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Caenorhabditis elegans PRMT-7 and PRMT-9 Are Evolutionarily 
Conserved Protein Arginine Methyltransferases with Distinct 
Substrate Specificities

Andrea Hadjikyriacou and Steven G. Clarke*

Dept. of Chemistry and Biochemistry and the Molecular Biology Institute, University of California, 
Los Angeles, 607 Charles E. Young Dr. E., Los Angeles, CA 90095-1569. Tel.: 310-825-8754

Abstract

Caenorhabditis elegans protein arginine methyltransferases PRMT-7 and PRMT-9 are two 

evolutionarily conserved enzymes, with distinct orthologs in plants, invertebrates, and vertebrates. 

Biochemical characterization of these two enzymes reveals that they share much in common with 

their mammalian orthologs. C. elegans PRMT-7 produces only monomethyl arginine (MMA) and 

preferentially methylates R-X-R motifs in a broad collection of substrates, including human 

histone peptides and RG-rich peptides. In addition, the activity of the PRMT-7 enzyme is 

dependent on temperature, the presence of metal ions, and the reducing agent dithiothreitol (DTT). 

C. elegans PRMT-7 has a different substrate specificity and preference from the mammalian 

PRMT7, and the available X-ray crystal structures of the PRMT7 orthologs show differences in 

active site architecture. C. elegans PRMT-9, on the other hand, produces symmetric 

dimethylarginine (SDMA) and MMA on SFTB-2, the conserved C. elegans ortholog of the human 

RNA splicing factor SF3B2, indicating a possible role in regulation of nematode splicing. In 

contrast to PRMT-7, C. elegans PRMT-9 appears to be biochemically indistinguishable from its 

human ortholog.
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INTRODUCTION

Protein arginine methylation is a posttranslational modification that is widely distributed in 

vertebrates, invertebrates, plants, and fungi1,2. Members of the mammalian protein arginine 

methyltransferase (PRMT) family modify arginine residues by introducing a methyl group 

onto the terminal guanidino groups, generating either exclusively monomethylarginine 

(MMA) (Type III, PRMT7), MMA and symmetric dimethylarginine (SDMA)(Type II, 

PRMT5 and PRMT9) or MMA and asymmetric dimethylarginine (ADMA) (Type I, 

PRMT1-4, -6, -8)3,4. This family of enzymes has roles in epigenetic regulation of 

transcription3, mRNA splicing5, DNA damage response6, carcinogenesis3,7,8, and 

signaling9. Many of these enzymes have multiple functions and roles, and changes in their 

expression have been implicated in tumorigenesis and disease3,4,7,8.

The majority of PRMTs have been well characterized and their physiological substrates have 

been identified. PRMT7 and PRMT9, however, have received much less attention. While 

PRMT9 appears to have a major role in the regulation of alternative splicing5, for PRMT7 

the situation is more complex. Recent studies have shown that PRMT7 is involved in 

preserving satellite cell regenerative capacity10, regulation of germinal center formation11, 

induction of the epithelial-to-mesenchymal transition12, and bone development13, in addition 

to roles in cancer such as the promotion of breast cancer metastasis through MMP9 

expression14. However, it has not yet been possible to connect these phenomena to the 

specific enzymatic action of PRMT7. In addition, there is evidence that crosstalk of PRMT7 

with other PRMTs can modify the epigenetic code. For instance, the knockdown of PRMT7 

in mammalian cells has been shown to decrease SDMA formation at arginine-3 in histone 

H2A and H4 in chromatin associated with specific genes10,15,16 in spite of the fact that 

PRMT7 does not catalyze SDMA formation3,17,18. In addition, there is evidence for the 

association of increased levels of arginine-3 SDMA in histone H4 at specific genes with 

overexpression of PRMT711. It thus appears that PRMT7 may function in conjunction with 

other PRMTs.
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Due to the complexity of mammalian systems, PRMT7 from lower eukaryotes including 

Trypanosoma brucei19–22 and Caenorhabditis elegans23,24 has been studied. However, the 

trypanosome enzyme has preference for RG-rich proteins such as RBP1619,21,22, while 

mammalian PRMT7 has a preference for R-X-R motifs in basic sequence contexts such as 

those found in histone H2B17,18. A crystal structure is available for C. elegans PRMT-7 that 

is similar to that determined for M. musculus PRMT7, with both enzymes containing a 

single chain with two ancestrally duplicated methyltransferase domains stabilized by a zinc 

ion24,25. We note that while the T. brucei ortholog is named PRMT7, its structure is 

divergent from the C. elegans and mouse enzymes, lacking the duplicated domain 

characteristic of plant, invertebrate and vertebrate PRMT7 members1,2,19. A previous 

attempt to characterize C. elegans PRMT-7 (then named PRMT-2) in vitro was unsuccessful 

because it was enzymatically inactive under the conditions tested23. The authors of this same 

study23 designated C. elegans PRMT-9 (then named PRMT-3) as a human PRMT7 ortholog, 

while more recent studies have shown it is more closely related to the human PRMT91,26.

Given the similarity of the C. elegans and mouse PRMT7 enzymes, and the difficulty of 

determining the mechanism of PRMT7 action in vertebrates, we sought to characterize the 

C. elegans ortholog. We have now been able to show that although the C. elegans enzyme is 

similar to the previously studied mammalian enzyme in its ability to only form MMA 

marks17,18,27, the nematode enzyme has distinct specificity for recognizing arginine residues 

in peptides and proteins, suggesting distinct functions.

Mammalian PRMT9 had also been challenging to characterize. None of the previously 

characterized PRMT methyl-acceptors were recognized by human PRMT926. However, it 

was possible to identify a complex with splicing factors SF3B2 and SF3B4, and to show that 

PRMT9 methylates SF3B2 to produce MMA and SDMA5,26. SF3B2 may be the only major 

substrate of this enzyme, and its modification appears to play a role in the regulation of 

alternative splicing5,26.

While C. elegans has no orthologs of mammalian PRMTs 2, 3, 4, 6, and 8, there is an 

ortholog of PRMT91,2. In the previous study, this ortholog was shown to methylate 

recombinant histone H2A producing only MMA23. Thus, we were interested in 

characterizing this C. elegans PRMT-9 to establish whether or not it plays a similar function 

as mammalian PRMT9. We now show that C. elegans PRMT-9 is a type II enzyme that 

produces MMA and SDMA, but it also appears to be highly specific for the C. elegans 
ortholog of the SF3B2 splicing factor, SFTB-2.

MATERIALS AND METHODS

Bacterial Protein Expression and Purification

C. elegans PRMT-7 and PRMT-9 cDNA were cloned into a pGEX-6P-1 plasmids23 and 

were a kind gift from Dr. Akiyoshi Fukamizu. The proteins were expressed in BL21 DE3 

cells (Invitrogen); C. elegans GST-PRMT-7 and -9 enzymes were purified using the 

conditions described in26, but with induction for 20 h at 18 °C using 0.13 mM isopropyl D-

thiogalactopyranoside (IPTG) for GST-PRMT-7 and 1 mM IPTG for 20 h at 18 °C for both 

GST-PRMT-9 wild type and A391H mutant. The enzymes were purified as described and 
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dialyzed overnight into 100 mM Tris-Cl, 100 mM NaCl, pH 7.5. H. sapiens GST-PRMT718, 

GST-PRMT926, and human GST-SF3B25,26 and were expressed and purified as described 

previously. GST-GAR was expressed using 0.4 mM IPTG for 20 h at 18 °C and purified 

similarly to the other proteins, but was dialyzed into 50 mM HEPES, 120 mM NaCl, 1 mM 

DTT, pH 8.0. The amino acid sequence for SFTB-2 (C. elegans SF3B2) was synthesized by 

GenScript, Inc. and cloned into a pGEX-6p-1 vector. GST-tagged SFTB-2 was purified 

similarly as human SF3B2, and dialyzed overnight into 10 mM Na2HPO4, 2 mM KH2PO4, 

137 mM NaCl, 2.7 mM KCl, and 1 mM DTT (pH 7.4).

Each of these plasmids encodes the full sequence of the Schistosoma japonicum glutathione 

S-transferase (UniProt P08515) followed by linker regions of SDLEVLFQGPLGSGIP (C. 
elegans PRMT-7; SDLEVLFQGPLGSPEFP (C. elegans PRMT-9), SDLQVLFQGPL (C. 
elegans SFTB-2), SDLVPRGSST (human PRMT7), and SDLVPRGS (GST-GAR) followed 

by the full amino acid sequences of either C. elegans PRMT-7 (UniProt ID: Q9XW42), C. 
elegans PRMT-9 (Uniprot ID: O02325), human PRMT7 (UniProt ID: Q9NVM4), human 

PRMT9 (UniProt ID: Q6P2P2), C. elegans SFTB-2 (UniProt ID: O16997), human SF3B2 

(UniProt ID: Q13435) and amino acids 1–145 of human fibrillarin (UniProt ID: P22087), the 

latter of which has K2E and A145V substitutions. The GST-GAR fusion protein was 

previously erroneously reported to include human fibrillarin residues 1–14818,28. Purified 

proteins were analyzed via SDS-PAGE and quantified after using 10% trichloroacetic acid 

precipitation for a Lowry assay.

Peptide synthesis

All H2B peptides used in these studies indicated in Table 1 were synthesized by GenScript, 

Inc. and further validated by MALDI-TOF mass spectrometry. Other peptides were gifts 

from their respective sources (see Table S1).

In Vitro Methylation Reactions

Methylation reactions included 2 μg of enzyme and potential methyl-accepting protein 

substrate (5 μg) or peptide substrates at a final concentration of 12.5 μM. Mixtures were 

incubated at the indicated temperatures using a buffer of 50 mM potassium HEPES, 10 mM 

NaCl, pH 8.2 unless otherwise indicated and 0.7 μM S-adenosyl-L-[methyl-3H]methionine 

(3H-AdoMet, Perkin Elmer Life Sciences, 82.7 Ci/mmol, 0.55 mCi/ml in 10 mM H2SO4/

EtOH (9:1, v/v) in a final reaction volume of 60 μl. Given a counting efficiency of 50%, 1 

fmol of radiolabeled methyl groups corresponds to 91 cpm.

Amino Acid Analysis of Substrates Using High Resolution Cation Exchange 
Chromatography

Reactions with peptide substrates were stopped by the addition of 3 μl of 25% 

trichloroacetic acid, and peptides were purified using OMIX C18 Zip-Tip pipette tips 

(Agilent Technologies). The reactions were then subjected to vacuum centrifugation to 

remove the Zip-Tip elution buffer consisting of H2O and acetonitrile (50:50). Protein 

substrate reactions were stopped by the addition of equal volume 25% (w/v) trichloroacetic 

acid followed by centrifugation to give the protein pellet. Methylated peptides and proteins 

were subsequently acid hydrolyzed, mixed with non-radioactive methylated arginine 
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derivatives, and separated and analyzed using high resolution cation exchange 

chromatography as described in5.

Detection of Methylated Substrates after SDS-PAGE

Protein substrate methylation reactions were stopped by the addition of 0.2 volumes of 5× 

SDS sample loading buffer and run on a 12.6% polyacrylamide Tris-glycine gel. The gel 

was stained using Coomassie Blue, and after destaining overnight, gels were incubated in 

EN3HANCE (Perkin Elmer Life Sciences, catalog no. 6NE9701) autoradiography reagent, 

washed with water for 30 min and then vacuum dried. Dried gels were then placed in a 

cassette and exposed to autoradiography film (Denville Scientific, catalog no. E3012) at 

−80 °C for the amount of time indicated in the figure legends. Densitometry of the bands 

was done using ImageJ software.

RESULTS

PRMT7 is Widely Conserved in Vertebrates, Invertebrates, and Plants

The human PRMT7 sequence was analyzed by protein BLAST29 and the representative 

orthologs were compiled into a phylogenetic tree (Fig. 1A). We found that the major PRMT 

structural motifs, including the AdoMet binding Post Motif I, the substrate binding double E 

loop, and the THW loop are well conserved (Fig. 1B). PRMT7 is widely distributed across 

vertebrates and invertebrates including mollusks, insects, tunicates, and nematodes, as well 

as in higher plants (Fig. 1A and 1). Significantly, the C. elegans ortholog is 32% identical 

with the human enzyme over the full polypeptide length and has an expect value of 3 × 

10−96. Fungi appear to lack a PRMT7 ortholog, with the closest relatives having more 

similarity to PRMT1. Bacteria also seem to largely lack orthologs to PRMT7. The closest 

bacterial sequence homologs in S. pneumoniae and Pseudanabaena sp. are not mutual best 

hits to PRMT7, although the R. leguminosarum and G. sulfurreducens species are most 

closely related to PRMT7. In addition, the Type III (MMA forming) trypanosome T. brucei 
PRMT719,21 is most similar in sequence to human PRMT9 and is not a mutual best hit for 

human PRMT7. Importantly, T. brucei PRMT7 has a distinct substrate specificity from both 

human PRMT7 and PRMT9, preferring RG-rich proteins5,17–19,21,22,26.

The major conserved PRMT motifs are shown for selected species in Fig. 1B. While all of 

the enzymes have similar motifs common to all seven beta-strand methyltransferases (Motif 

I, Post Motif I, and Motif II), the T. brucei PRMT7 deviates significantly from the other 

proteins in the PRMT-specific double E loop and the THW loop. When compared to the 

human PRMT7, the C. elegans protein has an identical DHW sequence in the THW loop as 

well as an identical double E loop with the exception of the replacement of a single leucine 

residue with a valine residue. These results indicate that PRMT7 is evolutionarily conserved 

with a marked presence in vertebrates, invertebrates, and plants, but not in lower organisms.

C. elegans PRMT-7 Produces Monomethyl Arginine

When we assayed the C. elegans PRMT-7 methyltransferase activity under conditions used 

in the previous biochemical study23 (30 °C with an EDTA-containing buffer), we also found 

no activity (Fig. 2A, top left panel). However, upon lowering the incubation temperature to 
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one more favorable for C. elegans growth (25 °C), some enzymatic activity producing MMA 

was seen (Fig. 2A, top middle and right panels). Switching to a buffer containing no metal 

ion chelator, some activity was seen at 30 °C (Fig. 2A, bottom left panel) while much higher 

activity was seen at 25 °C (Fig. 2A, bottom middle and right panel). Previous work had 

demonstrated the partial loss of activity of the mammalian PRMT7 enzyme with EDTA18. A 

zinc ion is present in a zinc finger motif in both the mouse and the C. elegans PRMT7/

PRMT-7 structures located some distance from the active site, suggesting that it may play a 

role in stabilizing an active conformation of the enzyme24,25. Thus, it appears that EDTA 

may inhibit the activity by extracting this zinc ion. In addition, the C. elegans PRMT-7 

enzyme activity appears to be dependent on the presence of the reducing agent dithiothreitol 

(DTT), as was previously observed with the mammalian enzyme27. In vitro methylation 

reactions with two synthetic peptides containing R-X-R and similar sequences (pSmD3 and 

pRpl3) showed no activity at 25 °C without DTT (Fig. 2B, left panels), but showed 

significant MMA-producing activity when DTT was added to the reaction buffer (Fig. 2B, 

right panels) at 15 °C.

Based on reports that the expression level of PRMT7 can affect SDMA levels in mammalian 

histones11,12,15,16,30, we also asked if the active C. elegans PRMT-7 enzyme could catalyze 

dimethylation of arginine species. However, as shown in the expanded view of the amino 

acid analysis shown in Fig. 2A (right panels), we find no dimethylated product consistent 

with SDMA or ADMA is formed under conditions where 0.4% of the MMA product would 

have been detected. Thus, the C. elegans PRMT-7 produces only MMA and is thus a type III 

enzyme.

C. elegans PRMT-7 is Most Active at or Below Optimal Growth Temperatures

In Fig. 2 we noted the enzyme was much more active at 25 °C than at 30 °C. C. elegans is 

able to grow at a variety of temperatures ranging from 12 °C (slowest growing) to 25 °C 

(fastest growing), with most studies done at 20 °C31. Continual incubation at temperatures 

higher than 25 °C leads to sterility31,32. We thus performed in vitro methylation reactions 

with C. elegans PRMT-7 and GST-GAR under a wider range of temperatures, from 0 °C to 

42 °C (Fig. 3). After SDS-PAGE and fluorography, the methylation signal was quantified 

using densitometry and normalized. Fluorography revealed an activity maximum at 15 °C, 

with the enzyme still slightly active at the higher end of the physiological temperatures for 

C. elegans (20 and 25 °C). In vitro methylation reactions of human PRMT7 were performed 

as a comparison, and a similar but narrower dependence of activity on temperature is 

observed (Fig. 3). The temperature dependence of the human enzyme observed here with a 

maximal activity at 15 °C and little or no activity at 37 °C is similar to what was reported 

previously18.

C. elegans PRMT-7 Recognizes a Wider Variety of Substrates than Human PRMT7

Once reaction conditions were optimized for activity, we tested a variety of protein and 

peptide substrates to compare the methyl-accepting activity with peptide and protein 

substrates including those recognized by the human PRMT7. Since both the human and 

mouse PRMT7 were shown to have a strong preference for R-X-R motifs flanked by basic 

residues in histone H2B peptides17,18, we decided to also test these peptides with the C. 

Hadjikyriacou and Clarke Page 6

Biochemistry. Author manuscript; available in PMC 2018 May 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



elegans PRMT-7. Amino acid analysis showed that C. elegans PRMT-7 is able to methylate 

synthetic human histone H2B peptides containing residues 23–37 (Fig. 4A, bottom left 

panel). To determine whether the C. elegans enzyme better recognizes C. elegans amino acid 

sequences than human sequences, we performed the same experiment with the C. elegans 
histone H2B (20–34) peptide. Surprisingly, we found that the C. elegans enzyme recognized 

the human peptide better than the C. elegans peptide (Fig. 4A, bottom). We compared this 

activity to that of the human PRMT7 with the human peptide and the C. elegans peptide 

(Fig. 4A top panel) and found that the human enzyme did not methylate the C. elegans H2B 

peptide sequence. These results suggest that, at least in vitro, histone H2B may not be a 

major substrate of PRMT-7 in C. elegans.

Since the C. elegans PRMT-7 was able to methylate the human histone H2B peptide, we 

then tested our collection of single R-to-K mutants of this peptide (Fig. 4B). When reacted 

with the wild type H2B peptide, we see similar results as in panel 4A, but the removal of a 

single arginine in the peptide decreased the activity greatly (Fig. 4B, bottom panels). The 

histone H2B R29K peptide reduced methylation counts to a level about 40%, of that of the 

wild type peptide sequence. The R31K and R33K mutant peptides further decreased the 

activity to about 10% and 22% respectively, signifying the importance of arginine residues 

in a sequential R-X-R motif. Since our data showed that PRMT-7 prefers an R-X-R motif in 

histone H2B, we tested another synthetic peptide containing an R-X-R sequence, where X is 

a glycine, a sequence found in many GAR-motif proteins. We tested both the C. elegans and 

human enzymes with this RGR-1 peptide at 25 °C and 15 °C, and found that the C. elegans 
enzyme weakly methylated this peptide at both temperatures (Fig. 4C, top row), while the 

human PRMT7 enzyme showed much less activity (Fig. 4C, bottom row), indicating a 

slightly broader specificity for the C. elegans enzyme.

Once we saw the differences in substrate specificity of the C. elegans PRMT-7 enzyme when 

compared to the previously characterized human enzyme, we tested it against another panel 

of synthetic peptides with various sequences containing pairs of arginine residues in R-X-R 

motifs as well as single arginine sequences. Upon incubation with synthetic histone H4 

peptides (residues 1–21 wild type; 1–21 R3K; 1–16; 14–22), we saw greatly reduced activity 

when the R-X-R sequence at the C-terminus of the peptide was removed (Fig. 5A). This 

peptide contained the sequence of the C. elegans histone, one identical to that of the human. 

Histone H4 (1–21) R3K peptide gave just a slight decrease in methylation activity (20% 

decrease, Fig. 5A, top right panel), but removal of the last 5 residues in the peptide in the 

residues 1–16 peptide caused an almost 70% drop in activity (Fig. 5A, bottom left panel). 

This signified that the PRMT-7 enzyme primarily methylates the R-X-R sequence, but could 

also recognize and methylate a single arginine. Reacting the enzyme with a small peptide 

containing only the R-X-R sequence of H4 (14–22) yielded almost no activity, indicating 

there might be a secondary site of contact and binding for the peptide to be correctly situated 

in the active site (Fig. 5A, bottom right panel).

Other peptides containing R-G-R and peptides containing a single arginine residue were 

reacted with the C. elegans enzyme (Fig. 5B). In a longer peptide sequence containing two 

pairs of R-G-R sequences (pSmD3; Fig. 5B, top left panel), we saw very high methylation 

activity. In a reaction with pRpl3 peptide (Fig. 5B, top middle panel) that contains three 
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more widely spaced arginine residues, we see an activity that is almost double that of that 

seen with the RGR-1 peptide (Fig. 5B, bottom right panel). C. elegans PRMT-7 was not able 

to methylate smaller peptides, such as pR1 (containing only one R flanked by G) or a 

peptide containing the first 7 residues from histone H3 (Fig. 5B, bottom panels).

We then tested full-length histones as substrates of both the human and C. elegans PRMT7 

enzymes. We methylated recombinant human histone proteins at either 15 °C or 25 °C, and 

separated the polypeptides on SDS-PAGE. At both temperatures, we found that the C. 
elegans PRMT-7 enzyme was active in methylating histones H2A, H2B, and H3, but only 

weakly methylated H4 (Fig. 6). This was a surprising result since the enzyme could 

methylate H4 peptides (Fig. 5A). We note that the sequence of histone H4 in humans and C. 
elegans is identical with the exception of one residue in the central domain. Human PRMT7, 

on the other hand, was very specific for histone H2B as noted previously17, indicating a 

distinct difference in substrate specificity between the two enzymes.

Crystal Structures of PRMT7 Orthologs Unveil a Distinct Pocket in the Active Site 
Potentially Contributing to Substrate Specificity

Although the characterized mammalian, trypanosome, and C. elegans PRMT7 homologs all 

produce MMA, there are significant differences in their substrate specificity (this 

study,18,22). We therefore examined the active site architecture of the available PRMT7 

crystal structures of each of these enzymes. The substrate arginine residue is generally 

bound between the two glutamate residues in the double E loop3,4,22. The distance between 

the side chain carboxyls of the two glutamates in the double E loop is relatively similar (7.6 

Å and 7.2 Å) in the C. elegans and T. brucei enzymes, compared to a greater distance (8.7 

Å) in the M. musculus enzyme (Fig. 7). In addition, in PRMT7 from C. elegans and T. 
brucei, there is a phenylalanine residue that protrudes into the active site (F33 and F71) and 

may limit the size of a methyl-accepting sequence. The distance between the side chain 

carboxyl carbon of the second glutamate residue of the double E loop and the closest side 

chain carbon of the phenylalanine residue is 5.2 and 5.8 Å in C. elegans and T. brucei 
respectively (Fig. 7A and 7B). However, the corresponding residue in M. musculus PRMT7 

is a serine residue whose beta carbon is much further (8.5 Å) from the glutamate residue 

(Fig. 7C), potentially creating a pocket that could accommodate arginine residues flanked by 

residues with bulkier side chains such as lysine residues. We also note that the two acidic 

residues in the interior of the double E loop (colored in purple in Fig. 7) are more exposed to 

the surface in M. musculus (Fig. 7C) than the corresponding residues in the C. elegans or T. 
brucei enzymes. These results provide insight into the broader substrate specificity of the 

non-mammalian PRMTs.

C. elegans PRMT-9 Enzyme Methylates RNA Splicing Factor SFTB-2/SF3B2 and Forms 
SDMA

We previously showed a phylogenetic tree demonstrating a C. elegans ortholog of PRMT9 

present in higher organisms26; this ortholog was originally named PRMT-3 but is now 

designated PRMT-91,23,26. In addition, C. elegans also contains an ortholog of mammalian 

splicing factor SF3B2, now designated SFTB-2. SF3B2 is the only identified substrate of 

mammalian PRMT95,26. To determine if the C. elegans PRMT-9 plays a similar 
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physiological role by methylating SFTB-2, we analyzed the products of both human and C. 
elegans PRMT9 enzymes with the methylatable fragment F3 of both splicing factors, 

corresponding to human residues 401–550 and C. elegans residues 99–248 (Fig. 8A). When 

the C. elegans enzyme was incubated with the C. elegans SFTB-2 and mammalian SF3B2 

fragments, we detected both MMA and SDMA formation (Fig. 8A, top panels). In a control 

experiment, we also detected MMA and SDMA formation with the human enzyme and 

substrate (Fig. 8A, bottom right panel). However, when we reacted the human enzyme with 

the C. elegans SFTB-2 polypeptide, we only found a small MMA peak; no SDMA was 

detected (Fig. 8A, bottom left panel). SF3B2 and SFTB-2 are similar in sequence in the 

conserved region surrounding the R508 methylation site in the human protein5,26 but diverge 

in the N-terminal region (Fig. 8B).

To ask if the C. elegans enzyme was specific for the same site, we reacted C. elegans 
PRMT-9 with the wild type and R508K mutant of the human SF3B2 fragment (Fig. 9). We 

observed that methylation was abolished in the fragment with the R508K mutation (Fig. 

10B, top and bottom right panels), as compared to the wild type SF3B2 fragment (Fig. 10 A, 

top and bottom left panels), suggesting that the mammalian and C. elegans enzymes share 

the same strict specificity for this arginine residue in the splicing factor.

C. elegans PRMT-9 Does Not Recognize non-SFTB-2/SF3B2 Substrates

Since most PRMTs recognize a variety of substrates, we tested multiple known substrates 

with the C. elegans enzyme, including GST-GAR, RNA binding protein Rbp16, and 

recombinant histones H2A and H2B (Fig. 10). Amino acid analysis of reactions using the 

same conditions as described in Takahashi et al.23, the first study to detect MMA activity 

with this PRMT-9 enzyme, showed that it did not appreciably methylate these substrates 

(Fig. 10A, top right panel). We did, however, observer a very small MMA activity upon the 

methylation of recombinant histone H2A, consistent with the previous result23. We also 

analyzed these reaction mixtures, along with corresponding mixtures with the human 

PRMT9 enzyme, using SDS-PAGE fluorography, and observed that both PRMT9 enzymes 

only methylated their corresponding SF3B2 substrate fragments (Fig. 10B).

Temperature Dependence of C. elegans PRMT-9

We next compared the activity at various temperatures of both the human and nematode 

PRMT9 enzymes with the human SF3B2 substrate using SDS-PAGE fluorographic analysis 

(Fig. 11). We found that the C. elegans enzyme is active at the physiological growing 

temperatures for the nematode31, while the human enzyme is most active at the body’s 

expected physiological temperature of 37 °C26. These PRMT9 enzymes are active over a 

wider range of temperatures than the PRMT7 enzymes analyzed in Fig. 3.

THW Loop Residues are Responsible for the SDMA-forming Ability of C. elegans PRMT-9

The central residue in the conserved THW loop has been shown to play a role in the 

formation of MMA and SDMA in T. brucei PRMT7 and in human PRMT9 (23). 

Specifically, mutating the central cysteine residue in the human PRMT9 THW motif to 

histidine greatly enhanced the ability of the enzyme to form MMA and decreased its ability 

to form SDMA22. Making the same mutation in the C. elegans PRMT-9 enzyme, converting 
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the alanine residue in the central position of the THW loop to a histidine residue, resulted in 

the loss of SDMA formation and reduced MMA formation (Fig. 12). The inverse H300A 

mutation made in the C. elegans PRMT-7 enzyme results in the loss of activity (data not 

shown). Interestingly, additional DTT added to the reaction mixtures, for both the wild type 

and A391H mutant enzymes (blue line in all panels) enhanced the formation of MMA but 

did not affect the formation of SDMA (Fig. 12).

DISCUSSION

While many different physiological roles have been described for PRMT710–16,30, 

endogenous in vivo substrate(s) have yet to be identified. PRMT7 is widely distributed 

across vertebrates, invertebrates, and plants. Fungi such as S. cerevisiae and E. pusillum do 

not contain a PRMT7 ortholog, as their top BLAST hits match well with the major PRMT1 

ortholog (Fig. 1). Other studies have not found corresponding orthologs in S. cerevisiae and 
S. pombe1. What was most surprising is our identification of potential bacterial PRMT7 

orthologs from R. leguminosarum and G. sulfurreducens that were mutual best hits to human 

PRMT7. Methylation of arginine residues has never been observed in bacteria, and no 

PRMT genes have been previously reported in bacteria. These prospective bacterial 

orthologs lack an apparent THW loop and do not contain the ancestrally duplicated C-

terminal domain, much like the T. brucei ortholog of PRMT7. G. sulfurreducens does 

contain the characteristic TPR motifs of human PRMT9, yet the closest human hit when 

analyzed with protein BLAST is PRMT7. Further work needs to be done to confirm if these 

potential enzymes actually methylate arginine residues. Presumably, the retention of PRMT7 

in higher organisms reflects its specific cellular roles, including the limitation of its activity 

to monomethylation, its substrate specificity, and its potential for regulation and crosstalk 

with other modifying enzymes.

Optimizing reaction conditions for the C. elegans PRMT-7 enzyme, such as lowering the 

reaction temperature, removing metal ion chelators and adding reducing agents such as DTT, 

proved to be essential for determining its substrate preference and methylation activity. 

While the optimal temperature for the activity of C. elegans PRMT-7 falls clearly in the 

physiological range of this organism, the human PRMT7 enzyme also demonstrates a 

similar temperature preference range where it is much more active than it is at 37 °C. This is 

an unusual property for a human enzyme, and may be important in its activity in regions of 

localized hypothermia such as in lung tissue exposed to cold air or in the extremities. It 

would be interesting to correlate the function of PRMT7 with the expression of cold-

inducible RNA-binding proteins CIRP and RBM3, both of which are known to be 

methylated at arginine residues33. Alternatively, the small amount of activity of human 

PRMT7 at 37 °C may be sufficient for its function or there may be other proteins or small 

molecules present in human cells that allow for enhanced activity at normal body 

temperature.

We show here that C. elegans PRMT-7 methylates human histone H2B peptides, prime in 
vitro substrates for the human PRMT7 enzyme, but less methylation of the corresponding C. 
elegans H2B peptide was seen (Fig. 4A). This result suggests that histone H2B may not be a 

major physiological substrate for the C. elegans PRMT-7. It has been shown in proteomic 
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studies that there is divergence in conservation of methylation sites across various 

organisms34, indicating the methylation sites can differ across different species and 

organisms.

Our results also indicate the importance of multiple arginine residues in an R-X-R motif for 

recognition by both C. elegans PRMT-7 and human PRMT7. However, the C. elegans 
enzyme does not appear to have a strong preference for adjacent basic residues and 

methylated substrates c with adjacent glycine residues such as pSmD3. Peptides with single 

arginine residues were generally not substrates, but a histone H4 1–16 peptide containing a 

single arginine residue was weakly methylated by C. elegans PRMT-7. It appears that the 

length of the peptide, the positioning of arginine residues, as well as the nature of adjacent 

and distant residues play a role in substrate specificity.

Comparison of the activity of the human and C. elegans PRMT7s on intact human 

recombinant histones confirms the specificity of the human enzyme for H2B17. However, we 

observe here that the C. elegans PRMT-7 methylates all of the histone proteins, with the 

exception of only weakly methylating histone H4 (Fig. 6). This broader substrate 

methylation leads us to believe that its physiological substrates, while not identified yet, 

could potentially be different from and more numerous than those of its mammalian 

ortholog.

To further probe the substrate specificity of these enzymes, we examined the active site 

architectures of C. elegans24, T. brucei20, and M. musculus PRMT725. Surface modeling of 

their crystal structures reveals differences that may relate to their activities. As discussed in 

the “Results” section, the distances between the two terminal glutamates in the double E 

loop were closer together in the C. elegans and T. brucei structures, compared to the 

corresponding residues in the mouse structure. In addition, there are differences in residues, 

in particular a phenylalanine (C. elegans or T. brucei) or serine (mouse) residue that comes 

in contact with the second glutamate of the double E loop. These structural differences may 

explain why we see such distinct substrate specificity among the various orthologs of 

PRMT7, indicating that the enzyme may have evolved to have different functions and 

substrates among different organisms. Further work needs to be done to confirm the 

importance of these residues in conferring substrate specificity.

C. elegans also has a PRMT-9 ortholog that has been conserved from invertebrates to 

mammals with a potentially similar physiological function. We show here that the C. elegans 
PRMT-9 enzyme produces SDMA and MMA on the splicing factor SF3B2 ortholog in C. 
elegans, SFTB-2. Additionally, we found that the enzyme methylates the same R508 residue 

on SF3B2 as the human enzyme, suggesting that PRMT-9 may also play a regulatory role in 

nematode alternative RNA splicing. It will now be important to directly examine at the effect 

of methylation of SFTB-2 on the regulation of splicing in C. elegans, a process that has been 

shown to bear similarities to human splicing mechanisms35.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

PRMT protein arginine methyltransferase

MMA ω-NG-monomethylarginine

ADMA ω-NG,NG-asymmetric dimethylarginine

SDMA ω-NG,N’G-symmetric dimethylarginine

AdoMet S-adenosyl-L-methionine

[methyl-3H]AdoMet S-adenosyl-[methyl-3H]-L-methionine

GAR glycine- and arginine-rich domain of human fibrillarin
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Figure 1. Evolutionary conservation of PRMT7 across the various kingdoms of life
A. Phylogenetic tree based on human PRMT7. UniProt IDs of representative orthologs from 

Animalia, Plantae, Archaeplastida, Fungi, Bacteria, and Excavata are shown with their E 
values based on a protein BLAST search against the human species29. The phylogenetic tree 

was constructed after amino acid sequences were aligned using MUSCLE in MEGA6 

software as described in26. Each ortholog sequence was then subjected to protein BLAST 

against the human protein database. All proteins were mutual best hits with the exception of 

those species marked with an asterisk. The number shown next to each branch is the percent 
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of replicate trees with the same clustering in 500 bootstrap test replicates. The scale bar 

indicates the fraction of amino acid differences for each entry. H. sapiens PRMT7 is boxed 

in dark red, and C. elegans PRMT-7 is boxed in red. B. Partial sequence alignment of the 

major motifs in PRMT7 orthologs across vertebrates, invertebrates, plants, and excavata (T. 
brucei) using the EMBL-EBI Clustal Omega Multiple Sequence Alignment software29. The 

major distinguishing motifs of protein arginine methyltransferases are boxed in black, 

including Motif I, Post Motif I, Motif II, the Double E loop, and the THW loop. Red letters 

indicate identity and blue letters indicate similar amino acid properties. Secondary structure 

is indicated on the bottom with beta strands in yellow and alpha-helices in magenta based on 

the structure of the M. musculus PRMT7 (PDB: 4C4A,25). The C. elegans PRMT-7 

sequence is boxed in dark gray.
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Figure 2. C. elegans PRMT-7 produces MMA and its activity is temperature and metal ion 
dependent
A. Amino acid analysis of3H-methylation reactions of C. elegans GST-PRMT-7 (2 μg) with 

GST-GAR (5 μg) after a 20 h reaction at 30 °C (left column) or 25 °C (middle and right 

columns) in either Tris-EDTA buffer (100 mM Tris-HCl, 100 mM NaCl, 2 mM EDTA, pH 

8.0) (top row), or 50 mM potassium HEPES, 10 mM NaCl, pH 8.2 (bottom row) as indicated 

in the “Experimental Procedures” section. The final concentration of DTT in these reactions 

(from the GST-GAR preparation) was 0.16 mM. After trichloroacetic acid precipitation and 

acid hydrolysis, 1 μmol of each non-radiolabeled methylated arginine standard (ADMA, 
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SDMA and MMA) was added to the hydrolyzed pellet and amino acid analysis was 

performed as in the “Experimental Procedures” section. Dashed black lines indicate 

ninhydrin absorbance of the methylarginine standards with the peaks of ADMA, SDMA, 

and MMA identified using 50 μl of each fraction. Red lines indicate the elution of the 

radiolabeled methylated amino acids from the hydrolysates of the reactions. Radioactivity 

from 950 μl aliquots of each fraction is given as the average of three 5-min counting cycles 

using liquid scintillation counting. Radioactive methylated amino acids elute approximately 

1 min before the non-radiolabeled standard due to the tritium isotope effect36. The right 

panels show an expanded view of the data from the middle columns at 25 °C to demonstrate 

that the enzyme only produces MMA under both buffer conditions. These reactions were 

replicated three independent times. The asterisk indicates the peak eluting prior to the 

position expected for3H-ADMA; this peak is not consistently observed in the replicates. B. 

PRMT-7 enzyme activity is dependent on presence of DTT. Enzyme was reacted with 12.5 

μM pSmD3 (top) or pRpl3 (bottom) peptides at 25 °C in 50 mM potassium HEPES, 10 mM 

NaCl, pH 8.2 (left column), or at 15 °C in the same buffer with the addition of 1 mM DTT. 

Results are presented as shown in panel A; the blue line in the right hand panels indicates 

radioactivity for incubations where no peptide substrate was added. These reactions were 

replicated twice with no DTT and once with DTT.
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Figure 3. PRMT-7 has a temperature dependence consistent with C. elegans physiology
Methylation reactions consisting of 5 μg GST-GAR substrate and 2 μg of enzyme (C. 
elegans GST-PRMT-7 or H. sapiens GST-PRMT7) were incubated for 20 h at the indicated 

temperatures in reaction buffer containing 50 mM potassium HEPES, 10 mM NaCl, pH 8.2, 

with 0.7 μM [methyl-3H]AdoMet in a final reaction volume of 60 μl. The final concentration 

of DTT in these reactions (from the GST-GAR preparation) was 0.16 mM. Reactions were 

quenched by the addition of SDS sample loading buffer and polypeptides separated by 

12.6% Tris-glycine SDS-PAGE followed by autoradiography as described in “Experimental 
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Procedures.” The dried gel was then exposed to Denville E3012 autoradiography film for 21 

d at −80 °C. Molecular weight positions are shown from approximately 2 μg of unstained 

SDS-PAGE broad range marker (BioRad, catalog no, 161-0317). This full experiment was 

independently replicated and a further third replicate using only the C. elegans enzyme was 

also done. Densitometry was done using ImageJ software on scanned images of the films 

and quantified as relative density and normalized to the highest peak of GST-GAR 

radioactivity in each individual film (C. elegans, red symbols; human, blue symbols – 

different symbols used to indicate each replicate experiment). Lines are drawn for the 

averaged normalized values. The optimal growth temperatures for C. elegans31 and humans 

are indicated. Lower bands shown on the fluorography are nonspecific and not dependent on 

the enzyme activity.
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Figure 4. C. elegans PRMT-7 has a similar R-X-R substrate specificity as the human PRMT7 
enzyme
A. Amino acid analysis of reactions consisting of 2 μg of human GST-PRMT7 or C. elegans 
PRMT-7 enzymes, reacted with 12.5 μM of synthetic human histone H2B (23–37) 

peptide17,18 or a synthetic peptide containing the equivalent sequence from C. elegans 
histone H2B (20–34) at 15 °C as described in “Experimental Procedures,” in 50 mM 

potassium HEPES buffer, 10 mM NaCl, pH 8.0, containing 1 mM DTT for 20 h. Reactions 

were repeated three times for human histone H2B (23–37) and twice for C. elegans H2B 

(20–34) at this temperature and also replicated at 25 °C once. B. Amino acid analysis of 
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reactions containing 2 μg of C. elegans GST-PRMT-7 enzyme reacted with 12.5 μM 

synthetic human histone H2B peptides (Wild type, top; R29K, R31K and R33K bottom row) 

for 20 h, using the same conditions described above in panel A. These reactions were single 

replicates. C. Amino acid analysis of reactions containing 2 μg of C. elegans or human 

PRMT-7/7 enzymes, reacted with 12.5 μM of synthetic peptide RGR-1 (a sequence 

containing an R-X-R sequence where X = G) at 25 °C (left) or 15 °C (right), under the same 

reaction conditions as described in A. Reactions were replicated once and the reaction of C. 
elegans with RGR-1 was replicated an additional two times.
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Figure 5. C. elegans PRMT-7 has a preference for R-X-R motifs in various peptide substrates
A. C. elegans PRMT-7 (2 μg) enzyme was reacted with 12.5 μM various synthetic human 

histone H4 peptides (1–21 wild type; 1–21 R3K; 1–16 wild type; and 14–22) at 15 °C in the 

reaction conditions of 50 mM potassium HEPES, 10 mM NaCl, pH 8.0, with 1 mM DTT for 

20 h. Amino acid analysis was done as described above and in “Experimental Procedures.” 

Reactions were replicated twice. B. C. elegans PRMT-7 enzyme (2 μg) was reacted with 

12.5 μM of various synthetic peptides (pSmD3, pRpl3, pR1, Histone H3 (1–7) and RGR-1), 

Hadjikyriacou and Clarke Page 23

Biochemistry. Author manuscript; available in PMC 2018 May 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



at the conditions described in A. Reactions were single replicates. The reactions in the top 

panels for pSmD3 and pRpl3 are the same panels used in Fig. 2B right column.
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Figure 6. C. elegans PRMT-7 has a distinct substrate specificity than the mammalian ortholog 
for mammalian histones
Reactions consisting of 5 μg of substrate (recombinant human histones from New England 

BioLabs (H2A: M2502S; H2B: M2505S; H3.3: M2507S; H4: M2504S) were reacted with 2 

μg of C. elegans GST-PRMT-7 or human GST-PRMT7 at 15 °C or 25 °C as described in 

“Experimental Procedures”. Reactions were stopped by the addition of sample loading 

buffer and polypeptides separated as described in “Experimental Procedures”. The dried gel 

was then exposed to autoradiography film for 3 d at −80 °C. Molecular weight positions are 

shown from approximately 2 μg of unstained SDS-PAGE broad range marker as in Fig. 3. 

The results shown here were replicated three times for C. elegans PRMT-7 and two times for 

human PRMT7. Radiolabeled bands migrating more rapidly than histone H2B in the lane 

with human PRMT7 appear to be proteolytic fragments.
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Figure 7. Active site architecture of C. elegans, trypanosome, and mammalian PRMT7s
A. Pymol surface and cartoon representation of the active site of C. elegans PRMT-7 

(3X0D,24). Flanking glutamate double E loop residues are highlighted in cyan (E140, E149), 

internal loop acidic residues in purple (D143, E145), and a THW loop residue in magenta 

(H300). The residue highlighted in orange (F33) protrudes from a helix to form a cavity with 

E149. The distance from the side chain carboxyl carbon of E140 to the side chain carboxyl 

carbon of E149 is 7.6 Å, and distance from the side chain carboxyl carbon of E149 to the 

closest side chain carbon atom in F33 is 5.2 Å. S-Adenosylhomocysteine (SAH) is shown in 
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CPK coloring. B. Pymol surface and cartoon representation of the active site of T. brucei 
PRMT7 (4M38,20), highlighting residues corresponding to those shown in panel A. Flanking 

double E loop residues E172 and E181 are highlighted in cyan, G175 and M177 (residues 

corresponding to D143 and E145 residues in C. elegans) are highlighted in purple, and the 

Q329 THW loop residue is highlighted in magenta. The residue highlighted in orange (F71) 

corresponds to F33 in the C. elegans structure and also protrudes from a helix to form a 

cavity with E181. The distances between the flanking double E residues and E181-F71 are 

given as in panel A. The arginine-3 residue of the co-crystallized histone H4 peptide is 

modeled in red. C. Pymol surface and cartoon representation of active site of M. musculus 
PRMT7 (4C4A,25), highlighting residues corresponding to those shown in panels A and B. 

The distances between the flanking double E residues and E153-S34 are given as in panels 

A and B. We note that the S34 side chain oxygen is shown in two conformations.
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Figure 8. C. elegans PRMT-9 symmetrically dimethylates SFTB-2, the C. elegans ortholog of the 
mammalian SF3B2
A. Amino acid analysis was done as in Fig. 2 on methylation reactions consisting of 5 μg of 

substrate (C. elegans GST-tagged SFTB-2 fragment 99–248 or H. sapiens GST-tagged 

SF3B2 fragment 401–550) and approximately 2 μg of enzyme (C. elegans GST-tagged 

PRMT-9 enzyme or H. sapiens GST-tagged PRMT9 enzyme) that were incubated for 20 h at 

25 °C (nematode enzyme) or 37 °C (human enzyme) in a reaction buffer consisting of 50 

mM potassium HEPES, 10 mM NaCl, pH 8.2, with a final concentration of 0.7 μM 

[methyl-3H]AdoMet in a volume of 60 μl. The reactions were quenched by the addition of 

final concentration 12.5% trichloroacetic acid and acid hydrolyzed as described in the 
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materials and methods. The asterisk indicates a radioactive peak eluting prior to the expected 

position of3H-ADMA. The experiment was replicated twice. B. Sequence alignment of C. 
elegans SFTB-2 (UniProt ID: O16997) residues 99–248 and human SF3B2 (UniProt ID: 

Q13435, bottom). Red letters indicate identity and blue letters indicate similar amino acid 

properties. Bolded R and black arrow indicates methylation site for the enzyme.
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Figure 9. C. elegans PRMT-9 methylates SF3B2 at the same R508 site that is methylated by the 
mammalian PRMT9 enzyme
A. Amino acid analysis of methylation reaction consisting of 2 μg of C. elegans GST-

PRMT-9 enzyme with 5 μg of human GST-SF3B2 (401–550) wild type at 25°C for 20 h in 

either 100 mM Tris-EDTA buffer pH 8.0 (top panel) and 50 mM potassium HEPES, 10 mM 

NaCl, pH 8.2 (bottom panel). Reactions were quenched by the addition of final 

concentration of 12.5% trichloroacetic acid and acid hydrolyzed as described above. 

Reactions were duplicated twice. B. Methylation reactions of C. elegans PRMT-9 enzyme 

was reacted with human GST-SF3B2 (401–550) R508K mutant fragment, in the same 

reaction conditions described in part A at 25 °C for 20 h. Reactions were duplicated twice.
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Figure 10. Substrate specificity of C. elegans PRMT-9
A. Methylation reactions for amino acid analysis were set up using 2 μg of C. elegans 
PRMT-9 with 5 μg of various substrates (GST-GAR, top left; GST-SF3B2 (401–550), top 

right; recombinant human histone H2A, bottom left; recombinant human histone H2B 

bottom right), in 100 mM Tris-EDTA buffer, pH 8.0, for 6 h at 30 °C, conditions defined in 

Takahashi et al.23. These reactions using these conditions were single replicates. B. In vitro 
methylation reactions consisting of 2 μg of C. elegans PRMT-9 or human PRMT9 enzyme 

were reacted with 5 μg of substrate (GST-GAR, His-Rbp16, or GST-SFTB-2 (C. elegans 
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fragment 99–248) or GST-SF3B2 (human fragment 401–550) for 20 h at 25 °C (C. elegans) 

or 37 °C (human) in 50 mM potassium HEPES, 10 mM NaCl, 1 mM DTT, pH 8.2 with 0.7 

μM [methyl-3H]AdoMet. Sample loading buffer was added to stop the reactions and 

polypeptides were separated using SDS-PAGE, using the same methods described in Fig. 3. 

The gel was then dried and exposed to film for 7 days at −80 °C. Coomassie stained gel is 

shown on top, and the fluorographic exposure is shown below. The molecular weight 

standards are shown as described in Fig. 3. This experiment was replicated independently 

using amino acid analysis.
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Figure 11. Temperature dependence of C. elegans PRMT-9
Methylation reactions consisting of 5 μg of substrate (H. sapiens GST-tagged SF3B2 

fragment 401–550) were reacted with 2 μg of enzyme (both C. elegans and H. sapiens 
PRMT9 enzymes) at the various temperatures indicated for 20 h at the reaction conditions of 

50 mM potassium HEPES, 10 mM NaCl, pH 8.2 with 0.7 μM [methyl-3H]AdoMet in a final 

reaction volume of 60 μl. Reactions were quenched by the addition of sample loading buffer 

and proteins were separated using SDS-PAGE using the same methods described in Fig. 3. 

The gel was dried and exposed to autoradiography film for 21 d at −80 °C. Coomassie gel 
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(top panel) and fluorograph (lower panel) are shown. Molecular weight positions are shown 

from approximately 2 μg of unstained SDS-PAGE broad range marker as described in Figure 

3. This experiment was replicated independently and a third replicate using the C. elegans 
PRMT-9 enzyme was done. The bottom panel indicates the densitometry of the bands 

comparing methylation activity of the C. elegans enzyme to the human enzyme. 

Densitometry was done using ImageJ software on the scanned images of the films and 

quantified similarly to Fig. 3 (C. elegans, red symbols; human, blue symbols). A solid line is 

drawn for the average of the normalized values of the replicates. The optimal growth 

temperatures for C. elegans31 and humans are indicated.
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Figure 12. C. elegans PRMT-9 THW loop residues are important for conferring SDMA 
specificity and a small DTT effect
C. elegans PRMT-9 enzyme (2 μg) wild type (top row) or THW loop mutant A391H (bottom 

row) was reacted with approximately 5 μg of C. elegans SFTB-2 for 20 h at 25 °C in the 

reaction buffer containing 50 mM potassium HEPES, 10 mM NaCl, pH 8.0, with (blue line) 

or without 1 mM DTT (red line), as indicated. Mutation of the THW loop residue A391 to 

the conserved histidine residue abolishes the SDMA activity, producing only MMA, 

consistent with previous work with the human enzyme PRMT9 C431H mutant22. These 

reactions were single replicates.
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