEM 

medium without methionine (GIBCO), 10% FBS (GIBCO, dialyzed), [methyl-3H] 

methionine (10 μCi/ml) and translation inhibitors for the indicated labeling time. The 

cells were then collected, lysed by SDS-PAGE sample buffer and analyzed by 

SDS-PAGE and fluorography.   
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Two-dimensional gel electrophoresis.   

Samples (1 mg) were loaded onto immobilized pH gradient (IPG) strips (pH3-10, 13 

cm) through overnight rehydration at room temperature in a reswelling tray. Samples 

were prepared by lyophilization then resuspension in 250 μl of 8 M urea, 2% (w/v) 

CHAPS, 2% IPG buffer and 2.8 mg/ml dithiothreitol. Isoelectrophocusings (IEF) 

were carried out in a Multiphor II system as instructed by the manufacturer 

(Amersham Biosciences). Alternatively, the IPG strips were resolved by IPGphore 

(Amersham Biosciences) as instructed by the manufacturer. Upon completion of IEF 

(17,000 Volt-hours), the IPG strips were equilibrated in 50 mM Tris-HCl, pH8.8, 6 M 

urea, 30% glycerol, 2 % (w/v) SDS, 15.4 mg/ml dithiothreitol and 0.0125 % 

bromophenol blue for 15 min. The strips were then stored frozen at –80 oC or used 

immediately. Gradient SDS polyacrylamide gels (5-20 %, 17x20x1 mm) were 

employed for the second dimensional separation in a Bio-Rad PROTEAN II xi system. 

Proteins were visualized by colloidal blue staining for 2 days and destaining was 

carried out in 25% methanol (32). Z3 (Compugen) and Melanie 3 (Genebio) softwares 

were used to analyze the gel images. Gels containing isotopically labeled proteins 

were treated with EN3HANCE (Du Pont NEN), dried and exposed to X-ray film 

(Kodak, MS) at -75 oC. Since silver-stained gels gave poor fluorographic results and 

large gels tended to crack after drying, we used colloidal blue staining and 13 cm IPG 

strips for the analyses of radioactive samples.  

 

In gel protein digestion.   

Protein spots were excised from the polyacrylamide gel with pipette tips and the gel 

plugs were washed extensively in 10% acetic acid and 50% methanol in water. They 

were then incubated in 200 mM Tris, pH 8.8, 50% acetonitrile for 30 min. The buffer 

was removed and the gel plugs were dehydrated by adding acetonitrile followed by 
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vacuum centrifugation. Lys-C protease solution (Wako, 0.033 mg/ml in 100 mM 

ammonium bicarbonate buffer, pH 9.2) or trypsin solution (Promega, 0.033mg/ml in 

50 mM Tris-HCl pH 8.0, 2 mM CaCl2) was then added to restore the gel plugs to their 

original volume.  Digestion was carried out at 42 and 25 oC overnight for Lys-C and 

trypsin proteases, respectively.  The digests were then acidified by adding 2% TFA. 

Peptides were extracted from the gel plugs sequentially with 0.1% TFA in water, 30% 

acetonitrile in water with 0.1%TFA and finally 60% acetonitrile in water and 

0.1%TFA. The solutions were combined and dried to less than 50 l then desalted 　

with a Ziptip (Millipore) pipette tip following the manufacturer’s instructions. 

Endoprotease Lys-C digestion       

Methylated fibrillarin protein (5 μg in a 20 μl reaction volume) was separated from 

the enzyme source by the adsorption to the Ni-NTA resin (Qiagen , 10 μl). The 

washed pellet was then resuspended in 100 mM (NH4) 2 CO3 (pH=9.2). Lys-C (Wako) 

was added in the final concentration of 0.033 mg/ml. Digestion was performed at 42 

oC overnight.   

 

MALDI-TOF MS analysis.   

Peptide mass mapping was performed on a Bruker (Bruker-Daltonics, Bremen, 

Germany) REFLEX III time-of-flight mass spectrometer equipped with a SCOUT 

source and delayed extraction. Detection was set in positive ion reflector mode with 

each mass determination being an average of 100 spectra. Samples for mass 

measurement were prepared using the solution-phase nitrocellulose method (33) with 

α-cyano-4-hydroxycinnamic acid as matrix. Alternatively, samples were deposited on 

a Bruker 600 micron AnchorChip according to the manufacturer’s instructions. 

Angiotensin II (1045.54 amu), adrenocorticotropic hormone fragment 18-39 (2465.73 

amu) and somatostatin (3146.47) were used as external calibration standards. The 
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peptide mass spectra obtained by the MALDI-TOF analyses were analyzed using 

PeptidIdent (http://tw.expasy.org) and Profound (http:// 129.85.19.192/profound/).                   

 

Western Blotting.  

Equal amounts of protein (30 μg) were separated by 12.5% SDS-PAGE and 

subsequently transferred to nitrocellulose membranes (Gelman Science). The 

membranes were blocked in 5% skimmed dry milk in TTBS (10 mM Tris-HCl, 

pH=7.5; 100 mM NaCl; 0.1% tween 20) for 30 min, incubated with primary 

antibodies (1:200 dilution for 7E6 antibody from Abcam; 1:550 dilution for SYM10, 

1:900 dilution for SYM11 and 1:900 dilution for ASYM24 from Upstate) for 1 h, 

washed three times in TTBS, then incubated with secondary antibody (anti-mouse or 

rabbit IgG horse radish peroxidase conjugate from Sigma) for 1 h. Chemiluminescent 

detection was performed using the Supersignal kit according to the manufacturer’s 

instructions (Pierce). 

  

Database searches and analyses  

Searches for the homologues of human PRMT genes (PRMT1v3: NP_938075; 

PRMT2: NP_001526; PRMT3: XP_058460; PRMT4/CARM1: XP_032719; 

PRMT5/SKB1: NP_006100; PRMT6: AAK85733; PRMT7: NP_061896;HRMT1L3: 

NP_062828) were performed by tblastn against Fugu rubripes or Ciona intestinalis 

genome databases. Putative Fugu or Ciona PRMT homologues were identified by 

GeneScan (http://genes.mit.edu/GENSCAN.html) and GenomeScan 

(http://genes.mit.edu/GENSCAN.html) for gene prediction with human PRMT protein 

sequences as the templates. The predicted Ciona PRMT was further subjected to 

blastn against est_others database of NCBI. The matched Ciona EST sequences were 

then retrieved and assembled. Searches for the zebrafish PRMT genes were performed 
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by tblastn against both zebrafish EST database and HTGS database using human 

PRMT protein sequences as the templates. The putative PRMT genes were predicted 

by similar approaches used above. 

 

Alignment and Phylogenetic analyses of the protein arginine methyltransferase 

Multiple Sequence alignments were performed with clustalX (1.83) (Thompson et al., 

1997) and the output of the alignments was formatted by CHROMA (Goodstadt and 

Ponting, 2001). The phylogenetic tree was calculated using Neighbor-Joining method 

(Saitou and Nei, 1987) integrated in clustalX, then visualized with Treeview (v1.6.6; 

http://taxonomy.zoology.gla.ac.uk/rod/treeview.html).  
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Results and Discussion  

The effects of adenosine dialdehyde treatment on in vitro and in vivo Stable 

Protein Methylation in HeLa Cells 

Treating cells with a methyltransferase indirect inhibitor AdOx that would 

accumulate methylaccepting proteins in the hypomethylation states was one of the 

most important tools we would use. However, this approach was limited to in vitro 

methylation. We used lymphoblastoid cells as our study system previously. When we 

were studying the subcellular localization of the methylarginine containing 

polypeptides, we used HeLa cells since they were easier to handle for microscopic 

analyses. We thus determined the suitable treatment conditions of AdOx to HeLa cell, 

and performed more experiments to demonstrate that AdOx can be applied to in vivo 

mehtylation studies. We described our interesting results in a manuscript titled “The 

effects of adenosine dialdehyde treatment on in vitro and in vivo Stable Protein 

Methylation in HeLa Cells”, which is published in Journal of Biochemistry (2004). In 

this paper we also suggested that the methylaccepting proteins accumulated upon 

AdOx treatment are most likely to be from the newly synthesized proteins in the 

incubation period. Our results also indicated that protein methylation, mostly arginine 

methylation, occurred soon after its synthesis, and the methylated proteins were rather 

stable. This investigation also provides us with a good experimental system for future 

studying of in vivo methylated proteins proteomically.  

 

Identification and phylogenetic analyses of the protein arginine 

methyltransferase gene family in fish and ascidians  

We found that there are eight PRMT genes in human, although only six of them 

had been designated as PRMT1-6 previously. We searched for the human, mouse, as 
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well two other fish model system puffer fish Fugu rubripes and zebra fish Danino 

rerio and an invertebrate chordate ascidian Ciona intestinnalis. The results of the data 

mining and the analyses of the putative PRMT genes in these systems are in a paper 

“Identification and phylogenetic analyses of the protein arginine methyltransferase 

gene family in fish and ascidians”, now published by GENE (2004). The PRMT genes 

we identified in both fish model system are conserved not only in the amino acid 

sequences, but also in the genomic structure. We also constructed a phylogenetic tree 

with these data and it correlated perfectly with the type I and type II activity divisions 

of PRMT. Besides, We cloned the human PRMT6 as well as the zebrafish and Fugu 

PRMT6 gene, both differ from other vertebrate PRMT genes, contain only one coding 

exon. We were able to express both PRMT6 as GST fusion in E. coli and detected the 

methyltransferase activity. 

Proteomic analyses of arginine methylaccepting proteins and basic proteins  

Previous investigations indicated that most of the methylaccepting proteins are 

basic RNA binding proteins containing arginine and glycine rich (GAR) motifs. In 

order to analyze the arginine methylaccepting proteins, in this study we used 

proteomic approaches including two-dimensional (2-D) electrophoresis, 

chromatofocusing chromatography (Mono P column) and MALDI-TOF-MS analysis 

to identify these proteins. In the lst part, HeLa cell extracts were separated by the 2-D 

electrophoresis and then detected by mono- and di-methylarginine specific antibody 

7E6. We compared the patterns of the protein stain and the western signals and found 

some matched spots (Fig. 1). The spots were cut, endoprotease in-gel digested, the 

fragments were analyzed by MALDI-TOF-MS and MS/MS. We identified the spots 

by the help of online programs (Mascot). The identification of the previously reported 

methylarginine-contains protein such as hnRNP A2/B1, hnRNP A1, hnRNP G, Sam68 

and FUS gycline rich protein indicated our approach is feasible. In addition, our data 
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suggested hnRNP M and 54 kDa nuclear RNA- and DNA-binding protein (p54nrb) 

are putative methylaccepting proteins (Table 1). We got further evidence of the 

methylation of recombinant hnRNP M and the peptide with the RGG sequence in the 

hnRNP M protein. In the 2nd part, we fractionated mouse brain extracts by a 

chromatofocusing Mono P column with a pH 9-6 gradient. As few proteins were 

eluted, we further treated the brain extract with nuclease before chromatofocusing to 

release basic nucleic acid binding proteins. Distinct patterns of the elutted proteins in 

Mono P column fractions with nuclease or not were detected and the proteins in the 

flowthrough fractions of the column increased significantly upon nuclease digestion 

(Fig. 2). The highly basic proteins released by nuclease treatment were identified by 

MALDI-TOF spectrometry. Surprisinly, the majority of the proteins are enzymes in 

important metabolic pathways such as glyceraldehydes-3-phosphate dehydrogenase, 

malate dehydrogenase and transketolase. However, no GAR containing nucleic acid 

binding proteins were identified in the basic proteins (Table 2). This part of work were 

in the master thesis of Chien-Jen Hung (Proteomic studies of methylaccepting 

proteins in HeLa cells and mouse brains, Master thesis, Institute of Medicine, Chung 

Shan medical University). 

 

Protein arginine methylation in autoimmune disease 

Many methylarginine containing proteins such as fibrillarin, several hnRNP, myelin 

basic protein and SmD1 and D3 are known to be autoantigens of different 

autoimmune diseases. Patients suffering from the autoimmune disease systemic lupus 

erythematosus (SLE) spontaneously produce autoantibodies against a multitude of 

cellular components. Antibodies against Sm proteins (anti-Sm autoantibodies) are 

SLE-specific and react predominantly with the Sm proteins B/B’, D1, D3, E, F, G and, 
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to a lesser extent, D2. Sm protein D1 and D3 were reported to contain symmetric 

di-methylarginines（sDMA）and a few different anti-Sm autoantisera recognized only 

the sDMA peptide of SmD1 and D3 but not unmethylated or asymmetric 

dimethylarginine peptides. The results indicate the importance of methylarginine 

modification for autoantibody recognition. We thus would like to know if the anti-Sm 

sera from local SLE patients also preferentially recognize the methyl-modified Sm D 

proteins and if there are other proteins that can be differentially recognized by the 

anti-Sm sera due to their methylation states. We obtained some antisera including 

anti-Sm and anti-RNP from SLE patients through collaboration with Dr. Gregory Tsai 

in Institute of Immunology in our school. We performed preliminary studies using one 

anti-Sm serum for immunoprecipitation. We then use the anti-Sm to 

immunoprecipitate in vitro methylated proteins from lymphoblastoid cell extracts (Fig. 

7). We used radioactive [methyl-3H]-S-adenosylmethionine (AdoMet) to in vitro 

methylate AdOx-treated lymphoblastoid cell extracts. The labeled reaction mixture 

was then used for the immunoprecipitation and analyzed by gel electrophoresis and 

fluorography. The result indicated that anti-Sm recognize specific methylaccepting 

proteins or proteins that specifically interacted with the methyl-modified proteins. We 

were planning to analyze the immunoprecipitants for methylarginine containing 

polypeptides. However, the signals from the immunoglobulin proteins from the 

antisera were too strong thus covered the signals detected by methylarginine specific 

antibodies. We thus immobilized the autoantibodies to gel supports to prepare the 

autoantigens by immunoaffinity. However, no protein signals could be obtained from 

the eluted fractions of the immobilized antibodies. Awe thus changed our strategy by 

using anti-Sm autosera from three different SLE patients in western blot analyses of 

AdOx-treated (proteins presumably at hypomethylation state) and untreated (proteins 

at normal methylation states) HeLa cell extracts. There were no significant differences 
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between the signals corresponding to SmD1 in samples of different methylation status. 

However, in one-dimensional (Fig. 3) and 2D-dimensional gel electrophoresis (Fig. 4), 

weaker signals between molecular mass of 18 to 21 kDa and about 40 kDa were both 

consistently detected from cell extracts treated with AdOx compared to the ones 

without AdOx treatment . We identified these proteins by mass spectrometry. We were 

interested in two putative autoantigens CArG binding factor and ZNF9 proteins, they 

contain GAR domain and are likely to be methylarginine containing proteins. We 

inferred that CArG binding factor and ZNF9 protein might contain methyl-arginines 

thus lead to the differential recognition by anti-Sm autoantibodies due to their 

mehtylation status. This part of work were in the master thesis of Hong-How Chang 

(Differential recognition of proteins due to methylation status by anti-Sm 

autoantibodies from SLE patients And Proteomic analysis of autoantigens of 

antineutrophil cytoplasmic autoantibodies (c-ANCA) from vasculitis patients; mater 

thesis, Institue of Stamatology, Chung Shan Medical University). 
.  

Modulation of stable protein methylation by KCl  

1. Addition of 0.5 M KCl to the total extract of LCL or HeLa cells activate the 
methylation of a typical type II substrate fibrillarin  

In our previous studies of type I protein arginine methyltransferase in porcine brain 

(Hung et al., manuscript in preparation), an interesting result triggered our 

investigation in this study. Inclusion of 0.5 M KCl in the buffer to resuspend the 

precipitants of an ultracentrifugation (100,000 x g) of the brain extract released type I 

methyltransferase of high specific activity. Similarly, addition of 0.5 M KCl to HeLa 

or lymphoblastoid cell total extracts and preincubation of the extract on ice for 30 min 

before the methyltransferase assay elevated the activity significantly. However, 

inclusion of 0.5 M KCl with recombinant PRMT1 did not activate the 
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methyltransferase activity. The results exclude the possibility that addition of 0.5 M 

KCl might affect the methylaccepting substrate, the recombinant mouse fibrillarin, to 

become a better methylaccepting substrate for the enzyme. Other monovalent salts 

such as NaCl and NaF produce similar effects as KCl indicate that it is the high ionic 

strength produced by the salts that activate the methyltransferase in the total extract.  

2.  Disruption of cytoskeleton and elevation of type I PRMT activity 

The high ionic strength most likely interrupted non-covalent association of proteins. 

We proposed that the certain fraction of the type I methyltransferase activity might be 

associated with components that are linked with the cell membrane or other large 

cellular complexes that can be precipitated by ultracentrifugation. Release of the 

methyltransferase from the association increased the methyltransferase activity. To 

test if the methyltransferase attached to cytoskeleton and thus modulate its activity, 

we treat HeLa cells with cyclostatin which can disrupt the cytoskeleton structure. 

Small but consistent increased type I methyltransferase activity could be observed 

upon cyclostatin treatment. Addition of 0.5 M KCl to cyclostatin-treated or untreated 

cells resulted in the same level of activation. It is thus possible that part of the PRMTs 

were associated with cytoskeleton and the interruption of the association can activate 

the methyltransferase activity. This activation can explain partly the activation of the 

PRMT activity in cell total extracts by high ionic strength.  

3. The effect of KCl on methylation of endogenous methylaccepting proteins. 

The previous in vitro methylation experiments were performed using an exogenous 

type I methyltransferase substrate-recombinant mouse fibrillarin. AdOx is an indirect 

methyltransferase inhibitor that has been widely used to treat cells to accumulate 

methylaccepting proteins at hypomethylation state. In vitro methylation reaction can 

be performed with [methyl-3H]-AdoMet to probe for the methylaccepting proteins that 

can be recognized by endogenous protein methyltransferases. Normally many 
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methylaccepting polypeptides can be detected in this way. Interestingly, inclusion of 

0.5M KCl in the methylation reaction of AdOx-treated cell extracts showed totally 

different methylation patterns compared with that of the no KCl ones. (Fig. 3) The 

methylation of certain polypeptides such as polypeptide at 100, 115, 34 and 30 are 

highly elevated. One heavily methylated polypeptide at the molecular mass at 33 kD 

under the high KCl reaction condition was not detected under the normal methylation 

reaction. However, the methylation of many polypeptides between molecular mass 

about 36 to 85 KD was decreased.  

4. Identification of the proteins with by proteomic approach. 

The total extract from HeLa cells treated with AdOx were methylated in the presence 

or absence of KCl treatment and then analyzed by two-dimensional electrophoresis. 

To avoid the high salt included in the methylation reaction to interfere with the 

isoelectrofocusing electrophoresis, the reaction product were dialyzed before the 1st 

dimensional electrophoresis. Most of the methylation signals from the 2-D 

electrogram were horizontal streaks. The electrogram of the protein-staining pattern 

showed that the majority of protein spots were separated well except the more basic 

and high molecular weight regions. The methylated protein signals around 90 kDa 

upon the addition of KCl were of the pH range from 4-7. We have performed the 2-D 

gel electrophoresis to separate the methylaccepting proteins and are going to identify 

the proteins by mass spectrometry soon. 

The preliminary results were presented as a poster titled “Modulation of type I 

protein arginine methyltransferase activity and protein methylation pattern by high 

ionic strength” in the ASBMB annual meeting (2005) at San Diego, CA, USA. 

Manuscript of this part of work is under preparation. 

 

Protein arginine methylation analyses of PAI-RBP1and other putataive 
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methylaccepting proteins   

We are also analyzing putative novel methylaccepting proteins. We finally 

subcloned and expressed GST-fused recombinant protein of prohibitin, a putative 

methylaccepting protein identified through our previous investigation. We have 

troubles in cloning and expression of recombinant proteins for our studies that 

slowed down our progress. We are glad that the Core facilities now can provide the 

service for recombinant proteins constructs. Even though we have successfully 

subcloned a novel RGG containing protein PAI-RBP1 (plasminogen activator 

inhibitor RNA binding protein) into expressing vector, we had struggled for 

obtaining the proteins and thus cannot get convincing results (Fig. 6). We have 

obtained the PAI-RBP1 expression construct from the Core and are reanalyzing the 

putative methylaccepting protein. It can be recognized by porcine brain extract and 

we are reconfirming the identity of the recombinant protein by MALDI-MS and are 

purifying this recombinant protein for antibody induction and other analyses. 
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Fig. 1 HeLa 細胞萃取蛋白經由二維膠體電泳分離後，以 Coomassie blue 染色及

西方點墨法分析之結果 
           取 250 μg 的細胞萃取蛋白進行二維膠體電泳，電泳分離後的膠，分

別以 coomassie blue 染色的結果 (A)，及西方點墨法 (7E6 1:200)壓片的結

果 (B)。(C) 是將上述二者進行比對的結果，將符合的點以數字標記起來。 
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Fig. 2. Mouse brain extract treated with nuclease (upper panel) or not (lower 
panel) was separated by mono P chromatofocusing chromatography. The column 
was washed with 2 column volume (CV, 4 ml) of buffer A (0.075 M Tris-acetate, 
pH9.3), then eluted with the gradient of 100% buffer A to buffer 100% buffer B (poly 
buffer 96, pH 6.0) in 11 CV. The flow rate was 1 ml/min and the fractions were 
collected every one min. The proteins in each fraction were examined by SDS-PAGE 
and silver stain. The polypeptides identified by MALDY-TOF mass spectrometry 
were indicated below. 
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Fig.3 因蛋白質甲基化程度不同而影響 anti-Sm autoantisera 辨識上

的不同 

HeLa cells 分別培養在有加（20 μM）或沒加 AdOx 的細胞培養

液中 24 小時，再取 cell extracts 20 μg 蛋白量跑 SDS-PAGE，並將蛋

白轉移至 NC 膜上做 western blot。（SYM11：會辨識對稱型雙甲基精

胺酸，當作控制組；來自 SLE 病人（1 號和 3 號）的 anti-Sm 自體免

疫抗體；來自 4 號 SLE 病人的 anti-RNP 自體免疫抗體） 
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Fig.4 Anti-Sm 在蛋白質二維電泳 pattern 上辨識的不同 

有加 AdOx 處理和無加 AdOx 處理（control）的細胞萃取液（250 μg），

我們將這不同的樣品跑二維電泳並以 SLE 1 號病人的 anti-Sm 

autoantibody做 western blot比對。（打藍圈處：加AdOx 處理後，anti-Sm 

(1)辨識變弱（與控制組比較）） 
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Fig. 5. High KCl concentration changed the pattern of in vitro protein 
methylation in HaLa cell extracts. HeLa cell extract treated with a methylation 
inhibitor AdOx were prepared and subjected to in vitro methylation in the presence of 
[methyl-3H]-S-adenosylmethionine. The upper panel is the protein pattern of 2-D 
separation of HeLa cell extract in vitro methylated with the addition of 0.5 M KCl 
(right) and the fluorography (left). The lower panel is the protein pattern of 2-D 
separation of HeLa cell extract in vitro methylated without 0.5 M KCl (right) and the 
fluorography (left).  
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Fig. 6 In vitro methylation of PAI-RBP1 by porcine brain extract. PAI-RBP1 is a 
putative methylarginine containing protein with typical RGG boxes. Recombinant 
PAI-RBP1 (RGG) was used as the methylacceptor and recombinant yeast RMT1, rat 
PRMT1and porcine brain extract (S3) and HeLa cell extract were used the 
methyltransferase source for in vitro methylation. PAI-RBP1 protein (mw. About 119 
kDa) appeared to be specifically methylated by certain methyltransferase.  
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表一 Spots 進行鑑定的結果 
 

Spot Identilied protein NCBI prot 
Theor. 

MW 
EXP. 
MW 

Theor. 
PI 

EXP. 
PI 

Score
Reported 

methylaccepting 
protein 

Containing 
RGG RG/GR 

RXR 

2 
glyceraldehyde-3-phosph

ate dehydrogenase 
CAA25833 36 37 8.4 8.9 148 N/A 

 

3 hnRNP A2/B1 P22626 37 36 9.0 9.1 113 
Sun et al., 2003 

Huang et al., 2002 

grggnfgfg 
dsrggggnfg 
pgpgsnfrgg 
(202-230) 

4 aldolase A CAA30979 39 41 8.3 8.7 133 N/A  

8 hnRNP A1 AAH71945 34 35 9.3 10.2 268 Nichols et al., 2000 

qrgrsgsg 
nfgggrgggf 
ggndnfgrgg 
nfsgrggfgg 
srgg 
(193-234) 

11 hnRNP G S41766 47 52 9.6 10.1 60 
Liu and 

Dreyfuss,1995 Ong et 
al., 2004 

grrgppppp 
rsrgpprglr 
ggrggsggtr g 
(92-121) 
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13 
hnRNP I (polypyrimidine 

tract binding protein) 
NP_114367 59 65 9.2 9.3 138 N/A 

lrgqpiyiqf 
(121-130) 

15 
54 kDa nuclear RNA- 

and DNA-binding protein 
Q15233 54 65 9.1 9.0 134 N/A 

16 
54 kDa nuclear RNA- 

and DNA-binding protein 
Q15233 54 65 9.1 8.9 134 N/A 

mplrgkqlrv 
(131-140) 
ddrgrpsgkg 
(181-190) 
amginnrga 
(391-400)  

18 FUS gycline rich protein CAA50559 53 79 9.4 9.3 68 Wada et al.,2002 

rgggn 
rggrgrggp 
mgrggygggg 
sggggrggf 
(376-409) 

19 Sam68 NP_006550 48 82 8.7 9.0 37 Cote et al., 2003 

phrsrggggg 
srggaraspa 
(41-60) 
srgrgvpvrg 
rgaapppppv 
prgrgvgppr 
galvrg 
(281-316) 

20 hnRNP M4 S35532 78 86 8.9 8.9 77 N/A rgsgpkgege 
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rpaqnekrkv 
knikrggnrf 
(31-60) 

35 lactate dehydrogenase A NP_005557 37 35 8.4 8.5 129 N/A  
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表二 MonoP 分離之 basic proteins 經由 MALDI-Q-TOF massspectrometry 鑑定的結

果 

 

Numbers Identilied protein NCBI protein 
Theor. 
MW 

EXP. 
MW 

Theor. 
PI 

EXP. 
PI 

Score 

1 Aspartate transaminase S01174 48 40 9.1 9.0 40 
2 Malate dehydrogenase AAA39509 36 35 8.9 9.0 91 
3 Glucose phosphate isomerase 1 NP_032181 63 65 7.8 8.5 43 
4 Peptidylprolyl isomerase A NP_032933 18 18 7.7 8.5 124 
5 Aldolase A AAA37210 40 37 8.6 8.4 63 
6 Peptidylprolyl isomerase A NP_032933 18 18 7.7 8.4 233 
7 Aldolase A AAA37210 40 37 8.6 8.3 68 
8 Glutathione transferase AAA37748 25 26 7.6 8.3 71 
9 Transketolase NP_033414 68 72 7.2 8.2 270 
10 Carbonic anhydrase 2 AAH55291 29 30 6.5 7.8 86 
11 Malate dehydrogenase P08249 36 65 8.8 9.3 175 
12 Similar to phospoglycerate kinase XP_130894 42 45 8.4 9.3 73 
13 Aldolase l, A isoform NP_031464 39 40 8.3 9.3 77 
14 Malate dehydrogenase AAA39509 36 35 8.9 9.3 47 
16 ChainA, glutathione s-transferase 1GLP_A 23 23 8.1 9.3 76 
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17 Peptidylprolyl isomerase A NP_032933 18 16 7.7 9.3 155 
19 Aconitase 2 NP_542364 85 90 8.1 9.3 166 
20 Transketolase NP_033414 68 75 7.2 9.3 85 
21 Enolase 1 NP_075608 47 50 6.4 9.3 62 
22 Similar to phospoglycerate kinase XP_130894 42 45 8.4 9.3 42 
23 Aldolase l, A isoform NP_031464 39 40 8.3 9.3 68 
24 Glyceraldehydes-3-phosphate dehydrogenase CAA25833 36 35 8.4 9.3 149 
25 Glutathione s-transferase NP_034488 26 27 7.7 9.3 65 
26 Peptidylprolyl isomerase A NP_032933 18 16 7.7 9.3 177 
27 Carbonic anhydrase 2 AAH55291 29 31 6.5 8.0 69 
28 Aldolase 3, C isoform NP_033787 39 40 6.7 7.9 65 
29 Carbonic anhydrase 2 AAH55291 29 31 6.5 7.9 63 
31 Glutathione S-transferase , alpha 4 NP_034487 26 25 6.8 7.8 124 
32 Glutathione S-transferase , alpha 4 NP_034487 26 25 6.8 7.6 117 
33 Aspartate aminotransferase CAA30275 46 43 6.7 7.5 242 
34 Carbonic anhydrase 2 AAH55291 29 31 6.5 7.5 92 
35 Aspartate aminotransferase CAA30275 46 43 6.7 7.3 114 
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We investigated the global distribution of methylaccepting proteins in lymphoblastoid
cells by two-dimensional (2-D) gel electrophoresis. The 2-D electrophoreograms of nor-
mal and hypo-methylation (cells grown with a methyltransferase inhibitor adenosine
dialdehyde) protein extracts did not exhibit significant differences. However, 

 

in vitro

 

methylation of the hypomethylated extracts in the presence of the methyl-group donor

 

S

 

-adenosyl-[methyl-

 

3

 

H]-methionine revealed close to a hundred signals. Less than one-
fifth of the signals could be correlated with protein stains, indicating that most of the
methylaccepting proteins are low abundant ones. We analyzed six of the spots that can
be correlated with protein stains and suggested their identities. Among these putative
protein methylacceptors, three are heterogeneous nuclear ribonucleoproteins
(hnRNPA2/B1 and hnRNP K) that are reportedly methylated in their arginine- and gly-
cine-rich RGG motifs.

Key words: hnRNPA2/B1, posttranslational modification, two-dimensional gel electro-
phoresis. 

 

One of the major challenges in the post-genomic era is to
investigate the expression of the complete set of cellular
proteins (

 

1

 

). Posttranslational modifications increase the
complexity of proteins beyond the combination of twenty
amino acids. Protein 

 

N

 

-arginine methylation is an irrevers-
ible modification of the guanidino nitrogens of arginyl resi-
dues that accounts for the majority of stable cellular pro-
tein methylation (

 

2, 3

 

). Most methylarginines identified on
proteins appear to be

 

 N

 

G

 

-monomethylarginine (MMA) and
asymmetric 

 

N

 

G

 

,N

 

G

 

-dimethylarginines (aDMA) that occur
among RNA binding proteins within the Arg-Gly-Gly con-
text (

 

2–4

 

). These modifications were catalyzed by type I
arginine methyltransferases (

 

5

 

). Type II methyltransfer-
ases modify proteins such as myelin basic protein (

 

6

 

), the
core snRNP SmD1, D3 (

 

7

 

),

 

 

 

B/B

 

¢

 

, and one of the Sm-like
proteins, LSm4 (

 

8

 

). The methylation products are MMA
and symmetric 

 

N

 

G

 

,N

 

G

 

¢

 

-dimethylarginine (sDMA).

Protein arginine methylation has been proposed to be
involved in various cellular processes. Firstly, arginine
methylation was suggested to be important for RNA bind-
ing, and methylated recombinant heterogeneous nuclear
ribonucleoproteins A1 (hnRNP A1) showed reduced RNA
binding activity as compared to the unmethylated form (

 

9

 

).
However, methylation of Hrp1p, a yeast hnRNP, did not
affect its specific RNA binding activity (

 

10

 

). Secondly, since
the predominant protein arginine methyltransferase
PRMT1 interacts with proteins involved in signal transduc-
tion pathways such as TIS 21 (

 

11

 

), the intracellular domain
of the interferone 

 

�

 

/

 

�

 

 receptor (

 

12

 

), and ILF3 (

 

13

 

), protein
arginine methylation was suggested to play roles in signal
transduction (

 

11, 14

 

). Recently, arginine methylation of cer-
tain proteins such as STAT1 was shown to directly affect
their binding with other proteins (

 

15

 

). The modification
may also modulate protein-protein interactions by interfer-
ing with other important modifications of neighboring
motifs of the same protein, as reported for Np13p (

 

16

 

), Sam
68 (

 

17

 

), and histone H4 (

 

18

 

). Lastly, arginine methylation
has been implicated in subcellular localization. Yeast defi-
cient in RMT1/HMT1, a predominant arginine methyl-
transferase, has problems in hnRNP and mRNA nuclear
export (

 

19

 

). Furthermore, decreased methylation of hnRNP
A2/B1 resulted in accumulation of the protein in the
nucleus rather than in the cytoplasm (

 

20

 

). 
In view of that this type of posttranslational modification

plays important roles in cells, identification of arginine
methylaccepting proteins ought to be an important task.
Arginine methylaccepting substrates have been identified
and studied through different approaches. Proteins such as
fibrillarin (

 

21

 

), nucleolin (

 

22

 

), and hnRNPA1 (

 

23

 

) were
found to contain asymmetric dimethylarginines on direct
biochemical analyses. Other proteins with similar arginine-

1 The work was supported by grants NSC 89-2745-P040-002, 89-
2320-B-040-072, and NSC 90-2320-B-040-031 from the National
Science Council of Republic of China, grant CSMC 88-OM-A-014
from Chung Shan Medical and Dental University to CL, and grant
90-2311-B-001-092 from the National Science Council of Republic of
China to MFT.
2 To whom correspondence should be addressed. Fax: +886-4-2475-
7412, E-mail: cli@mercury.csmu.edu.tw
Abbreviations: aDMA, asymmetric NG, NG-dimethylarginine; sDMA,
symmetric NG, N’G–dimethylarginine; MMA, NG-monomethylargin-
ine; AdOx, adenosine dialdehyde; RMT, arginine methyltransferase;
PRMT, protein arginine methyltransferase; GST, glutathion-S-
transferase; AdoMet, S-adenosylmethionine; hnRNP, heterogeneous
nuclear ribonucleoproteins; RGG box, arginine and glycine rich
motif, MALDI-TOF, matrix assisted laser desorption ionization-time
of flight; 2-D, two-dimensional; IPG, immobilized pH gradient. 

© 2002 by The Japanese Biochemical Society.
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and glycine-rich motifs, mostly RNA binding proteins such
as herpes simplex virus ICP27 protein (

 

24

 

), FGF2 (

 

25

 

), and
EWS (

 

26

 

), have also been identified as methylaccepting
substrates. Recently, proteins without typical arginine- and
glycine-rich sequences have been found to contain methy-
larginines. The methyl group on the PABPII protein was
found on a RXR motif (

 

27

 

), while the methylarginine in
STAT1 is located in the EIRQY context (

 

15

 

). 
Alternatively, cells were made deficient in methyltrans-

ferase activity by either genetic approaches (

 

28, 29

 

) or by
chemical treatment (

 

3

 

). The methylaccepting sites would
not be occupied 

 

in vivo

 

, and can be detected by further 

 

in
vitro

 

 methylation reactions and analyzed by gel electro-
phoresis. Although previous studies had involved two-
dimensional (2-D) gel electrophoresis for product analyses,
the methylated proteins revealed on fluorography could not
be identified unambiguously. Candidate proteins were only
inferred from their molecular masses and pIs (

 

3, 29, 30

 

). 
In this study, we treated lymphoblastoid cells with an

indirect methyltransferase inhibitor, adenosine dialdehyde
(AdOx). After 

 

in vivo

 

 or 

 

in vitro

 

 methylation reactions, cell
extracts were separated by 2-D electrophoresis. The pro-
teins of interest were excised from the gels, digested with a
specific protease and then subjected to MALDI (matrix
assisted laser desorption ionization)-TOF (time of flight)
mass spectroscopy for protein identification. With this
approach, we have confirmed some previously known meth-
ylaccepting proteins and identified some novel putative
ones. 

 

MATERIALS AND METHODS

 

Cell Cultures and Protein Extraction—

 

EB-virus trans-
formed lymphoblastoid cell line 003 was grown as previ-
ously described (

 

2

 

). For methylation reactions, cells were
grown in the presence of 20 

 

�

 

M AdOx for 72 h for the accu-
mulation of methylaccepting proteins. Cells collected from a
75 cm

 

2

 

 culture flask were resuspended in 600 

 

�

 

l of 2-D
extraction buffer (100 mM ammonium carbonate, pH 8.0,
0.5 mM PMSF, 2 mM EDTA, 2% NP-40). The cells were
incubated on ice for 10 min and then lysed by sonication.
Cell debris was removed by centrifugation at 12,000 

 

¥

 

g

 

 for
20 min. Proteins in the extracts were quantified by means
of the BCA assay (Pierce) with bovine serum albumin as
the standard. Extracts thus prepared gave poor methylac-
cepting signals after the 

 

in vitro

 

 methylation reaction. We
thus followed the protocol of Li 

 

et al.

 

 (

 

2

 

) to prepare the
extracts for the methylation reaction using extraction
buffer (phosphate-buffered saline [10 mM dibasic sodium
phosphate, 1.8 mM monobasic potassium phosphate, 140
mM NaCl, 2.7 mM KCl, pH 7.4], 5% glycerol, 1 mM diso-
dium EDTA, 1 mM EGTA, 40 

 

�

 

g/ml leupeptin and aproti-
nin, 20 

 

�

 

g/ml pepstatin, 1 mM PMSF, 0.5% Triton X-100). 

 

In Vitro Methylation Reaction and Fluorography—

 

Total
extracts (100 

 

�

 

g proteins) were incubated with 10 

 

�

 

Ci of
[

 

methyl

 

-

 

3

 

H]-AdoMet (60 Ci/mmol, Amersham) in the pres-
ence or absence of recombinant yeast GST-RMT1 arginine
methyltransferase in methylation reaction buffer (50 mM
sodium phosphate, pH 7.5, 1 mM EDTA, 1 mM EGTA). The
final volume was 70 

 

�

 

l and the reaction was carried out for
2 h at 30˚C. The reaction was stopped by incubation on ice,
followed by dialysis using a mini dialysis unit (MW cut off
3,500; Pierce) for salt removal. Recombinant yeast GST-

RMT methyltransferase was prepared as previously de-
scribed (

 

31

 

). 

 

Two-Dimensional Gel Electrophoresis—

 

Samples (1 mg)
were loaded onto immobilized pH gradient (IPG) strips (pH
3–10, 13 cm) through overnight rehydration at room tem-
perature in a reswelling tray. The samples were prepared
by lyophilization and then resuspension in 250 

 

�

 

l of 8 M
urea, 2% (w/v) CHAPS, 2% IPG buffer, and 2.8 mg/ml
dithiothreitol. Isoelectrophocusing (IEF) was carried out in
a Multiphor II system as instructed by the manufacturer
(Amersham Biosciences). Upon completion of IEF (17,000
Volt-hours), the IPG strips were equilibrated in 50 mM
Tris-HCl, pH 8.8, 6 M urea, 30% glycerol, 2% (w/v) SDS,
15.4 mg/ml dithiothreitol, and 0.0125% bromophenol blue
for 15 min. The strips were then stored frozen at –80˚C or
used immediately. Gradient SDS polyacrylamide gels (5–
20%, 17 

 

¥

 

 20 

 

¥

 

 1 mm) were employed for the second dimen-
sional separation in a Bio-Rad PROTEAN II xi system.
Proteins were visualized by colloidal blue staining for 2
days and destaining was carried out in 25% methanol (

 

32

 

).
Z3 (Compugen) and Melanie 3 (Genebio) software was used
to analyze the gel images. Gels containing isotopically
labeled proteins were treated with EN

 

3

 

HANCE (Du Pont
NEN), dried and then exposed to X-ray film (Kodak, MS) at
–75˚C. Since silver-stained gels gave poor fluorographic
results and large gels tended to crack after drying, we used
colloidal blue staining and 13 cm IPG strips for the analy-
sis of radioactive samples. 

 

In Gel Protein Digestion—

 

Protein spots were excised
from the polyacrylamide gel with pipette tips, and the gel
plugs were washed extensively in 10% acetic acid and 50%
methanol in water. They were then incubated in 200 mM
Tris, pH 8.8, 50% acetonitrile for 30 min. The buffer was
removed and the gel plugs were dehydrated by adding ace-
tonitrile, followed by vacuum centrifugation. Lys-C pro-
tease solution (Wako, 0.033 mg/ml in 100 mM ammonium
bicarbonate buffer, pH 9.2) or trypsin solution (Promega,
0.033 mg/ml in 50 mM Tris-HCl, pH 8.0, 2 mM CaCl

 

2

 

) was
then added to restore the gel plugs to their original volume.
Digestion was carried out at 42 and 25˚C overnight for Lys-
C and trypsin proteases, respectively. The digests were
then acidified by adding 2% TFA. Peptides were extracted
from the gel plugs sequentially with 0.1% TFA, in water,
30% acetonitrile in water with 0.1% TFA, and finally 60%
acetonitrile in water and 0.1% TFA. The solutions were
combined, dried to less than 50 

 

�

 

l, and then desalted with
a Ziptip (Millipore) pipette tip following the manufacturer’s
instructions.

 

MALDI-TOF MS Analysis—

 

Peptide mass mapping was
performed on a Bruker (Bruker-Daltonics, Bremen, Ger-
many) REFLEX III time-of-flight mass spectrometer
equipped with a SCOUT source and delayed extraction.
Detection was performed in the positive ion reflector mode
with each mass determination being the average of 100
spectra. Samples for mass measurement were prepared
using the solution-phase nitrocellulose method (

 

33

 

) with 

 

�

 

-
cyano-4-hydroxycinnamic acid as the matrix. Alternatively,
samples were deposited on a Bruker 600 micron Anchor-
Chip according to the manufacturer’s instructions. Angio-
tensin II (1,045.54 amu), adrenocorticotropic hormone frag-
ment 18–39 (2,465.73 amu), and somatostatin (3,146.47)
were used as external calibration standards. The peptide
mass spectra obtained on MALDI-TOF analysis were ana-
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lyzed using PeptidIdent (http://tw.expasy.org) and Profound
(http://129.85.19.192/profound/). 

 

RESULTS AND DISCUSSION

 

Stable Methylaccepting Proteins in Lymphoblastoid Total
Extracts Analyzed by 2-D Electrophoresis—

 

Arginine methy-
lation is a stable posttranslational modification different
from protein phosphorylation that is regulated reversibly
by kinases and phosphatases. Even though six different
protein arginine methyltransferases have been identified so
far (

 

11, 34–39

 

), no demethylase activity has been reported.
Therefore, once an arginine methylaccepting protein is
methylated, the methyl group will stay on the protein. Pro-
teomic analysis of protein phosphorylation benefits by the
comparison of phophatase-treated or untreated samples
(

 

40, 41

 

). In this study we used a methyltransferase inhibi-
tor, AdOx, for the accumulation of proteins in the hypome-
thylation state. Extracts of AdOx-treated or -untreated
lymphoblastoid cells were prepared and isolated on pH 3–
10 IPG strips. The proteins were further separated in the
second dimension by SDS-PAGE (8–15% gradient gel) and
visualized by colloidal blue staining (Fig. 1). Typically, we
were able to detect more than 1,000 spots on a 13-cm IPG
strip loaded with 1 mg of protein. However, no consistent
significant differences between the 2D patterns of the
AdOx-treated and -untreated cells could be found using
either the Z3 or Melanie 3 program. Even though AdOx
treatment can cause the accumulation of methylaccepting
sites in cellular proteins that can be methylated subse-
quently 

 

in vitro

 

 (

 

2, 4

 

), these sites available upon treatment
(after confluency) are likely to comprise only a minor frac-
tion of all the methylaccepting sites in proteins. It is also
possible that arginine methylation does not significantly

change the overall charge property or molecular masses of
the proteins to be detected by 2-D electrophoresis. 

We prepared total extracts of hypomethylated lympho-
blastoid cells for 

 

in vitro

 

 methylation reactions in the pres-
ence of the radioactive methyl-group donor [

 

methyl

 

-

 

3

 

H]-
AdoMet in the presence of exogenous recombinant yeast
GST-RMT1 enzyme. Since six protein arginine methyl-
transferases have been identified in mammalian systems
and are likely to be regulated differently (

 

11, 34–39

 

), we
used the recombinant yeast enzyme, which is stables and
has a broader substrate specificity than the mammalian
enzyme (

 

31

 

). The reaction products were then separated by
two-dimensional gel electrophoresis and the methylated
proteins were visualized by fluorography. As shown in Fig.
2, more than a hundred radioactive spots representing
putative methylaccepting proteins were detected with our
2-D gel system. The addition of GST-RMT1 increased the
intensity of some spots but few extra spots were detected
(data not shown), indicating the exogenous enzyme recog-
nized similar methylaccepting substrates to those recog-
nized by the endogenous enzyme, as shown previously on
SDS-PAGE analyses (

 

2

 

). Of the more than one hundred
putative methylaccepting proteins revealed by two-dimen-
sional gel electrophoresis of 

 

in vitro

 

 radio-labeled lympho-
blastoid total extracts, less than one-fifth could be cor-
related with protein stains. The results indicate that most

Fig. 1. 2-DE pattern of a lymphoblastoid total extract. Lympho-
blastoid total extracts (1 mg protein) prepared from AdOx-treated
cells were analyzed by 2-DE and stained with colloidal blue as de-
scribed.

Fig. 2. Protein methylacceptors revealed after in vitro methy-
lation and 2-DE analyses. Lymphoblastoid total extracts (200 �g)
were incubated with exogenous recombinant yeast RMT1 methyl-
transferase and [methyl-3H]-AdoMet. The reaction mixtures were
then dialyzed with a mini dialysis unit, lyophilized and subjected to
2-DE analysis. The gel was stained with colloidal blue, soaked in
ENHANCER and then dried for fluorography. The figure represents
2-week exposure. Spots 1–19 are the radioactive spots that can be
matched with protein stains.
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of the methylaccepting proteins are low abundant ones that
are difficult to detect on colloidal staining. This can also
help to explain why the AdOx treatment did not result in
different protein patterns on 2-D gel electrophoresis.

Many of the reported arginine methyl-accepting proteins
(e.g. fibrillarin, hnRNPs, histones and Sm proteins, see
Table I) have high pI values that are beyond the resolution
of our IEF gel (pH 3–10). We observed more than ten radio-
active spots at the basic limit of the 2-D gel corresponding
to molecular masses ranging from 40 to 14 kDa. These sig-
nals are likely to be due to proteins. Interestingly, the
strongest signals on the 2-D gel came from the region
between pH 4–6, differing from the pIs of most reported
arginine methylaccepting proteins (Table I).    

Identification of the Methylaccepting Proteins—To iden-
tify the methylaccepting proteins, we increased the loading
of the methylated samples for 2-D gel electrophoresis. How-
ever, most of the heavily methylated signals could not be
matched back to dye-stained spots. The results indicate
that most of the methylaccepting proteins are low abun-
dant ones that are difficult to detect on colloidal staining,
and thus help to explain why the AdOx treatment did not
result in different protein patterns on 2-D gel electrophore-
sis. 

We were able to correlate about 20 radioactive signals
with corresponding dye-stained protein spots. These spots
were excised, protease-digested, and then subjected to
MALDI-TOF analyses. We were able to identify six of the
putative methylaccepting proteins using the peptide
masses along with the pIs and molecular masses for the
protein spots (Table II). Among these proteins, hnRNPA2/
B1 and hnRNP K were known methylaccepting proteins
containing RGG motifs (20, 42). It is likely that these pro-
teins are more abundant ones than other methylaccepting
proteins, and thus can be detected and analyzed by means
of our approach.    

For the other three putative novel methylacceptors, fur-
ther experiments failed to show that protein disulfide iso-
merase (PDI) was arginine methylated. The recombinant
yeast RMT enzyme failed to methylate bovine PDI (Calbio-
chem). This protein was not recognized by the mono- and
di-methylarginine Ab (data not shown). To determine
whether PDI is modified through another type of protein
methylation or just has the same molecular weight and pI
as another low abundant methylaccepting protein needs
more experimental work. Whether or not prohibitin and
proteasome subunit alpha type 5 are real methylacceptors
is also under investigation. 

Identification of the Methylaccepting Sites in the
hnRNPA2/B1 Proteins—We detected the specific presence
of hnRNPA2/B1 in the immunoprecipitants with a methy-
larginine-specific antibody (data not shown), further con-
firming the arginine methylation of the proteins. The

difference between hnRNP A2 and B1 is the additional
twelve amino acid residues at the N-terminus of B1. Ac-
cording to previous reports, we designated the more acidic
one A2. We analyzed both the A2 and B1 spots using AdOx-
treated or -untreated samples. Interestingly, as shown in
Fig. 3, two extra peaks at 2,386.6 and 2,400.7 m/z, and a
higher one at 2,509.6 m/z were observed for the trypsin
digests of the B1 spots for extracts without AdOx treatment
(theoretically in the normal methylation state), but not for
those of the corresponding spots for AdOx-treated extracts
(theoretically in the hypomethylation state). Although no
peptide could be matched with these molecular masses on
PeptIden analysis, mono- or di-methyl methylation of pep-
tides containing RG-rich sequences was suggested by fur-
ther FINDMOD analyses (http://tw.expasy.org/tools/
findmod/; 47). The peptide comprising residues 204 to 228
(GGNFGFGDSRGGGGNFGPGPGSNFR, mass 2,372.055)
with one trypsin miss cleavage and mono or dimethylargin-
ine at Arg-213 would well explain the extra two masses. It
is possible that the higher signal, 2,509.6, could be due to
monoarginine methylation at residue Arg-266 in the pep-
tide covering residues 239–266 (GFGDGYNGYGGGPGG-
GNFGGSPGYGGGR, mass 2,495.039). We obtained sim-
ilar results with the hnRNPA2 sample (data not shown). 

Nichols et al. (20) showed that the methylation state of
RGG in hnRNP A2 might interfere with its subcellular
localization. The addition of AdOx (low methylation) shifted
the hnRNPA2 protein to the cytoplasm and then the
nucleus. Removal of residues R203 to G265 reduced the
methylation level of the recombinant protein to only 5%,

TABLE II. List of putative protein methylacceptors identified in this study.

Spot ID SWISS-PROT 
Accession No. Protein name  Measured 

pI/MW 
Theoretical 

pI/MW
Peptide matches/
detected peptides

PeptIden 
score

Profound 
score

Sequence 
coverage (%)

2 Q07244 hnRNPK 5.2/60 5.39/50.98 9/14 0.57 0.62 22
6 P30101 Protein disulfide isomerase 6.0/57 5.60/54.26 11/14 0.79 0.85 31

11 P22626 hnRNPA2 8.5/36.5 8.67/36.01 7/11 0.64 2.38 32
12 P22626 hnRNPB1 8.9/36.5 8.97/37.43 7/10 0.70 2.43 32
15 P28066 Proteasome subunit alpha type 5 4.5/27 4.69/26.47 6/10 0.40 2.43 27
16 P35232 Prohibitin 5.8/29 5.57/29.79 8/14 0.57 1.77 37

TABLE I. List of known arginine methylaccepting proteins.

Protein SWISS PROT 
No. MW PI References

Fibrillarin P22087 33,784.22 10.18 21
Nucleolin P19338 76,212.88 4.59 22
HnRNP 41

hnRNPA1 P09651 38,714.59 9.26 23 
hnRNPA2/B1 P22626 37,429.70 8.97 20

(A2) 36,005.98 8.67
E1B-AP5 O76022 95,809.60 6.49 43
Histone

H2A P28001 14,004.30 11.05 36
H3 P16106 15,272.89 11.13 44, 45
H4 P02304 11,236.15 11.36 18, 46

polyA binding O43484 32,749.07 5.04 27
protein II (PABP2)
ILF3    Q9BZH4 95,591.74 8.88 13
(NFAR2)
Sam68 Q07666 48,227.34 8.73 17
       Q99760 44,027.41 6.78
EWS Q01844 68,478.24 9.37 26
STAT1 P42224 87,334.76 5.74 15
MBP P02686 33,117.10 9.79 6
SmD1 P13641 13,281.57 11.56 7
SmD3 P43331 13,916.25 10.33 7
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indicating the major methylation site is within the deleted
segment. However, the R203 residue in a peptide fragment
(194–205) of hnRNPA2/B1 purified from a human tumor
cell line was not methylated, as determined on peptide
sequencing (48). Thus, our results are the first providing
chemical evidence suggesting putative methylaccepting
sites of hnRNPA2/B1 at Arg-213 and Arg-226.    

To determine whether or not the other three putative
methylaccepting proteins, protein disulfide isomerase, pro-
hibitin and proteosome subunit alpha type 5, we identified
are methylacceptors requires further investigation. Prohib-
itin had been reported to be post-translationally modified
in younger but not older cells, but no positive results were
obtained for prohibitin phosphorylation (49). Whether or
not prohibitin can be modified by methylation is an inter-
esting question. Since AdOx can inhibit the activity of all
methyltransferases using S-adenosylmethionine as the
methyl group donor, other types of protein methylation
besides arginine methylation could also be revealed by this
approach. Thus, for putative novel methylaccpetor proteins,
more analyses are required. As for low abundant methylac-
cepting proteins, previous fractionation or concentration
procedures should be included before the 2-D analyses for a
better chance of detection. 
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Adenosine dialdehyde (AdOx) is an indirect methyltransferase inhibitor broadly used
in cell culture to accumulate methyl-accepting proteins in hypomethylated states for
in vitro protein methylation analyses. In this study we included a translation inhibi-
tor, cycloheximide, in the AdOx treatment of HeLa cells. The methyl-accepting pro-
teins disappeared in the double treatment, indicating that they were most likely
newly synthesized in the AdOx incubation period. AdOx treatment could also be used
in combination with in vivo methylation, another technique frequently used to study
protein methylation. AdOx treatment prior to in vivo methylation accumulated
methyl-accepting proteins for the labeling reaction. The continued presence of AdOx
in the in vivo labeling period decreased the methylation of the majority of in vivo
methyl-accepting polypeptides. The level and pattern of the in vivo methylated
polypeptides did not change after a 12-h chase, supporting the notion that the meth-
ylated polypeptide as well as the methyl groups on the modified polypeptides are sta-
ble. On the other hand, methylarginine-specific antibodies detected limited but con-
sistent reduction of the methylarginine-containing proteins in AdOx-treated samples
compared to the untreated ones. Thus, AdOx treatment probably only blocked a small
fraction of stable protein methylation. Overall, it is likely that base-stable methyla-
tion are formed soon after the synthesis of the polypeptide and remain stable after
the modification.

Key words: adenosine dialdehyde, cycloheximide, in vivo methylation, protein meth-
ylation.

Abbreviations: AdOx, adenosine dialdehyde; PRMT, protein arginine methyltransferase; AdoMet, S-adenosylme-
thionine; AdoHcy, S-adenosyl-L-homocystein; CHX, cycloheximide; ALLN, N-acetyl-leu-leu-norleucinal; sDMA,
symmetric dimethylarginine; aDMA, asymmetric dimethylarginin; MMA, monomethylarginine.

Posttranslational modification of proteins can greatly
enrich the diversity of the protein world beyond the com-
bination of twenty amino acids encoded by the direction
of the genetic information. Protein methylation can occur
on various amino acid side chains such as glutamyl and
isoaspartyl residues to form base labile methylesters or
arginine or lysine residues to form chemically base-stable
methylamines (1). It has been demonstrated that the
majority of methyl-accepting sites are occupied in cells
(2). To obtain methyl-accepting proteins with empty
methyl-accepting sites for further studies, general inhibi-
tion of protein methylation can be accomplished by treat-
ing cells with methyltransferase inhibitors. For example,
adenosine dialdehyde (AdOx), an indirect inhibitor that
can be incorporated by cells, has been routinely used.
AdOx inhibits S-adenosyl-L-homocystein hydrolase,
resulting in the accumulation of S-adenosyl-L-homo-
cystein (AdoHcy), a product inhibitor of methyltrans-
ferases that utilize S-adenosyl-L-methionine (AdoMet) as
the methyl group donor (3, 4). In this way, the methyl-
accepting polypeptides can be retained in hypomethyl-

ated state upon the treatment and can later be probed by
in vitro methylation with radioactive [methyl-3H]-AdoMet.

Protein arginine methylation accounts for the majority
of AdOx-accumulated stable protein methylation in rat
pheochromocytoma PC12 cells (5) and human lymphob-
lastoid cells (6, 7). Protein arginine methylation has been
implicated in signal transduction, subcellular localiza-
tion, transcription as well as protein–protein interactions
(8, 9). Unlike reversible modifications, such as phosphor-
ylation of proteins by kinase and reversal of the modifica-
tion by phosphatase, arginine methylation is chemically
stable and irreversible. The reaction is catalyzed by a
group of protein arginine methyltransferases (PRMT)
that can catalyze the transfer of methyl groups from
AdoMet to the side-chain ω-guanido nitrogens of arginine
residues in protein substrates to form of monomethyl-
arginines (MMA) and asymmetric NG,NG-dimethyl-
arginines (aDMA; type I activity) or symmetric NG,N′G-
dimethylarginines (sDMA; type II activity) (10–16). As no
demethylase has been identified, the methyl group stays
on the arginyl residues of the proteins once it is added.

In vivo methylation has frequently been employed
approach to metabolically methylate proteins in cells. In
this approach, the direct methyl group donor AdoMet
cannot enter cells, so its precursor [methyl-3H]-methio-
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nine is generally used as the source of radioactive methyl
groups. To prevent the incorporation of methyl groups
into proteins by translation but not posttranslational
modification, in vivo methylation has to be conducted in
the presence of protein synthesis inhibitors (17). This
technique has been widely used in different cell types to
evaluate the protein methylation under different treat-
ments or conditions (18). Specific in vivo methylation of
certain proteins such as Sam 68 can also be demon-
strated directly by their labeling during the in vivo meth-
ylation period (19, 20).

HeLa cells have been used for hnRNP protein methyla-
tion studies (17) and other investigations related to pro-
tein methylation (20). In this study we evaluated the
effect of methylation inhibitor AdOx on both the in vitro
and in vivo protein methylation in HeLa cells.

MATERIALS AND METHODS

Cell Culture and Treatment—HeLa cells (ATCC CCL-
2) were grown in MEM medium (GIBCO) supplemented
with 10% fetal bovine serum (GIBCO) at 37°C in a 5%
CO2 incubator. Treatment of cells with AdOx for various
time periods was performed as indicated. The cells were
harvested and washed with phosphate-buffered saline,
resuspended in buffer A (phosphate-buffered saline with
5% glycerol, 1 mM sodium EGTA, 1 mM dithiothreitol,
0.5% Triton X-100 and Complete protease inhibitor cock-
tail [Roche]). Adenosine dialdehyde (AdOx, Sigma) was
added to the medium at the indicated final concentration.
Cycloheximide (CHX, Sigma) and N-acetyl-leu-leu-nor-
leucinal (ALLN, Sigma) were added to the culture
medium at the final concentration of 100 µg/ml and 15
µM respectively.

Extract Preparation and Methyltransferase Assay—
HeLa cell extracts (20 µg of proteins) were incubated
with 4 µCi of [methyl-3H]-AdoMet (60 Ci/mmol, Amer-
sham) in a total volume of 20 µl in buffer B (50 mM
sodium phosphate, pH 7.5). After incubation at 37°C for
60 min, the reaction was terminated by the addition of
one third of the volume of 3× SDS sample buffer, and the
samples were subjected to SDS-PAGE (12.5% acryla-
mide) as described by Laemmli (21). The polyacrylamide
gels were stained with Coomassie Brilliant blue,
destained, and treated with EN3HANCE (Du Pont NEN).
Subsequently, the gels were dried and exposed to X-ray
film (Kodak, MS) at –75°C for 3 d. Recombinant rat GST-
PRMT1 and mouse fibrillarin protein were prepared as
described (7, 22).

Western Blotting—Equal amounts of protein (30 µg)
were separated by 12.5% SDS-PAGE and subsequently
transferred to nitrocellulose membranes (Gelman Sci-
ence). The membranes were blocked in 5% skimmed dry
milk in TTBS (10 mM Tris-HCl, pH = 7.5; 100 mM NaCl;
0.1% tween 20) for 30 min, incubated with primary
antibodies (1:200 dilution for 7E6 antibody from Abcam;
1:550 dilution for SYM10, 1:900 dilution for SYM11 and
1:900 dilution for ASYM24 from Upstate) for 1 h, washed
three times in TTBS, then incubated with secondary
antibody (anti-mouse or rabbit IgG horse radish peroxi-
dase conjugate from Sigma) for 1 h. Chemiluminescent
detection was performed using the Supersignal kit
according to the manufacturer’s instructions (Pierce).

In Vivo Methylation—HeLa cells grown to near conflu-
ency were treated with AdOx for the indicated times.
Cycloheximide (100 µg/ml) and chloramphenicol (40 µg/
ml) were added 30 min prior to the labeling. For in vivo
methylation, the medium was replaced with DMEM
medium without methionine (GIBCO), 10% FBS
(GIBCO, dialyzed), [methyl-3H] methionine (10 µCi/ml)
and translation inhibitors for the indicated labeling time.
The cells were then collected, lysed by SDS-PAGE sample
buffer and analyzed by SDS-PAGE and fluorography.

RESULTS

The Translation Inhibitor Cycloheximide Block AdOx-
Accumulated Methyl-Accepting Proteins—We first incu-
bated HeLa cells with various concentrations of AdOx for
different time periods to determine the best treatment
time and dose of AdOx. Total cell extract was prepared,
and in vitro methylation was performed to examine the
level of methyl-accepting proteins accumulated upon the
treatment. As shown in Fig. 1a, when no AdOx was
present in the cell culture, a few methyl-accepting

Fig. 1. Treatment of HeLa cells with AdOx and cyclohex-
imide. (a) HeLa cell extracts were prepared from cells grown in the
presence of 0, 10, 20 or 40 µM AdOx for 24 and 48 h. Accumulation
of methyl-accepting proteins in HeLa cells was evaluated by in vitro
methylation reaction as described in “MATERIALS AND METHODS.” (b)
HeLa cell extracts were prepared from cells incubated in the pres-
ence of both 20 µM AdOx and 0.08 µg/ml of cycloheximide or only
either one for 1, 3 or 6 h. In vitro methylation of the extracts with-
out the addition of exogenous substrate was performed as
described. (c) Methylation of the extracts was performed with
recombinant mouse fibrillarin (1 µg) as the exogenous methyl-
accepting substrate. The molecular mass standards are indicated
on the left in kilodaltons.
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polypeptides were modified only to a limited level, dem-
onstrating that normally the methyl-accepting sites were
mostly occupied. Addition of AdOx clearly enhanced the
methylation signals of the methyl-accepting polypeptides
that can be detected without AdOx treatment. AdOx con-
centration of 20 µM for 24 h was enough to reach the
maximum accumulation of methyl-accepting proteins in
cells.

The origin of the hypomethylated proteins accumu-
lated upon AdOx treatment was further studied. HeLa
cells were incubated with a translation inhibitor,
cycloheximide (CHX), at the same time as the AdOx
treatment. Since cells appeared to die upon double treat-
ment for 12 h, we performed the experiments for periods
of 1, 3 and 6 h. As shown in Fig. 1b, the AdOx treatment
can accumulate methyl-accepting proteins in short inter-
vals of 3 and 6 h. However, the presence of CHX com-
pletely blocked the accumulation of methyl-accepting
proteins by AdOx treatment at 3 and 6 h. Cycloheximide
treatment did not effect the type I arginine methyltrans-
ferase activity in HeLa cells as assayed by the addition of
an exogenous methyl-accepting protein, fibrillarin (Fig.
1c). Thus the disappearance of methyl-accepting proteins
by CHX treatment is probably due not to reduced protein
methyltransferase activity in the extract but to the block-
age of new protein synthesis. The results indicated that
the methyl-accepting proteins accumulated for in vitro
methylation by AdOx treatment are most likely to be
newly synthesized during the incubation period.

Effects of AdOx Treatment on In Vivo Methylation—In
vivo protein methylation in mammalian cells with
[methyl-3H] methionine has been used to evaluate the
protein methylation under native conditions (17, 18). To
prevent the incorporation of radioactive methyl groups
into proteins by translation but not posttranslational
modification, protein synthesis inhibitors have to be

included throughout the in vivo methylation period. Var-
ious methyl-accepting proteins were detected in earlier
studies, which somehow seems not to agree with our
results in Fig. 1b suggesting that methyl-accepting sites
are on newly synthesized proteins. We performed in vivo
methylation in HeLa cells following the protocol of Liu et
al. (17) and as reported previously, detected many labeled
polypeptides (Fig. 2). We then treated the cells with
AdOx prior to the in vivo methylation. Except for few
polypeptides, the pattern of the signals of AdOx-pre-
treated cells was basically the same as that of the
untreated ones. However, addition of AdOx for 24 h
before in vivo methylation clearly increased the labeling
of polypeptides of molecular mass between 40 to 100 kDa.
No new protein synthesis was detected under the in vivo
methylation conditions as monitored by incubation with
35S-Met (data not shown). The methyl groups were proba-
bly present on the unmodified proteins newly synthe-
sized before the in vivo methylation period in the pres-
ence of CHX.

In addition, when AdOx was present in the labeling
medium after the 24-h pretreatment, the elevated in vivo
methylation pattern appeared to be suppressed back to a
low level. When the in vivo labeling was followed by a 12-
h chase in the non-radioactive medium, the majority of
the in vivo labeled polypeptides were of similar level,
indicating that the modified proteins were rather stable.
Similar results were obtained from the 12-h chase exper-
iments of no AdOx treatment or AdOx-pretreatment/
labeling samples (data not shown).

The Level of Methylarginine-Containing Proteins in
AdOx-Treated or Untreated Cell Extracts Detected by
Methylarginine-Specific Antibodies—AdOx can accumu-
late proteins in hypomethylated states for in vivo and in
vitro methylation. Nevertheless, the fraction of the
AdOx-affected polypeptides in the whole methyl-modified
protein is unknown. Protein arginine methylation
accounts for the majority of AdOx-stable protein methyl-
ation in rat pheochromocytoma PC12 cells (5) and human
lymphoblastoid cells (6, 7). We also found that the major
methyl-accepting substrates accumulated by AdOx treat-
ment can be recognized by the predominant protein
arginine methyltransferase PRMT1 and are likely to be
modified to form methylarginines (data not shown). We
thus determined the level of total methylarginine-con-
taining proteins in the extracts by Western blot analysis.
Methylarginine-specific antibodies SYM 10, SYM11 and
ASYM24 are rabbit polyclonal antibodies against alter-
native RG sequences containing symmetric dimethyl-
arginine (sDMA), SmD3 RG sequences containing sDMA,
and alternative RG sequences containing asymmetric
dimethylarginine (aDMA) in all the arginyl positions,
respectively (23). Another antibody, 7E6, is specific for
monomethylarginine (MMA) and aDMA (24). As shown
in Fig. 3, reduced recognition of certain specific polypep-
tides by SYM10, SYM11, ASYM24 was observed for the
AdOx-treated cell extracts. For SYM10 recognition, the
intensity of the strongest 30-kDa signal was the same in
both samples, while most of the signals above 36 kDa
were reduced in the AdOx-treated sample (Fig. 3a). For
SYM11, except for the highest signal above 113 kDa,
most of the signals were slightly stronger in the
untreated sample (Fig. 3b). The polypeptides with molec-

Fig. 2. In vivo methylation of HeLa cells treated with AdOx.
In vivo methylation was performed as described in “MATERIALS AND
METHODS.” HeLa cells were in vivo labeled either by pretreatment
with AdOx for 24 h, or by incubation in the labeling medium con-
taining AdOx. Cells were also chased for 12 h in non-radioactive
medium after in vivo labeling. Cell lysates were collected, separated
by SDS-PAGE, and the in vivo methylated proteins were detected
by fluorography.
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ular mass of 80, 28 and 16 kDa are probably the previ-
ously identified p80 coilin, SmB and SmD3, respectively
(25). As for AYM24, generally the signals appeared to be
slightly reduced in the AdOx-treated samples, probably
including Sam68 at the molecular mass of 68 kDa (20).
However, no difference was detected between the AdOx-
treated and untreated cell extracts using the 7E6 methy-
larginine-specific antibodies (Fig. 3d). Whether this anti-
body might cross-react with certain other epitopes, thus
masking minor differences in the level of methyl-
arginines, needs more investigation.

Treatment of HeLa Cells with a Proteosome Inhibitor
ALLN Does Not Affect AdOx-Mediated Accumulation of
Hypomethylated Proteins—The in vivo labeled proteins
appeared to be rather stable in our 12-h chase period. We
then investigated whether the normally methylated pro-
teins might be degraded rapidly when rendered unmeth-
ylated by AdOx-treatment. N-acetyl-leu-leu-norleucinal
(ALLN) is an inhibitor that blocks proteolytic activity of
both type I calpain and the 26 S proteosome. We treated
the cells with ALLN to evaluate the effect of protein deg-
radation on the accumulation of methyl-accepting sites
by AdOx treatment. No significant changes to the AdOx
induced hypomethylation pattern upon the addition of
ALLN for 24 h were observed (Fig. 4). Thus, under our
experimental conditions, ALLN-blocked proteosome deg-

radation has no effect on the level of hypomethylated
polypeptides.

DISCUSSION

In this study we demonstrated the best treatment time
and dose of AdOx, a frequently utilized general protein
methylation inhibitor, to accumulate methyl-accepting
proteins in HeLa cells for further in vitro methylation.
We showed that AdOx-accumulated hypomethylated
polypeptides for in vitro methylation disappeared in the
presence of a protein synthesis inhibitor, CHX, indicating
that they were probably newly translated in the AdOx-
incubation period. Since methyl-accepting sites on
polypeptides are generally occupied in cells, it is likely
that protein methylation occurs soon after the synthesis
of the polypeptide and these sites are occupied thereafter.

In vivo protein methylation to label methyl-accepting
proteins metabolically has been performed with protein
translation inhibitors in various cell lines (17–20). The
proteins that can be in vivo labeled thus are likely to be
restricted to those that are newly synthesized but have
not been modified before the labeling period. Interest-
ingly, we demonstrated that in vivo methylation could
also be affected by AdOx treatment. Firstly, pre-treat-
ment (24 h) with AdOx increased the level of in vivo
methylation. The pattern of the signals was similar to
that of the untreated control, indicating that AdOx can
accumulate methyl-accepting proteins in more hypo-
methylated states not only for in vitro methylation, but
also for in vivo methylation. Secondly, when AdOx was
present throughout the in vivo methylation period, the
level of methylated proteins was reduced. Furthermore,
when the in vivo labeled proteins were chased in the non-
radioactive medium for 12 h, the radioactive proteins
were of the same level as the non-chase samples. These
results indicated that the methylated polypeptides were
stable and no demethylation occurred in the chase period.

Fig. 3. Detection of methylarginine-containing polypeptides
by methylarginine-specific antibodies. HeLa cell extracts of
AdOx-treated or untreated cells were immunoblotted with commer-
cially available methylarginine-specific antibodies SYM10 (a),
SYM11 (b), AYM 24 (c) and 7E6 (d).

Fig. 4. Treatment of HeLa cells with AdOx and ALLN. HeLa
cell extracts were prepared from cells incubated in the presence of
20 µM AdOx or 15 µM ALLN, or both for 24 h. In vitro methylation
reaction of the cell extracts was performed as described in “MATERI-
ALS AND METHODS.”
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In comparison, the proteosome inhibitor ALLN did not
change the appearance of methyl-accepting proteins
upon AdOx treatment. This result indicated that the
accumulated hypomethylated proteins probably are not
subject to rapid proteosome degradation, otherwise inhi-
bition of protein degradation by ALLN should accumu-
late more of these sites.

Our results represent the base-stable methylation of
the AdOx-accumulated methyl-accepting proteins cata-
lyzed by all endogenous methyltransferases in the
extracts. Base-labile methylation that cannot survive the
mild alkaline conditions of SDS-PAGE, such as carboxyl
methylation, can be excluded, but C-terminal carboxyl
methylation and N-methylation such as lysyl or arginyl
methylation could not be distinguished (1). The irreversi-
ble modification on the guanidino nitrogen of the arginyl
residues is known to account for the majority of the
AdOx-accumulated stable protein methylation events in
PC12 and lymphoblastoid cells (5, 6). We detected limited
but consistent reduction of the methylarginine-contain-
ing proteins in AdOx-treated samples compared to
untreated ones by use of sDMA- and aDMA-specific anti-
bodies. Specifically, decreased signals that probably cor-
respond to methylation of coilin, SmB and Sm D3 were
detected in AdOx-treated extracts. It is possible that
since the cells treated with AdOx are of high confluency,
most of the methyl-accepting proteins are already syn-
thesized and methylated. If they are stable and turn over
slowly, as indicated by the chase/in vivo methylation
experiments, the newly synthesized proteins will be
responsible for only a small fraction of the total pool of
the methyl-accepting proteins in the cell, and the differ-
ence will be barely detectable. This is consistent with our
inability to detect differences between the overall protein
patterns from AdOx treated cells and untreated cells by
two-dimensional gel electrophoresis (26). Thus, AdOx
probably only affects a small portion of the total methyl-
containing proteins, at least for the methylarginine-con-
taining proteins.

However, application of AdOx to inhibit specific pro-
tein methylation has already been shown in different
cells. For example, we demonstrated that certain methyl-
arginine-containing trypsin-digested peptides of
hnRNPA2/B1 could be detected from AdOx-untreated
lymphoblastoid cells but not from AdOx-treated cells
(26). Nichols et al. also showed that of AdOx could affect
the subcellular localization of hnRNPA2/B1 in HEK293
cells, presumably by affecting the methylation in the
RGG domain (27). These investigations support the
appropriateness of applying of AdOx treatment in spe-
cific protein methylation studies.

In summary, although AdOx treatment had been fre-
quently used to accumulate methyl-accepting proteins
for further in vitro methylation, the protein methylation
inhibition is restricted to newly translated proteins dur-
ing the treatment, which blocks only a small fraction of
protein methylation in cells. In this study, we also show
that AdOx can be applied to in vivo methylation as well
as in vitro methylation. The timing of the AdOx treat-
ment can be adjusted to enhance or to inhibit the in vivo
methylation. In combination with chase experiments, in
vivo methylation can be applied to follow the methylation
of methyl-accepting proteins.

The study was supported by the National Science Council of
the Republic of China (NSC 89-2320-B-040-072, 89-2745-
P040-002, 91-3112-B-040-001 and 92-3112-B-040-001) and
Chung Shan Medical University (CSMU 90-OM-018, 90-OM-
090).
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Abstract

Protein arginine methyltransferases (PRMT) involved in the regulations of signal transduction, protein subcellular localization, and

transcription have been mostly studied in mammals and yeast. In this study orthologues of eight human PRMT genes (PRMT1-7 and

HRMT1L3) were identified in both puffer fish Fugu rubripes and zebrafish Danio rerio. The fish PRMT genes appear to be conserved with

their mammalian orthologues at the levels of amino acid sequences as well as genomic structures. All vertebrate PRMT genes contain 10–16

coding exons except PRMT6 that contains only one coding exon. Western blot analyses of zebrafish tissue extracts confirmed the expression

of some PRMT proteins in zebra fish. We further identified six PRMT members (PRMT1, 3–7) in an invertebrate chordate Ciona intestinalis.

Genomic structures of the PRMT orthologues are no more conserved in the ascidians, as PRMT3 and PRMT5 contain only one coding exon

while PRMT6 contains six exons. PRMT2 and HRMT1L3 that are missing in Ciona appear to be vertebrate-specific. HRMT1L3 is a PRMT1

paralogue with highly conserved sequences and exact exon junctions, whereas the PRMT2 orthologues are very diverged. Different PRMT

orthologues are likely to evolve at different rates and the PRMT1 orthologues appear to be most conserved through evolution. Furthermore,

phylogenetic analyses using the core regions of various PRMT genes show that PRMT5 with the type II PRMT activity is separated in one

branch. All other PRMT genes including PRMT1, 2, 3, 4, 6, 7 and HRMT1L3 clustered in the other branch, probably represent the genes for

the type I activity.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Protein arginine methylation is an irreversible post-

translational modification involved in various cellular

functions such as signal transduction, protein subcellular

localization, and transcriptional regulation and protein–

protein interactions (McBride and Silver, 2001). Since the

identification of the first protein N-arginine methyltransfer-

ase (PRMT) gene PRMT1 (Lin et al., 1996), by now at least

eight PRMT genes have been identified in the mammalian

system and seven of them has direct or indirect evidences to

be able to catalyze the transfer of methyl groups from

AdoMet to the side chain N-guanido nitrogens of arginine

residues in protein substrates. The PRMT activity can be

further divided into type I and type II, depending on the

catalyses of formation of asymmetric NG,NG–dimethylargi-

nines (aDMA) or symmetric NG,NVG–dimethylarginine

(sDMA) residues, respectively (Gary and Clarke, 1998).

The type I enzymes include PRMT1 (HRMT1L2) that

appears to be the predominant methyltransferase in the

mammalian system (Lin et al., 1996; Pawlak et al., 2000;

Tang et al., 2000), the zinc-finger containing PRMT3 (Tang

et al., 1998), the coactivator-associated arginine methyl-

transferase CARM1/PRMT4 (Chen et al., 1999) and

0378-1119/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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PRMT6 (Frankel et al., 2002). Direct evidences of the

formation of the type I products catalyzed by these

methyltransferases have been reported. The N-terminal

SH3 domain containing PRMT2/HRMT1L1,even though

was the first identified PRMT1 homologue by sequence

comparison (Katsanis et al., 1997; Scott et al., 1998), has

no direct evidence of PRMT activity. However, it is most

likely to be responsible for the methylation of

hnRNPE1B-AP5 in vivo (Kzhyshkowska et al., 2001)

and its potential methyltransferase activity is important

for being a coactivator of estrogen receptor (Qi et al.,

2002). Another PRMT-1-like PRMT gene (HRMT1L3) at

chromosome 12p13 with 80% sequence identity with

PRMT1 was identified in human but with no reported

function yet (Zhang and Cheng, 2003).

The only type II PRMT identified is the Janus kinase-

binding protein JBP1/PRMT5 (Pollack et al., 1999; Bran-

scombe et al., 2001; Rho et al., 2001), which was first

identified in Schizosaccharomyces pombe as an Shk1 kinase

binding protein skb1 (Gilbreth et al., 1996) and a

Saccharomyces cerevisiae histone synthetic lethal gene

hsl7 (Ma et al., 1996). Another recently identified PRMT7

gene p82/p77 is a genetic suppressor element mediating cell

sensitivity to DNA-damaging agents. Evidence of in vitro

methylation of myelin basic protein, a typical type-II

substrate, had been demonstrated for the p82/p77 immuno-

precipitants (Gros et al., 2003). However, most recently

Miranda et al. demonstrated that PRMT7 catalyzed the

formation of N-NG monomethylarginine in an arginine/

glycine containing peptide but not in known protein

substrates (Miranda et al., 2004).

In comparison with eight members in mammalian PRMT

family, there are only two related protein arginine methyl-

transferase genes in yeast S. cerevisiae. RMT1/HMT1

corresponds to the type I methyltransferase activity (Gary

et al., 1996; Henry and Silver, 1996) while Hsl7p is

responsible for the type II activity (Lee and Bedford,

2002). The survival of yeast HMT1 or Hsl7 mutants

indicates that they are not essential genes (Gary et al.,

1996; Gilbreth et al., 1996; Henry and Silver, 1996). On the

contrary, mice null for PRMT1 die early during embryo-

genesis (Pawlak et al., 2000) and mice deficient in PRMT4/

CARM1 show neonatal lethality (Yadav et al., 2003).

Different mammalian protein arginine methyltransferases

are localized in different subcellular compartments and

appear to have their own substrate sets and physiological

roles. For example, the predominant PRMT1 appears to be

located mainly in the nucleus (Tang et al., 1998). Its

physiological substrates include histone H2A, many

hnRNPs, fibrillarin and STAT1 (Lin et al., 1996; Tang et

al., 1998; Mowen et al., 2001; Lee and Bedford, 2002; Wada

et al., 2002). The other widely studied CARM1/PRMT4were

first identified as a coactivator-associated arginine methyl-

transferase (CARM) localized in the nucleus (Chen et al.,

1999). Identified PRMT4 substrates include histone H3

(Chen et al., 1999), p300/CBP (Xu et al., 2001), PABP1

(Lee and Bedford, 2002) and an mRNA-stabilizing protein

HuR (Brahms et al., 2000). The JBP1/PRMT5 substrates

include myelin basic protein (Pollack et al., 1999; Bran-

scombe et al., 2001; Rho et al., 2001), SmD1, D3 (Brahms et

al., 2000), Sm B/BV, Lsm4 (Brahms et al., 2001) and coilin

(Hebert et al., 2002). Even though cytoplasmic localization of

PRMT5 has been suggested (Rho et al., 2001; Frankel et al.,

2002), the interactions of PRMT5 with complexes involved

in transcriptional regulations (Fabbrizio et al., 2002; Kwak et

al., 2003; Pal et al., 2003) indicate that certain portion of the

protein should be present in the nucleus also.

Why so many different methyltransferases are required to

modulate different biological functions in the mammalian

system and how the methyltransferases are evolved are

interesting questions. Nine PRMT genes (DART1–9) have

been identified in Drosophila (Boulanger et al., 2004).

However, only DART1, 4, 5, and 7 are the putative

homologues of mammalian PRMT1, 4, 5, and 7. Other

DART family members have closer resemblances to

PRMT1 but do not have identifiable mammalian homolo-

gous. Knowledge of the distribution of the PRMT genes in

other evolutionarily related biological systems to mammals

should be helpful to answer the above questions. The

genome of the pufferfish Fugu rubripes has been sequenced

(Aparicio et al., 2002) and it is the second vertebrate

genome for which the entire sequence is available.

Numerous studies of gene families in Fugu have demon-

strated that the genome contains approximately the same

number of genes as the mammalian genomes (Aparicio et

al., 2002). The structure of genes is conserved, as splice

sites are located in positions identical to those found in

human. Another important fish model system zebrafish

(Danio rerio) has been used to analyze vertebrate develop-

ment (Driever et al., 1996) and is an emerging model system

for studying human diseases (Zon, 1999). Many EST as well

as genomic DNA sequences, even though not complete yet,

are available in this model organism. Invertebrate chordate

Ciona intestinalis, an ascidians (sea squirt) with tadpole

larva, is a model system at the critical evolutionary position

as basal chordates. It is also an emerging model for whole

genome analyses since its draft genome as well as tran-

scriptome are available (Dehal et al., 2002). Data mining of

the PRMT family members in these systems should provide

interesting evolutionary clues of the PRMT genes.

2. Materials and methods

2.1. Database searches and analyses

Searches for the homologues of human PRMT genes

(PRMT1v3:NP_938075; PRMT2: NP_001526; PRMT3:

XP_058460; PRMT4/CARM1: XP_032719; PRMT5/SKB1:

N P _ 0 0 6 1 0 0 ; PRMT6 : AAK8 5 7 3 3 ; PRMT7 :

NP_061896;HRMT1L3: NP_062828) were performed by

tblastn against F. rubripes or C. intestinalis genome data-
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bases. Putative Fugu or Ciona PRMT homologues were

identified by GeneScan (http://genes.mit.edu/GENSCAN.

html) and GenomeScan (http://genes.mit.edu/GENSCAN.

html) for gene prediction with human PRMT protein

sequences as the templates. The predicted Ciona PRMT

was further subjected to blastn against est_others database of

NCBI. The matched Ciona EST sequences were then

retrieved and assembled. Searches for the zebrafish PRMT

genes were performed by tblastn against both zebrafish EST

database and HTGS database using human PRMT protein

sequences as the templates. The putative PRMT genes were

predicted by similar approaches used above.

2.2. Alignment and phylogenetic analyses of the protein

arginine methyltransferase

Multiple sequence alignments were performed with

clustalX (1.83) (Thompson et al., 1997) and the output of

the alignments was formatted by CHROMA (Goodstadt and

Ponting, 2001). The phylogenetic tree was calculated using

Neighbor-Joining method (Saitou and Nei, 1987) integrated

in clustalX, then visualized with Treeview (v1.6.6; http://

taxonomy.zoology.gla.ac.uk/rod/treeview.html).

2.3. Preparation of tissue extracts and Western blot analyses

Zebrafish was dissected into brain, inner organs, and

muscle fractions. The extraction buffer (5% glycerol, 1 mM

EGTA, 1 mM DTT, 1� Complete protease inhibitor cocktail

[Roche], 0.5% Triton X-100, 1� PBS) was added in 1:6

weight/volume ratio. Fish brain and inner organs were

homogenized by a Teflon pestle, and the muscle fraction

was homogenized by a Polytron. Homogenized samples

were then subjected to sonication followed by centrifugation

at 17,530�g for 20 min at 4 8C. Equal amount of protein

(30 Ag) was separated by 12.5% SDS-PAGE and subse-

quently transferred to nitrocellulose membranes (Gelman

Science). The membrane were then blocked in 5% skimmed

dry milk in TTBS (10 mM Tris–HCl, pH=7.5; 100 mM

NaCl; 0.1% Tween 20) for 30 min, incubated with primary

Ab (1:500 dilution for anti-PRMT1 from Abcam or anti-

PRMT6 from IMGENEX) for 1 h, washed two times in

TTBS, and then incubated with secondary antibody (anti-

mouse or rabbit IgG horse radish peroxidase conjugate from

Sigma) for 1 h. Chemiluminescent detection was performed

using the Supersignal kit according to the instructions of the

manufacturer (Pierce).

3. Results

3.1. Identification of the fish orthologues of the mammalian

PRMT genes

We retrieved the amino acid sequences and genomic

structures of the eight human PRMT genes at first. Of all

the human PRMT genes, the most well studied PRMT1

contains 10–12 exons according to different splicing

forms. If minor alternative splicings were not considered,

PRMT2 contains 10, PRMT3 contains 15, PRMT 4

contains 16, PRMT5 contains 15, PRMT7 contains 15

and HRMT1L3 contains 10 exons. Interestingly, in

opposite to other PRMT genes that have 10–16 exons

for the coding regions, the mRNA sequence of human

PRMT 6 matches directly to the genomic sequence without

any interruption, indicating that PRMT6 contains only one

coding exon.

We then performed in silico data mining for the

PRMT genes in other vertebrate systems. In pufferfish F.

rubripes whose genomic sequence is complete, we

identified PRMT orthologues of all eight PRMT family

members. Protein sequences of putative Fugu PRMT

genes based on the reported genomic sequences were

manually examined for splice site selections to achieve

highest similarity with the mammalian PRMT ortho-

logues. For ambiguous sites, part of the Fugu genomic

DNA was PCR amplified and sequenced. The original

sequencing trace of the reported Fugu genome was also

examined. In this way, we suggest the Fugu PRMT1 and

HRMT1L3 with higher homology with their mammalian

orthologues by changing one reported nucleotide at the

splice site. The real first coding exon of Fugu PRMT1

might contain only few coding amino acid that is hard to

be identified by searching the genomic DNA without the

information of the transcriptome. We accordingly start

the Fugu PRMT 1 sequence in Fig. 1 with VSQ with

the most N-terminal sequence missing. The Fugu

PRMT4 gene is at the end of the contig thus the C-

terminus is missing. The predicted protein sequences of

Fugu PRMT genes are aligned with their orthologues

from other species (Fig. 1 and Figs. 1–5, Supplementary

material).

Even though the zebrafish genomic sequences are not

complete, all PRMT genes can be identified from either

genomic or assembled EST sequences. The sequences of

the putative zebrafish PRMT are also illustrated in Fig.

1. The genomic structures of the fish PRMT genes, if

can be obtained, were compared with the mammalian

ones. The genomic organizations of the PRMT genes

examined were basically all conserved from fish to

human (Fig. 1 and Figs. 1–5, Supplementary material).

Interestingly, the HRMT1L3 gene highly homologous to

PRMT1 has exact genomic structure as PRMT1 in both

human and fish (Fig. 1). The fish PRMT6 gene also appears

to have only one long coding exon (Fig. 1, Supplementary

material).

Since the three-dimensional structures of rat PRMT1 and

PRMT3 have been solved (Zhang et al., 2000; Zhang and

Cheng, 2003), in Fig. 1 and Fig. 2 of the Supplementary

material, we further indicate the secondary structural

elements of the two PRMT genes with their amino acid

sequences shown as discrete exons. Basically the mono-
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meric structure of PRMT1 or PRMT3 can be divided into

four parts: N-terminal, AdoMet binding, h-barrel and

dimerization domain. No strict exon-domain correlation

can be found. However, the exon junctions of PRMT1 and

PRMT3 are mostly located at the junctions of secondary

structure elements or in the loop regions.

Fig. 1. Amino acid sequence alignments and genomic structures of PRMTorthologues. Orthologues of PRMT1 and HRMT1L3 are shown. The PRMTs used in

this alignment are indicated by the species (r for rat, h for human, fugu for F. rubripes, zf for zebrafish, ci for C. intestinalis) and the number of the PRMT gene

(L3 represents HRMT1L3). The dash cross (-X) behind the number indicates that the genomic organization is currently unavailable. The amino acids encoded

by different exons are marked by red boxes and the black shadings show 80% identity among the sequence alignments. Characteristic methyltransferase I, post

I, II and III motifs are indicated. The rectangles and arrowheads represent the helices and strands in rat PRMT1 as indicated in Zhang and Cheng (2003). The

color coding is red for the N terminus including helix a Y, green for the AdoMet binding domain, orange for the h barrel structure, and blue for the

dimerization arm. The accession numbers of the human, zebrafish, Fugu and Ciona PRMT genes are indicated in Materials and Methods or Tables 1 and 2. The

accession number of rat PRMT1 is Q63009.
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3.2. Protein expression analyses of PRMT gene family in

zebrafish

Zebrafish EST data indicate that all PRMT genes are

likely to be transcribed in fish. To further illustrate PRMT

protein expression in fish, Western blot analyses with

commercially available antibodies against mammalian

PRMT family members were performed. As shown in Fig.

2, PRMT1 was expressed in all brain, inner organ, and

muscle fractions of zebrafish. PRMT6 was expressed in

brain but was rare in other fractions. Signals of the similar

molecular weight can be detected in mouse and porcine

brain. However, the fish (as well as the mouse or porcine)

PRMT6 protein appeared to be 5 kDa larger than that in

human. Since recombinant fish PRMT6 protein can be

recognized by the same antibody (data not shown), the

detected signals are likely to be the fish PRMT6. Expression

of PRMT2 and 3 was also detected in zebrafish but with

high backgrounds. We were unable to detect signals of

PRMT4 and 5 in the fish samples with commercially

available antibodies (data not shown).

3.3. Identification of the PRMT orthologues in

C. intestinalis

From previous analyses, members of the PRMT gene

family are conserved from fish to human in the vertebrates.

A marine invertebrate chordate C. intestinalis (Ci) was

Fig. 2. Analyses of PRMT1 and PRMT6 protein expression in zebrafish.

Extracts of zebrafish tissues are prepared, separated by SDS-PAGE and

immunoblotted as described in Materials and Methods. Anti-PRMT1

and anti-PRMT-6 antibodies were used in (A) and (B), respectively.

The arrow in (A) indicates the position of PRMT1. Other signals are

likely to be nonspecific. (B) IO and M indicate fish brain, inner organ,

and muscle fractions, respectively. Mb, Pb and LCL indicate mouse

brain, porcine brain and human lymphoblastoid cell extract, respec-

tively. The molecular mass standards were indicated on the left in

kilodaltons.

Table 1

Protein sequence identity/similarity between full-length human (h), zebra-

fish (zf), and Takifugu rubripes (fugu) PRMT genes

Table 2

Protein sequence identity/similarity between full-length human (h) and C.

intestinalis (ci) PRMT genes
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proposed to represent a plausible approximation to the

ancestral chordates for the origin of vertebrates and

chordate. Its draft genome and cDNA database are both

available. We thus searched for the PRMT genes further in

this system. We identified orthologues of PRMT1, 3, 4, 5,

6 and 7 in C. intestinalis (predicted amino acid sequences

and genomic structures in Fig. 1 and Figs. 1–5, Supple-

mentary material). Interestingly, PRMT1 in C. intestinalis

appeared to be the orthologue of both PRMT1 and

HRMT1L3 (Fig. 1). No PRMT2 orthologue can be

identified in the ascidians.

In general, the genomic structures of the ascidians PRMT

genes are fairly different from their vertebrate counterparts.

However, genomic structure of Ci PRMT1 is similar with

that of its vertebrate orthologues. Only exons 3, 5, 6 of Ci

PRMT1 are longer than those in the vertebrate PRMT1

Fig. 3. Phylogram of the PRMT genes. The phylogenetic tree was constructed by neighbor–joining methods. The exclude position with gap option and the

correct for multiple substitutions option were disabled. Numbers at the nodes represent bootstrap proportions (BP) on 1000 replicates, and the scale bar

represents 0.1 nucleotide substitutions per site. The core region of each PRMT was used in this analysis (see Table 3 in Supplementary material). As for

different species, h indicates human, r indicates rat, zf indicates zebra fish, ci indicates C. intestinalis, Ysp indicates S. pombe and Ysc indicates S. cerevisiae.

The PRMT was indicated by the number of the PRMT gene at right. hPCMT is the human protein-l-isoaspartate(d-aspartate) O-methyltransferase (PCMT)

used as the outgroup.
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while other exons are with exact junctions as those in the

vertebrate ones (Fig. 1). The Ci PRMT4 contains 14

compared with 16 exons of human PRMT4. Among these

exon junctions, five sites are conserved (Fig. 3, Supple-

mentary material). The exon number of PRMT7 is greatly

reduced from 14 to 4 from human to Ciona. Among the few

exon junctions of Ci PRMT7, one site is conserved as that

in human (Fig. 5, Supplementary material). Most impor-

tantly, PRMT6 with characteristic one coding exon in

vertebrates now contains six separate exons in the ascidians

(Fig. 2, Supplementary material), while both Ci PRMT3 and

PRMT5 have only one coding exon (Figs. 2 and 4,

Supplementary material).

3.4. Comparison of the conservation of PRMT genes

In both Fugu and zebrafish, eight putative PRMT

genes have been identified. As shown in Tables 1 and 2,

PRMT1 is the most conserved one among all PRMT

genes. Zebrafish HRMT1L3 also share 88% sequence

identity with its human orthologue. The zebrafish and

human PRMT4/CARM1 or PRMT5 are highly conserved

with 82% or 78% identity, respectively. For other

zebrafish PRMT proteins, PRMT7, 3, 2 and 6 share

62%, 57%, 52% and 50% identity with their human

orthologues. The identities of the Fugu PRMT proteins

with their human orthologues were of similar level as

those between zebrafish and human. (Comparison of full-

length sequence identity/similarity between zebrafish/

Fugu as well as Ciona/Fugu, see Tables 1 and 2 in

Supplementary material). The identity between human and

Ciona PRMT orthologues were of highest 71% to lowest

33% corresponding to PRMT1 and PRMT6, respectively

(Table 2).

3.5. Phylogenetic analyses of the PRMT genes

We then performed phylogenetic analyses of the

PRMT genes of yeast, C. intestinalis, fish and mammals

(Fig. 3). Since all PRMTs share a conserved methyl-

transferase core with varied C-terminal and N-terminal

sequences, core region of each PRMT gene was utilized

for the analyses. In the type II division, it is apparent that

PRMT5 is conserved through yeast to human. Except the

type II PRMT5, all PRMT located in one division in the

phylogenetic tree. In this division, it is apparent that

PRMT1 is most closely related to HRMT1L3. The

vertebrate PRMT1 and L3 gene is of similar distance to

the Ci PRMT1 gene. Yeast RMT1 appears to belong to

this lineage. PRMT3 then clustered with the PRMT1/

HRMT1L3 lineage. Another cluster next to PRMT1/3

includes both PRMT2 and PRMT6. PRMT4 is further

outside the PRMT2/6 and PRMT1/3 subgroup. It is

interesting that the newly identified PRMT7 is located

most outside in this branch. Even though PRMT7 show

more sequence homology with PRMT5 than with PRMT1

when full-length sequences are compared (Tables 1 and

2), it is probably just due to the long protein sequences of

both PRMT7 and 5. PRMT5 is divided from all other

PRMT genes probably indicating the separation of the

type II protein arginine methyltransferase with other

PRMTs.

4. Discussion

In this study we performed data mining and bioinfor-

matic analyses of the PRMT genes. Orthologues of the

eight human PRMT genes in two fish model systems

pufferfish F. rubripes and zebrafish D. rerio were

identified based on their amino acid sequence homology.

Basically, the genomic structures of PRMT orthologues are

conserved from fish to human. The conservation indicates

that these genes are conserved in vertebrates and the

divergence of these PRMT genes probably occurred before

the origin of vertebrates. We demonstrated the expression

of a few PRMT proteins in zebra fish, the model organism

that is amenable to genetic manipulations and has been

widely used in developmental studies. Since the PRMT

genes are highly conserved from fish to human, we

suggest that zebrafish would be a valuable model system

to study protein arginine methylation.

C. intestinalis was proposed to represent a plausible

approximation to the ancestral chordates for the origin of

vertebrates and chordate. Paralogous vertebrate genes such

as gene families for cell signaling (such as the fibroblast

growth factor) and transcription factors (such as SMAD)

often match to a single gene in C. intestinalis (Dehal et

al., 2002). Similarly, the PRMT genes are found in a

simplified form with two family members (PRMT2 and

HRMT1L3) missing in Ciona. Interestingly, the PRMT1

(HRMT1L2) homologue HRMT1L3 has identical exon

junctions and share high sequence identity with PRMT1

in human and fish. The information strongly suggests that

HRMT1L3 occurred by gene duplication of PRMT1 after

the divergence of the vertebrate ancestors from other

chordates and can be viewed as a paralogue of PRMT1 in

vertebrates. Furthermore, we found that Ci PRMT3 as

well as PRMT5 contains only one exon, compared with

the 15 exons of both human PRMT3 and 5. Since

PRMT3 and PRMT5 in yeast S. pombe also have

multiple coding exons (Figs. 2 and 4, Supplementary

material), it is possible that these one-exon genes are

derived from lineage-specific gene rearrangements in the

ascidians.

It is likely that some PRMT genes accumulate mutations

faster than other PRMT family members. Basically, putative

PRMT2, 3, 6 and PRMT1-like (HRMT1L3) genes identified

in chordates, fish and mammals share more than or about

50% similarity to human PRMT1. It is thus likely that

PRMT1 is the most critical type I PRMT with least

variations through evolution. Other type I PRMT genes in
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different biological divisions are most likely to be derived

from lineage-specific duplication of an ancestral PRMT1

and evolved with different rates. Interestingly, the degree of

sequence conservation seems to be related to the functional

importance of the PRMT genes known for now. It is

apparent that the three frequently reported PRMT1, 4 and 5

with direct evidences to play roles in various transcriptional

controls and signaling pathways are the most conserved

ones. PRMT3 though identified early, has limited reports on

its physiological functions (Tang et al., 1998; Frankel and

Clarke, 2000). Recently, fission yeast PRMT3 was identi-

fied as a ribosomal protein arginine methyltransferase

(Bachand and Silver, 2004). Interestingly, even PRMT3

can be identified in Drosophila and fission yeast with

typical N-terminal C2H2 zinc finger, three residues of the

four critical cysteins and histidines of the finger in the

Ciona PRMT3 have been changed (Fig. 2, Supplementary

material). Compared with PRMT3 with 57% sequence

conservation between the fish and human orthologues and

can be traced back to the fission yeast S. pombe, PRMT7 is

more conserved (62% sequence identity between fish and

human) but is present through Caenorhabditis elegans to

human. It should have certain important roles to be

conserved through evolution. PRMT 7 was identified as a

mediator of cell sensitivity to DNA-damaging agents (Gros

et al., 2003) in a rodent cell line. Although its catalyses of

monomethylarginine (MMA) formation on peptide sub-

strates has been demonstrated, no formation of dimethy-

larginines on known protein substrates can be detected by in

vitro methylation (Miranda et al., 2004). From our

phylogenetic analyses, PRMT7 appears to be the most

outside lineage in the type I PRMT branch that is separated

with the only type II PRMT5. The identity of the PRMT7-

catalyzed activity requires more biochemical evidences to

illustrate.

In this study, we found that PRMT6 and PRMT2,

converged in one lineage parallel to the PRMT1/3 lineage,

are the least conserved PRMT from fish to human, with

about 50% sequence identity. Whether the two PRMT

genes are evolved at a higher rate is an interesting issue.

However, the N-terminal SH3 domain before the catalytic

core of PRMT2 and the characteristic one coding exon in

PRMT6 is conserved from fish to human. Surprisingly, we

found that Ci PRMT6 contains six exons, indicating that

the one coding exon character of PRMT 6 is specific only

in the vertebrates. It is interesting that we could not

identify PRMT2 in Ciona. It is attractive to propose that

PRMT2 is evolved from a duplication of a common

ancestor of both PRMT6 and PRMT2 in the early

vertebrates but are diverged with faster rates than other

PRMT genes. By now no direct methyltransferase activity

has been demonstrated for PRMT2 and no physiological

importance of PRMT6 is known. Whether they are of less

physiologically importance thus accumulate mutations

much faster than other PRMT genes is an interesting

question.
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