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Abstract

Protein arginine methyltransferase 6 (PRMT6) catalyses the asymmetric dimethylation of arginines on 

numerous substrate proteins within the human cell. In particular, PRMT6 methylates histone H3 arginine 2 

(H3R2) which affects both gene repression and activation. However, the substrate specificity of PRMT6 has 

not been comprehensively analysed. Here we systematically characterise the substrate recognition motif of 

PRMT6, finding that it has broad specificity and recognises the RG motif. Working with a H3 tail peptide as a 

template, on which we made 204 amino acid substitutions, we use targeted mass spectrometry to measure their 

effect on PRMT6 in vitro activity. We first show that PRMT6 methylates R2 and R8 in the H3 peptide, 

although H3R8 is methylated with lower efficiency and is not an in vivo PRMT6 substrate. We then quantify 

the effect of 194 of these amino acid substitutions on methylation at both H3R2 and H3R8. In both cases, we 

find that PRMT6 tolerates essentially any amino acid substitution in the H3 peptide, but that positively charged 

and bulky residues are preferred near the target arginine. We show that PRMT6 also has preference for glycine, 

but only in the position immediately following the target arginine. This indicates that PRMT6 recognises the 

RG motif rather than the RGG motif. We further confirm this preference for the RG motif on another PRMT6 

substrate, histone H4R3. This broad specificity and recognition of RG rather than RGG is distinctive among the 

PRMT family and has implications for the development of drugs to selectively target PRMT6.
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Introduction

Protein arginine methyltransferases (PRMTs) regulate a diverse range of cellular processes, including 

transcription, RNA splicing and signal transduction [1]. In human, there are nine PRMTs that catalyse 

methylation on a wide variety of cellular substrates [2-4]. Phenotypes of mice PRMT knockouts range from 

mild defects to embryonic lethality [5]. Additionally, PRMT dysregulation contributes to the development of 

different diseases, including cancers, metabolic and neurodegenerative disorders [2, 5, 6]. Despite these 

differences at the organismal level, PRMTs show highly similar, yet subtly distinct mechanisms of substrate 

recognition and catalysis [7-10]. As such, there remains much to be understood about how different PRMTs 

carry out their different functions within the cell.

PRMT6 was initially discovered nearly two decades ago as a nuclear enzyme that can methylate arginine-

glycine rich substrates [11]. Since then, it has emerged that asymmetric dimethylation at histone H3 arginine 2 

(H3R2me2a) is perhaps its most consequential cellular activity [12, 13]. PRMT6 is the only enzyme to catalyse 

H3R2me2a, although H3R2 is also symmetrically dimethylated by PRMT5 and PRMT7 [14, 15]. H3R2me2a is 

associated with both gene repression and activation, and affects the deposition of other H3 marks, particularly 

H3K4me3 [12, 13, 16-18]. Through H3R2me2a, PRMT6 regulates processes including DNA methylation [19], 

the cell cycle [18, 20] and cellular differentiation [17, 21, 22].

Besides H3R2, PRMT6 methylates other histone and non-histone targets, with varying cellular 

consequences. For example, two histone targets of PRMT6, H3R42 and H2AR29, are associated with 

transcriptional activation and repression, respectively [23, 24]. Methylation of other nuclear targets of PRMT6, 

such as SIRT7 and the androgen receptor, result in altered transcription in an indirect manner, and affect 

processes such as mitochondrial biogenesis [25, 26]. Cytoplasmic functions of PRMT6 have also been 

described. PRMT6 methylates PTEN at R159 to regulate pre-mRNA splicing, and CRAF at R100 to regulate 

its binding to RAS and downstream MEK/ERK signalling [27, 28].

PRMTs recognise and methylate linear sequence motifs, often in disordered regions of proteins [3]. 

Determining the amino acid sequences preferred by PRMTs, often through the use of short peptide substrates, 

has been instrumental to assigning protein substrates and understanding their roles in processes including 

intracellular signalling, gene expression and apoptosis [29-33]. Nevertheless, systematically determining 

PRMT specificity remains a challenge. To overcome this, we recently developed methyltransferase motif 

analysis by mass spectrometry (MT-MAMS) [34], which systematically analyses the effects of amino acid 

substitutions on methyltransferase activity. MT-MAMS was validated by application to the histone H3K9 

methyltransferase G9a, wherein we observed a very similar recognition motif to that previously described [34]. 

Analysis of PRMT1 by MT-MAMS showed the technique to be extremely powerful, as it confirmed a known A
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preference for glycines in two positions C-terminal to the target arginine, but also revealed a disfavour of acidic 

residues in the immediate N-terminal positions [34].

Here, we have employed MT-MAMS to elucidate the substrate recognition motif of PRMT6. Working with 

a peptide template from the histone H3 tail, and with 204 amino acid substitutions, we determine the amino 

acid preference of PRMT6. This was done in the context of both H3R2 and H3R8, both of which are 

methylated by PRMT6 in vitro. We find that PRMT6 has broad specificity with respect to amino acids adjacent 

to methylation sites, but prefers basic and bulky residues. We also find that the only position-specific 

preference of PRMT6 is glycine immediately following the target arginine, creating an RG motif. We validate 

these findings by assaying specific H3 peptides carrying preferred or disfavoured amino acid substitutions of 

interest. We also confirm PRMT6 preference for the RG motif by determining the effect of amino acid 

substitutions at this motif in another substrate, histone H4R3. By comparison with two other PRMTs, we show 

that the sequence specificity of PRMT6 may be explained by its larger substrate binding pocket and its amino 

acid composition around this pocket.

Results

Simultaneous quantification of PRMT6-mediated methylation of H3R2 and H3R8 in a peptide

In order to investigate the substrate specificity of PRMT6, we chose a peptide corresponding to residues 1-

15 of histone H3 as the template (sequence ARTKQTARKSTGGKA). This is because PRMT6 has been shown 

to have robust activity on peptides of the histone H3 tail [12]. In the methyltransferase assays we employed 

recombinant PRMT6 that was purified from Sf9 cells and demonstrated to be active (Fig. S1). We first 

investigated the activity of PRMT6 on the wild-type sequence H3 peptide by mass spectrometry. The peptide 

was incubated with or without PRMT6, in the presence of deuterated S-adenosyl L-methionine (D3-AdoMet), 

before analysis by liquid chromatography (LC) tandem mass spectrometry (MS/MS). Surprisingly, we noticed 

that PRMT6 catalysed the addition of up to four methyl groups on this H3 peptide (Fig. 1A). We reasoned that 

this was likely due to PRMT6 methylating both R2 and R8, which can generate up to nine different 

configurations of methylation (Fig. 1B). We therefore sought to differentiate between methylation at R2 and 

R8,  and quantify methylation at either arginine using parallel reaction monitoring (PRM) [34, 35]. 

Importantly, our PRM method involved preserving labile arginine methylation during MS/MS using electron 

transfer dissociation (ETD) [36], which allowed fragment ions to be used for quantification. The method also 

measured the total methylation occurring on the peptide as given by precursor ion abundances (see methods). 

These experiments again revealed a distribution of methylation states ranging from unmethylated to 

tetramethylated (Fig. 1C). Fragment ions capable of localising methylation to either R2 or R8 were observed, A
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and their relative abundances allowed the stoichiometries of all methylation configurations on the H3 peptide 

to be quantified (Fig. 1D). These stoichiometries were then used to determine site-specific stoichiometries at 

R2 and R8 (Fig. 1E) and the fractions of methylation occurring on R2 and R8 (Fig. 1F). This revealed that R2 

was the predominant in vitro target of PRMT6 (Fig. 1E, 1F), in agreement with previous in vitro studies and its 

known in vivo specificity [12]. However, the ability to detect PRMT6-catalysed R8 methylation presented an 

alternative sequence context to investigate PRMT6 substrate specificity. Overall, this demonstrated that 

PRMT6-mediated methylation of the H3 peptide can be simultaneously quantified at two different arginines, 

allowing the analysis of PRMT6 substrate specificity in two distinct sequence contexts.

Quantitative analysis of PRMT6 amino acid preference in the contexts of H3R2 and H3R8 methylation

As a proof of principle, we first investigated the amino acid preference of PRMT6 at position K4 in the H3 

peptide, since methylation at this position has been shown to influence PRMT6 activity [12, 13]. A peptide set 

containing systematic amino acid substitutions at K4 (Fig. 2A) was incubated with or without PRMT6, in the 

presence of D3-AdoMet, and analysed by LC-PRM-ETD as above. The assay was performed in triplicate and 

the negative control (without PRMT6) ensured all methylation was enzymatic. The total amount of methylation 

occurring on each substituted peptide (excluding arginine, see below) was quantified, revealing a general 

preference for the wild-type sequence, where the lysine is retained in this position (Fig. 2B). Analysis of 

fragment ion information then enabled the quantification of all nine methylation configurations for the 

substituted peptides (Fig. 2C). These data showed that PRMT6 preferentially catalysed methylation at R2 in all 

peptides except those carrying substitutions to acidic residues, which PRMT6 was incapable of methylating 

altogether. The methylation stoichiometries at both R2 and R8 were then determined for the substituted 

peptides (Fig. 2D). Finally, the fractional methylation occurring at both R2 and R8 was determined for the 

peptides, and the effects of amino acid substitutions were determined by comparison to the wild-type (lysine-

containing) peptide (Fig. 2E). This showed the site-specific effect of amino acid substitutions on recognition by 

PRMT6, both at positions +2 (for R2) and -4 (for R8) relative to the target arginine. This revealed that the 

native lysine was the most preferred amino acid at this position for both R2 and R8 (Fig. 2D, E). Specifically, 

all substitutions resulted in significant decreases in PRMT6 activity, with the exception of the proline 

substitution which did not significantly affect R8 methylation (Fig. 2E). Interestingly, in the case of R2, bulky 

residues, namely tryptophan, tyrosine, leucine/isoleucine, phenylalanine and histidine, were preferred over all 

other residues besides the wild-type lysine.

PRMT6 has broad substrate specificity but prefers basic and bulky residuesA
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Having established that we can profile the amino acid preference of PRMT6 at a specific position within 

the H3 peptide, we then applied this analysis to positions 1 through 12. A total of 216 peptides were analysed, 

corresponding to 204 single amino acid substitutions of the H3 peptide. Total methylation stoichiometries 

revealed that PRMT6 is capable of methylating almost all of the amino acid-substituted peptides assayed, with 

the exception of some substitutions to acidic residues (Fig. 3A). We noticed, however, that arginine 

substitutions at all positions assayed (except positions 2 and 8, which give the wild-type sequence peptide) 

resulted in the addition of up to 5 or 6 methyl groups (Fig. 3B). This indicates that PRMT6 methylated the 

introduced arginine, along with R2 and R8. This made downstream quantification of site-specific methylation 

complicated, requiring peptides containing arginine substitutions to be excluded from further analysis. For the 

remaining 206 peptides, we then used fragment ion information to quantify all possible methylation 

configurations (Fig. 4). Summing these stoichiometries by methylation state revealed high correlations with the 

total methylation stoichiometries (Fig. S2), indicating high accuracy in quantification of all methylation 

configurations. Next, we determined the site-specific methylation stoichiometries at R2 and R8 for all peptides 

(Fig. 5). Finally, the fractional methylation at R2 and R8 was calculated, and substitutions that resulted in 

significantly changing levels of methylation were determined by comparison to the wild-type sequence peptide 

(Fig. 6).

In the analysis of each position in the H3 peptide, one peptide corresponds to the wild-type sequence. All 

of these peptides showed similar methylation stoichiometries (Fig. 7), confirming that PRMT6 maintained a 

similar level of overall activity for each of the positions assayed. The relative preference of PRMT6 for each 

amino acid substitution was finally visualised based on the fractional methylation occurring on each substituted 

peptide. This generated the amino acid specificity of PRMT6 in general (Fig. 8A), and in the specific contexts 

of R2 (Fig. 8B) and R8 (Fig. 8C).

The specificity profile obtained for PRMT6 in general showed it is capable of recognising and methylating 

a broad range of substituted peptides (Fig. 8A). This broad sequence specificity explains why arginines 

substituted at every position within the H3 peptide are methylated by PRMT6 (Fig. 3B). However, PRMT6 

also showed a preference for basic residues (lysine, histidine), and bulky residues (tryptophan, tyrosine, 

phenylalanine, leucine/isoleucine) at essentially every position. It also disfavoured acidic residues at all 

positions (Fig. 3A). Likewise, the specificities obtained for both R2 and R8 methylation were broad, but with 

some notable differences (Fig. 8B, C). In particular, glycine substituted at the K9 position was strongly 

preferred for R8 methylation. In fact, 11 substitutions at K9 resulted in a significant decrease in PRMT6 

activity towards R8, while only the glycine substitution resulted in a significant increase (Fig. 6). Additionally, 

retention of the wild-type arginine at both positions R2 and R8 was strongly preferred for methylation at the A
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other arginine, in agreement with preference for basic residues. Finally, PRMT6 preferred leucine/isoleucine at 

positions proximal to R8 in order to methylate it (Fig. 8C), whereas this was not observed for R2 methylation 

(Fig. 8B). These subtle differences in specificity for R2 and R8 may be caused by the proximity of R2 to the N-

terminus. It is possible that PRMT6 favours this proximity, as evidenced by the fact that an arginine substituted 

at position A1 is substantially methylated (Fig. 3B). This preference may then partially mask its other 

preferences when PRMT6 methylates substituted peptides at R2. Overall, these results show that, when 

assessed in the context of the histone H3 tail, PRMT6 is an enzyme with broad substrate specificity, generally 

preferring basic and bulky residues around the target arginine.

PRMT6 preferentially methylates substrates with glycine in the +1 position

We noticed that, in the case of R8 methylation, glycine was the most preferred amino acid at the +1 

position (K9). This same preference for glycine was not as clear for R2 methylation at its +1 position (T3). 

However, this may have been due to several amino acid substitutions each resulting in 100% R2 dimethylation, 

which limits the capacity to differentiate between substitutions (Fig. 5). We noticed a similar trend at the A1 

position. Since R2 is the in vivo substrate of PRMT6, we wanted to probe PRMT6 specificity at these two 

positions when there was less activity. To do this, we carried out triplicate methylation assays of the A1X and 

T3X peptide sets using one tenth the concentration of PRMT6 as before. For the A1/-1 position, this revealed a 

general preference for basic and bulky residues, as for most other positions (Fig. 9A, B and Fig. 8B inset). 

However, for the T3/+1 position this showed that glycine is the second most preferred amino acid at this 

position, after tyrosine (Fig. 9A, B, Fig. 8B inset). PRMT6 has a preference for tyrosine at numerous positions 

surrounding the target arginine, with an increased preference at positions nearby the target arginine (i.e. -2, -1, 

+1 and +2) (Fig. 9C). Although this may indicate that PRMT6 prefers tyrosine in a proximity-dependent 

manner, the preference is not position-specific. In contrast, PRMT6 preference for glycine is only found at the 

+1 position, for both R2 and R8 methylation (Fig. 9C). Together, this indicates that the glycine substitution is a 

position-specific effect, whereas the tyrosine substitution is a general effect. One result of this position-specific 

preference is that the substitution of K9 to glycine, which is the +1 position for R8, causes PRMT6 to 

preferentially methylate R8 over R2 (Figs. 4, 5). This preference may also explain why arginine substitutions at 

positions T11 and G12 (generating peptides ARTKQTARKSRGGKA and ARTKQTARKSTRGKA), result in 

significant levels of methylation at the introduced arginine (Fig. 3B). Overall, these data show that the only 

position-specific motif that PRMT6 recognises is RG.

Validation of PRMT6 sequence preferencesA
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We next sought to validate the PRMT6 sequence preferences observed in our motif analysis by performing 

experiments independent to MT-MAMS. These experiments utilised single peptides with individual 

substitutions of interest rather than peptide mixtures, and were performed under conditions in which PRMT6-

mediated methylation increases linearly over time. We chose peptides carrying substitutions to glycine, 

tyrosine or aspartic acid at positions T3, K4, K9 and S10, as these are positions +1 and +2 relative to R2 or R8. 

We first carried out a time series assay of the wild-type H3 peptide, and found that R2 and R8 methylation both 

increase linearly for over 4 hours (Fig. 10A, B). We performed triplicate assays of the 12 substituted peptides 

for 1 hour, a time wherein response is linear, and measured levels of R2 and R8 methylation. In agreement with 

our motif results, glycine substitutions at T3 or K9 yielded dramatic increases in methylation on R2 or R8, 

respectively, although this increase did not reach significance for R8 (Fig. 10C, D). However, glycine 

substitutions at K4 or S10 did not result in increased methylation at either R2 or R8. Double glycine 

substitutions that introduce an RGG motif at either R2 (T3G/K4G, sequence ARGGQTARKSTGGKA) or R8 

(K9G/S10G sequence ARTKQTARGGTGGKA) resulted in less or equal methylation than the single glycine 

substitutions (T3G or K9G) which generate an RG motif (Fig. 10C, D). Together, these results confirm our 

finding that PRMT6 recognises the RG motif, rather than the RGG motif. In further agreement with our motif 

results, tyrosine substitutions at T3 and S10 also resulted in dramatic and significant increases in methylation at 

R2 and R8, respectively (Fig. 10C, D). The fact that these substitutions did not substantially increase 

methylation at the distal arginine confirms our previous observation that PRMT6 preference for tyrosine is 

affected by proximity, even though it is not position-specific. In contrast, tyrosine substitutions at K4 and K9 

did not result in increased levels of methylation at either R2 or R8 (Fig. 10C, D). This reflects our observations 

that PRMT6 strongly prefers both tyrosine and lysine, but not serine or threonine. The K4Y and K9Y 

substitutions therefore do not produce better PRMT6 substrates than the wild-type peptide. This is further 

supported by the fact that the T3G/K4G peptide (containing an ‘RGG’ motif) is a significantly worse PRMT6 

substrate than the T3G peptide (containing an ‘RGK’ motif) (Fig. 10C, D), indicating that the substitution of 

lysine to glycine in the +2 position is detrimental to PRMT6 methylation at R2. The preference for an ‘RGK’ 

motif over the ‘RGG’ motif may explain why PRMT6 methylated the arginine substituted at position G12 

(generating ARTKQTARKSTRGKA) to a greater extent than the arginine substituted at position T11 

(generating ARTKQTARKSRGGKA) (Fig. 3B). Finally, all substitutions to aspartic acid (T3D, K4D, K9D 

and S10D) resulted in the complete or near-complete loss of methylation at both arginines, confirming our 

previous observations that acidic amino acids are disfavoured by PRMT6 at all positions (Fig. 10C, D). 

Collectively, these results validate our findings that PRMT6 recognises the RG motif and that for nearby 

residues it prefers those that are basic and bulky but disfavours those that are acidic.A
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PRMT6 prefers glycine and bulky residues in the +1 position to methylate a histone H4 peptide at R3

Our finding that PRMT6 recognises an RG motif is particularly notable as the histone H3 tail does not 

contain any RG motifs. We therefore sought to investigate PRMT6 specificity at the +1 position of a substrate 

with a canonical RG motif. For this we chose histone H4 arginine 3 (H4R3), as this in present within an RG 

motif and PRMT6 has been shown to be active on a H4 tail peptide substrate [37].  We first confirmed this 

activity by assaying a peptide corresponding to positions 1 through 16 of H4 (SGRGKGGKGLGKGGAK) 

with PRMT6. Mass spectrometric analysis revealed that PRMT6 catalysed substantial levels of dimethylation 

on this peptide (Fig. 11A). To determine how changes to the RG motif in this substrate affect PRMT6 activity, 

we carried out triplicate MT-MAMS experiments on position 4 of the peptide, which is the +1 position relative 

to the methylated R3. Interestingly, PRMT6 showed strong activity towards peptides carrying bulky residues in 

this +1 position - i.e. at RY, RF and RW motifs (Fig. 11B). In fact, substitutions to tyrosine or phenylalanine 

resulted in significantly more methylation than the wild-type sequence (Fig. 11C). As with the H3 peptide 

substrate, nearly every amino acid was tolerated in the +1 position, with the except of glutamic acid (Fig. 11B). 

However, nearly all of these substitutions resulted in significantly lower PRMT6 activity (Fig. 11C), indicating 

that glycine is one of the most preferred amino acids at the +1 position. Overall, these data confirm that 

PRMT6 prefers glycine and bulky residues at the +1 position.

Structural basis for PRMT6 sequence preferences

We next investigated the basis of PRMT6 sequence preference at a structural level. Crystal structures of 

PRMT6 [38] (PDB code 4Y30), PRMT1 [39] (PDB code 6NT2) and PRMT4 [40] (PDB code 5DX0 with 

peptide ligand, 5DWQ without peptide ligand) were compared for features that could explain the broad 

specificity of PRMT6 and preference for basic and bulky residues. It should be noted that crystal structures 

represent snapshots of a protein’s conformation under particular conditions, and may therefore differ from in 

vivo conformations. However, the PRMT structures used here are similar in conformation to each other, as well 

as other PRMT crystal structures. 

PRMT1 is known to prefer the RGG motif, with a tolerance for other small or basic amino acids at the +2 

position [29, 34]. PRMT4 has a strong preference for proline in positions proximal to the target arginine [41]. 

We observed that PRMT6 has a larger binding pocket than PRMT1 or PRMT4, which may explain its broad 

specificity and preference for bulky residues. PRMT6 was found to have a binding site volume of ~5100 Å3 
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(Fig. 12A). PRMT1 and PRMT4 (PDB code 5DWQ), however, have binding site volumes of ~3200 Å3 and 

~1900 Å3, respectively (Fig. 12A).

In these crystal structures, we observed several features of PRMT6 that may explain its large binding 

pocket volume. Firstly, we observed that PRMT4 pocket size is reduced relative to both PRMT6 and PRMT1 

by the fact that it has a C-terminal extension that continues through its pocket (Fig. 12B). In both PRMT6 and 

PRMT1, the C-terminus ends within the pocket (Fig. 12B, C). Secondly, we observed that there are a number 

of residues in the pocket of PRMT6 that are smaller than the equivalent residues in either PRMT1 or PRMT4. 

Amino acids Val56, Ala62 and Ala315 are of particular note (Table 1), and these apolar residues may also 

explain why PRMT6 accepts substrates with hydrophobic residues near the target arginine. Thirdly, we 

observed that the α-helix containing the Y(F/Y)xxY motif [42], located towards the N-terminus of each PRMT, 

restricts pocket size differently for each enzyme (Fig. 12B, C). In PRMT4, hydrogen bonds between Arg445-

Ser144 and Gln446-Ser145 might explain why the α-helix is closer to the β-barrel than in PRMT6, which only 

has a single Arg351-Asp44 hydrogen bond (Fig. 12D). This reduces the size of the PRMT4 pocket compared to 

PRMT6. For PRMT1, the α-helix is directed away from the pocket (Fig. 12C). As such it does not have the 

same effect on pocket size as it does for PRMT4 or PRMT6, which may further contribute to a larger pocket in 

PRMT1 relative to PRMT4. Lastly, we observed that the space between monomers in the homodimeric 

structures differ between PRMTs (Fig. 12A). While there is no interaction between the N-terminal α-helices of 

the two PRMT6 monomers in the dimer, these α-helices do interact in both PRMT1 and PRMT4 dimers. This 

narrows the space between the monomers in homodimeric PRMT1 and PRMT4 when compared to PRMT6.

The preference of PRMT6 for basic residues is consistent with the acidic nature of its binding pocket. 

Compared with PRMT1 and PRMT4, we observed that PRMT6 possesses more acidic residues in and around 

the pocket (Table 1). Together, all the above observations may explain the broad specificity of PRMT6 and its 

preference for basic and bulky residues.

Discussion

Determining the molecular basis of substrate recognition by protein arginine methyltransferases (PRMTs) 

is crucial for understanding their roles in the cell [4, 7, 10]. Here we have systematically and comprehensively 

investigated the substrate specificity of PRMT6, in the context of the histone H3 tail, and show that it has a 

broad substrate specificity, with a preference for basic and bulky amino acids in positions around the target 

arginine. We also show that its only position-specific preference is for glycine at the +1 position. Our results 

refine observations from previous studies that suggested PRMT6 prefers the RG/RGG motif and arginines in 

positively charged regions [2, 43]. While it is possible that minor amino acid specificities in our results may A
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differ in another sequence context, our analysis of PRMT6 specificity at the +1 position of histone H4R3 show 

that our findings are not specific to the H3 sequence. Furthermore, the broad generalisability of our findings is 

supported by the known substrates of PRMT6, which have a variety of sequence contexts around the target 

arginine, but which often include an RG motif or basic and/or bulky residues (Table 2, Fig. 13A). Our findings 

therefore have direct implications for the assignment of PRMT6 protein substrates. Interestingly, methylated 

arginines in the HIV Tat protein and CDKN1A are within nuclear localisation signals, and methylation by 

PRMT6 regulates their nuclear localisation [44, 45]. Since nuclear localisation signals are rich in basic residues 

[46], the preference of PRMT6 for basic sequences may reflect a more general role in regulating the nuclear 

localisation of proteins. Our results therefore highlight the broad range of substrates capable of being 

methylated by PRMT6, as reflected by its in vivo substrate profile. 

Our findings reveal that the substrate specificity of PRMT6 is reminiscent of, but distinct from, that of 

other PRMTs. A general preference for basic residues has been observed for both PRMT1 and PRMT7 [47-49], 

although in the case of PRMT1 this preference is mostly distal to the target arginine [34, 47]. Although PRMT9 

also methylates arginine surrounded by basic and aromatic residues, loss of these residues does not 

significantly impact its activity [50]. PRMT6 is therefore distinct from these PRMTs in that it also prefers 

bulky residues. Our analyses of PRMT crystal structures provide possible structural explanations for PRMT6 

specificity, and obtaining structures of PRMT6 bound to substrate peptides may further strengthen correlations 

between protein structural features and substrate preferences. Most PRMTs recognise the RG/RGG motif [43], 

although it is often unclear whether one or two glycines are required following the arginine. We and others 

have shown PRMT1 to prefer the RGG motif, although the second glycine is less strictly preferred than the 

first [29, 34, 51]. PRMT5 is known to recognise a similar GRG motif [52]. In contrast, we have shown that 

PRMT6 only has a preference for glycine in the +1 position, indicating that it strictly recognises the RG motif. 

We have shown PRMT1 to disfavour acidic residues specifically in positions -1 and -2 [34]. PRMT6, in 

contrast, disfavours acidic residues at essentially every position around the target arginine. In further agreement 

with our observations, the sequence contexts of PRMT6 substrates are substantially different to those of 

PRMT1, PRMT4 and PRMT5 (Fig. 13B). PRMT6 substrates contain significantly more basic residues and 

significantly fewer glycines around the target arginine when compared to substrates of PRMTs 1, 4 or 5 (Fig. 

13B). We have therefore shown that PRMT6 has a unique yet broad sequence specificity among the PRMT 

family.

The broad sequence recognition of PRMT6 raises the question as to how it achieves specificity in vivo. One 

possibility involves the variable N-terminal region of PRMT6 [8], which is known to mediate its protein-

protein interactions [53, 54]. This may control its specificity towards whole-protein substrates in vivo, whereas A
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this interaction does not occur with peptides in vitro. Another possibility involves co-factors binding to PRMT6 

to regulate its activity. It is known that transcription factors RelA and RUNX1, as well as the transcription 

coregulator PELP1, bind PRMT6 and mediate its activity towards H3R2 [55-57]. PRMT6 also binds to 

components of the polycomb repressive complexes 1 and 2 [22], interferon regulatory factor 3 [54] and has a 

number of other putative interaction partners [53, 58]. It is therefore possible that these or other interactions 

control PRMT6 specificity in vivo. Lastly, PRMT6 may be subject to post-translational modifications; 

phosphorylation, for example, is known to regulate the substrate specificity of PRMT1, CARM1/PRMT4 and 

PRMT5 [1, 59]. Our finding that PRMT6 has broad sequence specificity will be fascinating to investigate in 

further sequence contexts, in other proteins, and in vivo.

Arginine methylation is frequently involved in crosstalk with other post-translational modifications [60, 

61], on both histone [62] and non-histone [63, 64] proteins. PRMT6-mediated methylation, in particular, has 

been shown to crosstalk with both phosphorylation and lysine methylation. For example, H3K4 methylation is 

known to antagonise H3R2 methylation by PRMT6 [12, 13]. This is reflected in our observation that lysine is 

the preferred amino acid at position 4 of histone H3 for PRMT6 methylation at H3R2. Similarly, Akt 

phosphorylation at RXRXXS motifs in the androgen receptor protein is mutually exclusive with PRMT6 

methylation at arginines within this motif [26]. This intolerance of phosphorylated serines is reflected by the 

fact that PRMT6 disfavours acidic residues at all positions around the target arginine. It is likely that 

modifications at other sites would affect PRMT6 activity in a similar way. For example, our data show that 

phosphorylation at H3T3 and H3T6 [65, 66] are likely to inhibit PRMT6-mediated methylation at H3R2, 

although a recent study indicated that H3T3 phosphorylation does not reduce R2 methylation by PRMT6 [67]. 

Similarly, acetylation at H3K4, as mimicked by the glutamine substitution, is likely to reduce H3R2 

methylation. Our data therefore provide a means to predict crosstalk events between PRMT6 and other 

modifying enzymes.

The dysregulation of PRMTs is associated with numerous cancers [5, 6]. PRMT6, in particular, is 

overexpressed in bladder, lung, breast and prostate cancers [68, 69]. PRMTs may therefore represent important 

drug targets, and in fact there have been many potent PRMT inhibitors developed in recent years [5, 70]. 

However, the development of selective inhibitors remains difficult due to the structural similarities between 

PRMTs [7]. Currently, there are only a few selective PRMT6 inhibitors, and two of these still show moderate 

activity towards other type I PRMTs [38, 71, 72]. The unique aspects of PRMT6 substrate specificity defined 

in this study may therefore aid in the future development of selective inhibitors, including those derived from 

known peptide substrates [73]. Furthermore, our data provide direct evidence of the effect of mutations in 

histone H3 on PRMT6 activity. Since PRMT6-associated cancer development occurs primarily through A
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H3R2me2a [19], and histone mutations are also known to be associated with cancer [74, 75], our data provide 

insight into the likely combinatorial effects of histone mutations and PRMT6 overexpression in cancer. In fact, 

our data show that 20 cancer-associated histone H3 mutations would likely result in increased or decreased 

PRMT6 activity towards H3R2 (Fig. 14). The H3Q5H mutation, in particular, is one of the most frequently 

occurring cancer-associated mutations in H3 [75]; our data show that this mutation likely results in increased 

PRMT6 activity on H3R2.

Materials and methods

Cell line and plasmid

Sf9 insect cells were cultured in Sf-900™ II SFM medium (Gibco, Dublin, Ireland) and maintained at 26 

°C and 90 rpm. The complete ORF of human PRMT6 was inserted via BamHI and XhoI into the pFASTBAC 

HT B vector (Invitrogen, Carlsbad, California, USA) generating a C-terminal 3x FLAG-tag.

Sf9 cell infection and recombinant PRMT6 preparation

Recombinant baculoviruses were generated according to the Bac-to-Bac baculovirus system (Invitrogen). 

After two rounds of virus amplification, 1 × 106 Sf9 cells/ml were infected in Erlenmeyer flasks with 2 µl/106 

cells P3 3xFlag-PRMT6-containing baculovirus stock for four days.

For protein preparation of recombinant Flag-tagged human PRMT6, baculovirus-infected Sf9 cells were 

lysed by three freeze and thaw cycles in BC 250 buffer (20 mM HEPES pH 7.9, 250 mM NaCl, 10% Glycerin, 

0.4 mM EDTA, 1 mM β-Mercaptoethanol, supplemented with protease inhibitors). Subsequently, Sf9 extracts 

were cleared by centrifugation. Protein purification was performed by incubating the extract with anti-Flag M2 

Affinity Gel (Sigma-Aldrich, St. Louis, Missouri, USA) for 4 h at 4°C. The affinity resin was washed twice 

with 1 ml of BC 250 buffer and centrifuged at 5000 g for 1 min, then successively washed once with BC 500, 

BC 250, and BC 100 buffer. For eluting the Flag-tagged PRMT6, the resin was incubated with BC 100 buffer 

containing 0.5 mg/ml of FLAG-peptide (Sigma-Aldrich) for 30 min at 30 °C and 400 rpm and then centrifuged 

at 9000 g for 1 min. The elution was repeated and the two eluates pooled. The concentration of the recombinant 

PRMT6 protein in the different fractions was estimated by SDS-PAGE and Coomassie staining (Fig. S1).

Methylation assays

For the estimation of PRMT6 activity, radioactive in vitro methyltransferase assays were performed. 1 μg 

of purified core histones from calf thymus (Roche, Basel, Switzerland) was incubated with 0.6 µg of purified 

recombinant Flag-tagged PRMT6 and 1 µl [14C-methyl]-SAM (58.3 nCi/mM, Perkin Elmer, Waltham, A
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Massachusetts, USA) in PBS for 1 h at 37 °C. Subsequently, the reactions were separated by SDS-PAGE, 

blotted and analysed by autoradiography.

Peptide methylation assays were carried out according to previous methods [34]. For initial analysis of 

PRMT6 activity towards wild-type sequence H3 or H4, synthetic peptides corresponding to H3 (sequence 

ARTKQTARKSTGGKA, 2 μM) (ChinaPeptides, Shanghai, China) or H4 (sequence 

SGRGKGGKGLGKGGAK, 2 μM) (ChinaPeptides) were incubated with purified PRMT6 (1 μM) in in vitro 

methylation buffer (50 mM HEPES, 20 mM NaCl, 1 mM EDTA, pH 7.4) in the presence of S-Adenosyl-L-

methionine-D3 (S-methyl-D3) tetra-(p-Toluenesulfonate) salt (500 μM) (Medical Isotopes, Pelham, New 

Hampshire, USA) overnight at 37 °C. For analysis of PRMT6 specificity, H3 or H4 peptide sets (2 μM per 

peptide, 40 μM total) (ChinaPeptides) were incubated with or without purified PRMT6 (1 μM or 0.1 μM) in in 

vitro methylation buffer and 500 μM D3-AdoMet, as above. For confirmation of PRMT6 specificity, peptides 

carrying single or double amino acid substitutions (2 μM) (ChinaPeptides) were assayed with PRMT6 (1 μm) 

for 1 hr, as above.

Mass spectrometry

Histone H3 peptides were analysed by LC-PRM-ETD on an Orbitrap Fusion Lumos Tribrid mass 

spectrometer according to previous methods [34]. Precursor scans were acquired in the Orbitrap (m/z 300 - 

1500, resolution = 60,000 at m/z 200, maximum injection time = 50 ms, automated gain control (AGC) target = 

4 × 105). Subsequently, ions at specified m/z values were sequentially isolated in the quadrupole (isolation 

window = 0.5 m/z), fragmented by ETD (using calibrated charge-dependent ETD parameters and no 

supplemental activation) and fragment ions detected in the Orbitrap (m/z 150 - 1750, resolution = 7500 at m/z 

200, maximum injection time = 22 ms, AGC target = 5 × 104). In order to ensure short duty cycles and thus 

frequent sampling, peptides were analysed in groups of amino acid substitutions (e.g A+C+D+E or 

F+G+H+I/L or K+M+N+P or Q+R+S or T+V+W+Y), such that no more than 21 m/z values were analysed in a 

single run. For analysis of the wild-type H3 peptide assay the same parameters were used, except that fragment 

ion scans were acquired with a resolution of 30,000 and a maximum injection time of 54 ms. Histone H4 

peptides, both wild-type and the G4X peptide set, were analysed by LC-MS/MS on an Orbitrap Fusion Lumos 

Tribrid mass spectrometer according to previous methods [34].

Data analysis

Data were processed using Skyline (v. 4.2) by inputting amino acid-substituted peptide sequences carrying 

all possible configurations of R2 and R8 methylation. For quantification, only the first three isotopic peaks of A
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the triply-charged precursor, and singly-charged c-ions c2, c3, c4, c5 and c6, were considered. For H4 peptides, 

only precursor ions were used for quantification. For each peptide, the retention time of the unmodified peptide 

in the negative control was used as a point of reference, with each additional methyl group causing only slight 

retention time shifts in the positive direction. In this way, each ion chromatogram was manually inspected and 

instances where no methylation could be observed were removed. The areas under the peak for all 

chromatograms were then exported.

Separately for each peptide and replicate, total stoichiometries were calculated as the relative abundance of 

each methylation state, including the unmethylated state, given by the summed intensities of precursor ions 

corresponding to each methylation state. Similarly, the summed intensities of fragment c-ions were calculated 

for every methylation configuration, including unmethylated. The stoichiometry of each methylation 

configuration was then calculated from the relative abundances of these summed ion intensities. Measurement 

of the unmethylated state ensures that any ionisation differences between peptides does not affect the measured 

stoichiometry. Stoichiometries were then averaged across the three replicates, and the site-specific methylation 

stoichiometries (at R2 and R8) were calculated by summing the stoichiometries of the relevant methylation 

configurations. Methylation fractions were then calculated for each peptide by summing the monomethylation 

stoichiometry with twice the dimethylation stoichiometry, before dividing by 200 (which represents full 

dimethylation). Finally, the preference of PRMT6 for each amino acid substitution was calculated as the 

relative number of methyl groups transferred to the peptide containing that substitution, compared to all 

substitutions at the same position.

Raw mass spectrometric data and Skyline files have been deposited to Panorama Public 

(https://panoramaweb.org/PRMT6motif.url) and ProteomeXchange (PXD016711).

Structural analysis of PRMTs

Crystal structures of PRMT6 (PDB code 4Y30), PRMT1 (PDB code 6NT2) and PRMT4 (PDB code 5DX0 

or 5DWQ) were analysed in UCSF Chimera [76]. To overlay the structures on top of each other, the 

MatchMaker module [77] was used with default parameter settings. The binding site volumes of these PRMT 

structures were calculated as the Richard’s solvent-accessible surface volume with CASTp (Computed Atlas of 

Surface Topography of proteins) [78] using default parameters.
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Supporting Information

Figure S1. Catalytic activity of recombinant human PRMT6 purified from Sf9 insect cells.

Figure S2. High correlation between total methylation stoichiometries and summed stoichiometries of 

individual methylation configurations.
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Table 1: Differing amino acids in and surrounding the binding pockets of PRMT6, PRMT1 and PRMT4

PRMT6 PRMT1 PRMT4

Cys50a Ser56 Phe152

Asp53 b His59 Tyr155

Val56 Ile62 Gln158

Glu58 Glu64 Gln160

Glu59 Glu65 Asn161

Ala62 Lys68 Gln164

His163 Tyr170 Asn265

Ala315 Tyr309 Leu412

Lys319 Lys313 Tyr416

Arg352 Asp346 Ser447

Glu374 Arg371 Lys470

Asp375 - Asn471

- - Pro472
aResidues in the same row are in the same position within the structures.

bItalics indicates acidic residues and bold indicates apolar residues.
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Table 2. Reported PRMT6 substrates

Protein Residue(s) Sequence context (±5) Reference(s)

R2 ----ARTKQTA [12, 13, 79]Histone H3

R42 KPHRYRPGTVA [23]

Histone H4 R3 ---SGRGKGGK [12]

R3 ---SGRGKQGG [12]Histone H2A

R29 QFPVGRVHRLL [24]

HMGA1a R57/59 TPKRPRGRPKGSK  [80, 81]

R83 ATGKLRKLEKIDNA polymerase beta

R152 EKRIPREEMLQ

[82]

PRMT6 (auto 

methylation)

R35 EAALERPRRTK [83]

ERα R260 IRKDRRGGRML [84]

GPS2 R323 HSQNPRFYHK- [85]

CDKN1A R156 YHSKRRLIFSK [45]

SIRT7 R388 GGWFGRGCTKR [25]

c-RAF R100 CCAVFRLLHEH [28]

R22 ATAAARGRVEE

R131 VARYLRAAAGG

p16INK4A / CDKN2A

R138 AAGGTRGSNHA

[86]

PTEN R159 FYGEVRTRDKK [27]

R210/212 GSSSGRAREASGA

R629 MTLGARKLKKL

Androgen receptor

R787/789 YSQCVRMRHLSQE

[26]

RCC1 R214 ELFANRGGRQG [87]

HIV-1 Tat R52/R53 YGRKKRRQRRRA [44]

HIV-1 Rev R35, R38, R39 NPEGTRQARRN 

RRRR

[88]
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Figure legends

Figure 1. Simultaneous quantification of PRMT6 activity towards both R2 and R8 in a histone H3 

peptide.

(A) PRMT6 catalyses the addition of up to four methyl groups on a H3 peptide. The histone H3 peptide 

ARTKQTARKSTGGKA was incubated with or without PRMT6, in the presence of deuterated S-adenosyl L-

methionine, and analysed by LC-MS/MS (n = 1). Extracted ion chromatograms (XICs) of the triply-charged 

H3 peptide in its un- (me0), mono- (me1), di- (me2), tri- (me3) and tetra- (me4) methylated states were 

obtained using a mass tolerance of ±10 ppm. (B-E) A histone H3 peptide (residues 1-15) was incubated with 

PRMT6 in the presence of D3-AdoMet and then analysed by parallel-reaction monitoring (PRM) mass 

spectrometry using ETD fragmentation, allowing the quantification of all nine configurations of R2/R8 

methylation. (B) The nine possible configurations of R2/R8 methylation, including unmethylated. (C) The total 

amount of PRMT6-mediated methylation observed on the H3 peptide as measured by precursor ion 

abundances. (D) Quantification of all nine methylation configurations produced by PRMT6 on the H3 peptide 

using intensities of fragment ions that differentiate between R2 and R8. The positions of the dots correspond to 

the methylation configurations in (B) and the sizes correspond to their relative stoichiometries. (E) Site-specific 

methylation stoichiometries at R2 and R8 generated from the stoichiometries of their constituent methylation 

configurations. (F) Amount of methylation occurring on R2 and R8 expressed as a fraction of total methylation 

(i.e. fully dimethylated).

Figure 2. Quantification of PRMT6 amino acid specificity in the context of both H3R2 and H3R8 

methylation.

A peptide set containing all amino acid substitutions at position K4 within the H3 peptide was assayed with 

PRMT6 and D3-AdoMet in triplicate (n = 3), before analysis by LC-PRM-ETD. (A) Amino acid substitutions 

at position K4 on the H3 peptide are shown in red, with target arginines shown underlined and in bold. (B) 

Total methylation stoichiometries of amino acid substituted peptides were obtained by their precursor ion 

intensities. Amino acid substitutions of K4 are shown underneath each bar graph. Error bars represent one 

standard deviation. (C) Stoichiometries of all nine methylation configurations for all substituted peptides were 

obtained by using fragment ion intensities. The positions of the dots correspond to the methylation 

configurations in Fig. 1B and the sizes correspond to their relative stoichiometries. Amino acid substitutions of A
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K4 are shown in the red bar above the spot graphs. (D) Site-specific methylation stoichiometries at R2 and R8 

were generated from the stoichiometries of their constituent methylation configurations. Error bars represent 

one standard deviation. Amino acid substitutions of K4 are shown beneath each bar graph. (E) Methylation 

fractions at R2 and R8 were determined for each peptide by summing the monomethylation stoichiometry with 

twice the dimethylation stoichiometry and dividing by 200 (which represents full dimethylation). Error bars 

represent one standard deviation. Student’s t-tests were performed to compare the methylation fractions of each 

substituted peptide to that of the wild-type sequence (lysine-containing) peptide. Results of t-tests are indicated 

as p>0.05 (not significant or “ns”), p≤0.05 (*), p≤0.01 (**) or p≤0.001 (***). Amino acid substitutions of K4 

are shown beneath each bar graph.

Figure 3. Total methylation stoichiometries of H3 peptide substitutions assayed with PRMT6.

Peptide sets containing all amino acid substitutions at positions A1 through G12 in the H3 peptide were 

assayed with PRMT6 and D3-AdoMet in triplicate (n = 3) and analysed by LC-PRM-ETD. The total amount of 

methylation occurring on each peptide was determined by taking the area under the curve for the first three 

isotopic peaks of each precursor ion. (A) Total methylation stoichiometries for amino acid substituted peptides, 

excluding arginine substitutions. Amino acid substitutions at each position are shown beneath each bar graph. 

Error bars represent one standard deviation. (B) Arginines substituted at all positions in the H3 peptide are 

methylated by PRMT6. Total methylation stoichiometries of all arginine-substituted peptides reveal the 

presence of penta- and/or hexa-methylated species (in light and dark blue). This indicates that the substituted 

arginine has itself been methylated to some degree. Error bars represent one standard deviation.

Figure 4. Stoichiometries of all methylation configurations for H3 peptide substitutions assayed with 

PRMT6.

Peptide sets containing all amino acid substitutions at positions A1 through G12 in the H3 peptide were 

assayed with PRMT6 and D3-AdoMet in triplicate (n = 3) and analysed by LC-PRM-ETD. The stoichiometries 

of all methylation configurations occurring on each peptide were determined by taking the area under the curve 

for the c-ions (c2, c3, c4, c5 and c6) that differentiate R2 and R8. The positions of the dots correspond to the 

methylation configurations in Fig. 1B and the sizes correspond to their relative stoichiometries. Amino acid 

substitutions at each position are shown in the red bar above the spot graphs.A
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Figure 5. R2 and R8 methylation stoichiometries of H3 peptide substitutions assayed with PRMT6.

Peptide sets containing all amino acid substitutions at positions A1 through G12 in the H3 peptide were 

assayed with PRMT6 and D3-AdoMet in triplicate (n = 3) and analysed by LC-PRM-ETD. The methylation 

stoichiometries occurring on R2 and R8 for each peptide were determined by summing the relevant 

methylation configurations for each peptide (as shown in Fig. 4). Amino acid substitutions at each position are 

shown beneath each bar graph. Error bars represent one standard deviation.

Figure 6. R2 and R8 methylation fractions of H3 peptide substitutions assayed with PRMT6.

Peptide sets containing all amino acid substitutions at positions A1 through G12 in the H3 peptide were 

assayed with PRMT6 and D3-AdoMet in triplicate (n = 3) and analysed by LC-PRM-ETD. Methylation 

fractions at R2 and R8 were determined for each peptide by summing the monomethylation stoichiometry with 

twice the dimethylation stoichiometry (as in Fig. 5), and dividing by 200 (which represents full dimethylation). 

Error bars represent one standard deviation. Student’s t-tests were performed to compare the methylation 

fractions of each substituted peptide to that of the wild-type sequence peptide. Results of t-tests are indicated as 

p>0.05 (not significant or “ns”), p≤0.05 (*), p≤0.01 (**), p≤0.001 (***) or p≤0.0001 (****). Amino acid 

substitutions at each position are shown beneath each bar graph.

Figure 7. Wild-type sequence peptides show similar methylation stoichiometries.

The methylation of all wild-type sequence peptides assayed in triplicate (n = 3) as part of each peptide set are 

shown in terms of (A) total methylation stoichiometry, (B) stoichiometry of each methylation configuration, 

(C) R2 and R8 site-specific methylation stoichiometry and (D) R2 and R8 site-specific methylation fraction. 

For (C), the positions of the dots correspond to the methylation configurations in Fig. 1B and the sizes 

correspond to their relative stoichiometries. Error bars represent one standard deviation.

Figure 8. PRMT6 has broad substrate specificity but prefers basic and bulky residues.

Peptide sets containing all amino acid substitutions at positions A1 through G12 in the H3 peptide were 

assayed with PRMT6 and D3-AdoMet in triplicate (n = 3) and analysed by LC-PRM-ETD. (A) Total 

methylation stoichiometries of substituted peptides (see Fig. 3A) were used to generate the overall specificity A
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profile of PRMT6. (B, C) Site-specific methylation stoichiometries (see Fig. 5) were used to generate the 

specificity profile of PRMT6 in the contexts of R2 (B) and R8 (C) methylation. The relative preference 

represents the relative number of methyl groups transferred to a particular substituted peptide. Note that 

arginine substitutions have been excluded from the analysis at all positions except R2 and R8. Panel B inset: 

improved PRMT6 specificity at R2 for positions A1 and T3, as given by assays with diluted PRMT6 (see Fig. 

9A, B).

Figure 9. PRMT6 assays at lower concentration reveal it prefers glycine at the +1 position for both R2 

and R8 methylation.

Peptide sets A1X and T3X were assayed in triplicate (n = 3) as in Figs. 3-6, except with one tenth the 

concentration of PRMT6 (0.1 μM), and resulting methylation was measured by LC-ETD-PRM. (A) 

Methylation stoichiometry of A1X and T3X peptide sets assayed with diluted PRMT6. Error bars represent one 

standard deviation. (B) Methylation fractions of A1X and T3X peptide sets assayed with diluted PRMT6. 

Student’s t-tests were performed to compare the methylation fractions of each substituted peptide to that of the 

wild-type sequence peptide. Results of t-tests are indicated as p>0.05 (not significant or “ns”), p≤0.05 (*), 

p≤0.01 (**), p≤0.001 (***) or p≤0.0001 (****). Amino acid substitutions at each position are shown beneath 

each bar graph. Error bars represent one standard deviation. (C) PRMT6 prefers glycine in the +1 position. The 

relative preference of PRMT6 for glycine (G) and tyrosine (Y) are shown for both R2 and R8 methylation, 

across positions A1 to G12. Relative preferences for R2 methylation at positions A1 and T3 are from assays 

carried out with one tenth the concentration of PRMT6 compared to all other positions. While tyrosine is 

relatively preferred at several positions, glycine is only preferred at positions T3, for R2 methylation, and K9, 

for R8 methylation.

Figure 10. Validation of PRMT6 sequence preferences by separately assaying amino acid-substituted 

peptides.

(A) The wild-type sequence H3 peptide was assayed with PRMT6 (n = 1) and sampled at 10 min, 20 min, 30 

min, 45 min, 1 h, 2 h, 4.25 h and overnight. Methylation stoichiometries for both R2 and R8, as measured by 

LC-PRM-ETD, steadily increase across the course of the assay. (B) The fraction of methylation at either R2 or 

R8, relative to complete dimethylation, was calculated for each time point in (A). The rate of methyl group 

transfer at both R2 and R8 was found to remain linear for over 4 hours. (C) H3 peptides carrying selected A
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substitutions were individually assayed in triplicate (n = 3) for 1 hour, and the resulting levels of R2 and R8 

methylation were measured by LC-PRM-ETD. Error bars represent one standard deviation. (D) Methylation 

fractions of R2 and R8 corresponding to the methylation stoichiometries in (C). Student’s t-tests were 

performed to compare the methylation fractions of each substituted peptide to that of the wild-type sequence 

peptide. T-tests were also performed between the R2 methylation fractions of the T3G and T3G/K4G peptides, 

and between the R8 methylation fractions of the K9G and K9G/S10G peptides. Results of t-tests are indicated 

as p>0.05 (not significant or “ns”), p≤0.05 (*) or p≤0.01 (**). Error bars represent one standard deviation.

Figure 11. PRMT6 prefers glycine and bulky residues in the +1 position to methylate a histone H4 

peptide at R3.

(A) PRMT6 was incubated with a wild-type sequence synthetic peptide corresponding to positions 1-16 of the 

histone H4 tail (sequence SGRGKGGKGLGKGGAK) in the presence of D3-AdoMet (n = 1). LC-MS/MS 

analysis revealed substantial PRMT6-catalysed mono- and di-methylation of H4R3. (B) MT-MAMS of the G4 

position in histone H4, which is the +1 position relative to H4R3. A peptide set corresponding to amino acid 

substitutions at the G4 position in the peptide from (A) was incubated with PRMT6 and D3-AdoMet in 

triplicate (n = 3). PRMT6-catalysed methylation on these peptides was then measured by LC-MS/MS. Assays 

were carried out in triplicate Amino acid substitutions at each position are shown beneath each bar graph. Error 

bars represent one standard deviation. (C) Methylation fractions of amino acid-substituted peptides from (B) 

were determined and Student’s t-tests were performed to compare the methylation fractions of each substituted 

peptide to that of the wild-type sequence peptide. Substitutions to all amino acids except phenylalanine, 

tryptophan and tyrosine resulted significant reductions in PRMT6-catalysed methylation. Results of t-tests are 

indicated as p>0.05 (not significant or “ns”), p≤0.05 (*), p≤0.01 (**), p≤0.001 (***) or p≤0.0001 (****). tested 

for significant changes relative to the wild-type (glycine-containing) peptide. Amino acid substitutions at each 

position are shown beneath each bar graph. Error bars represent one standard deviation.

Figure 12. Structural differences between PRMT6, PRMT1 and PRMT4.

Crystal structures of PRMT6 [38] (PDB code 4Y30), PRMT1 [39] (PDB code 6NT2,) and PRMT4 [40] (PDB 

codes 5DX0 and 5DWQ) were analysed in UCSF Chimera [76] for features that may explain their differing 

specificities. (A) Dimeric structures of PRMT6, PRMT1 and PRMT4 (PDB code 5DWQ) were analysed for 

binding pocket size using CASTp. Binding pocks are shown in red. PRMT6 was seen to have a larger pocket 

size than PRMT1 or PRMT4. (B) Aligned structures of PRMT6 (light blue) and PRMT4 (red), showing the A
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bound peptide substrate of PRMT4 (beige carbons). Sinefungin, bound to PRMT4, is also shown with beige 

carbons. PRMT C-termini are indicated with black boxes and the N-terminal α-helix is indicated with an arrow. 

(C) Aligned structures of PRMT6 (light blue) and PRMT1 (green). PRMT C-termini are indicated with a black 

box and the N-terminal α-helix is indicated with an arrow. (D) Differing amino acids and hydrogen bonding of 

the N-terminal α-helix between PRMT6 (light blue) and PRMT4 (red). The side chains of labelled residues are 

shown, with nitrogen in dark blue, oxygen in light red and hydrogen bonds shown as light blue lines.

Figure 13. PRMT6 substrates contain more basic residues and fewer glycines than the substrates of 

other PRMTs.

(A) Sequence contexts of known PRMT6 substrates. Sequence logo representation of ±5 residues around 

substrate arginines of PRMT6 (from Table 2). Logo was created with WebLogo 

(https://weblogo.berkeley.edu/). Basic amino acids (R, K, H) are blue, acidic amino acids (D, E) are red, polar 

amino acids (G, S, T, Y, C, Q, N) are green and hydrophobic amino acids (A, V, L, I, P, W, F, M) are black. 

(B) Sequence contexts of PRMT6 substrates (from Table 2) were compared with those of PRMT1, PRMT4 and 

PRMT5 using iceLogo [89]. PRMT6 substrate sequence contexts (± 5 residues) were used as the experimental 

set, while substrate sequence contexts of other PRMTs (± 5 residues) were used as the reference sets. Amino 

acids overrepresented in PRMT6 substrates compared with substrates of other PRMTs are shown above the X-

axis, while underrepresented amino acids are shown below the X-axis. PRMT1 substrates were obtained from 

[90], PRMT4 substrates were obtained from [41], PRMT5 substrates were obtained from [52] and [91].

Figure 14. Cancer-associated histone H3 mutations and their effects on PRMT6 activity towards H3R2.

Missense single-nucleotide variations (SNVs) of human histone H3 genes, that are found in cancers, were 

obtained from BioMuta [92]. Mutations that result in significant increases or decreases in PRMT6 activity 

towards H3R2, according to our data, are shown above or below the histone H3 sequence (shown in grey), 

respectively.
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