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ABSTRACT
Histone arginine methylation is a prevalent posttranslational modification (PTM) in eukaryotic cells 
and contributes to the histone codes for epigenetic regulation of gene transcription. In this study, 
we determined how local changes on adjacent residues in the histone H4 substrate regulate 
arginine asymmetric dimethylation and symmetric dimethylation catalysed by the major protein 
arginine methyltransferase (PRMT) enzymes PRMT1 and PRMT5, respectively. We found that 
phosphorylation at histone H4 Ser-1 site (H4S1) was inhibitory to activities of PRMT1 and 
PRMT5 in both monomethylating and dimethylating H4R3. Also, a positively charged H4K5 was 
important for PRMT1 catalysis because acetylation of H4K5 or the loss of the H4K5 ε-amine had 
a similar effect in reducing the catalytic efficiency of asymmetric dimethylation of H4R3. An 
opposite effect was observed in that acetylation of H4K5 or the loss of the H4K5 ε-amine 
enhanced PRMT5-mediated symmetric dimethylation of H4R3. Furthermore, we observed that 
N-terminal acetylation of H4 modestly decreased asymmetric dimethylation of H4R3 by PRMT1 
and symmetric dimethylation of H4R3 by PRMT5. This work highlights the significance of local 
chemical changes in the substrate to regulating PRMT activity and unravels the pattern complex
ities and subtleties of histone codes.
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Introduction

Arginine methylation is a widespread posttran
slational modification (PTM) in eukaryotic pro
teins that is comparable to serine 
phosphorylation and lysine ubiquitination [1]. 
The three main types of arginine methylation 
marks are NG-monomethylarginine (MMA), NG, 
NG-dimethylarginine (ADMA), and symmetric 
NG, N’G-dimethylarginine (SDMA). The protein 
arginine methyltransferases (PRMTs) are classi
fied based on the types of methyl marks they 
produce: type I (MMA and ADMA), type II 
(MMA and SDMA), and type III (MMA) 
(Figure 1). The ADMA and SDMA marks in 
mammalian cells are mainly deposited by 
PRMT1 and PRMT5, respectively [2–4]. 
Knockout of PRMT1 in mouse embryonic fibro
blast (MEF) cells reduces the ADMA level in 
proteins by about 58% [3], and knockout of 
PRMT5 in MEF cells reduces a prevalent loss 
of SDMA marks in proteins by approximately 
95% [4]. Moreover, ADMA and SDMA 

modifications can signify divergent biological 
consequences. Free ADMA, outside the context 
of a protein (i.e., the free asymmetrically 
dimethylated arginine amino acid), can be 
found in systemic circulation, and the free 
ADMA concentration (not SDMA) is associated 
with high cardiovascular risks [5,6]. ADMA 
inhibits nitric oxide synthase (NOS), and admin
istration of 3 mg/kg of ADMA over a course of 
45 min in guinea pigs results in significantly 
increased blood pressure in comparison to 
a saline solution [7]. In the context of 
a protein sequence, the ADMA and SDMA 
marks on the nucleosomal histone tails also con
fer different functional consequences. Histone 
H4 methylation at Arg-3 (i.e., H4R3me) is 
a major epigenetic modification for regulation 
of gene transcription, as previously reviewed 
[8]. Symmetric dimethylation of H4R3 
(H4R3me2s) by PRMT5 represses gene transcrip
tion by recruiting the DNA methyltransferase 
DNMT3A, which methylates CpG islands to 
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silence gene transcription [9,10]. In contrast, 
asymmetric dimethylation of H4R3 (H4R3me2a) 
by PRMT1 recruits histones acetyltransferases 
p300 and PCAF that can acetylate the lysine 
residues in H3 and H4 histones and thereby 
promote gene transcription [11–13]. These and 
other examples of biological regulation owing to 
dimethylation of a shared site by the major 
PRMTs raises the mechanistic question of how 
ADMA and SDMA productions are regulated.

The N-terminal tail of histone H4 is subject to 
multiple chemical modifications, including 
alpha-N-acetylation (Ac-H4), Arg-3 methylation 
(H4R3me), Ser-1 phosphorylation (H4S1ph), and 
various acylations of lysine residues 5, 8, 12, and 
16, etc [8]. These PTMs are dynamic in nature 
and have distinct biological roles. For instance, 
H4S1ph and overall acetylation of lysine residues 
in the H4 N-terminal tail has been observed in 
the cytoplasm of duck erythroid cells, and trans
location of the modified H4 histones to the 
nucleus results in deacetylation (except the 
N-terminus) and dephosphorylation of the H4 
histones [14]. In previous studies, we have 

determined how some of the naturally occurring 
PTMs on the H4 N-terminal tail affect Arg-3 
methylation activities of different PRMT 
enzymes (PRMT1, −3, −5, and −8) [15,16]. 
Those studies revealed a highly heterogeneous 
pattern of substrate PTM effects on H4 Arg-3 
methylation. For instance, the impact of H4 
lysine acetylation on Arg-3 methylation depends 
on the site of acetylation and the PRMT type. 
While H4 Lys-5 acetylation (H4K5ac) represses 
PRMT1-mediated Arg-3 methylation, H4K5ac 
enhances methylation by PRMT5. Also, Lys-16 
acetylation (H4K16ac) subtly increases PRMT1 
activity but decreases PRMT5 activity. 
Furthermore, we found that as the length of 
the short acyl side-chain modification at Lys-5 
becomes longer from acetyl to propionyl to 
butyryl, an increasing inhibitory action was 
observed for all the PRMTs. Interestingly, the 
terminal alpha-N acetylation generally exhibits 
a slight inhibition on Arg-3 methylation by 
most PRMTs tested [15].

The arginine methylation process kinetically 
entails two chemical steps: monomethylation of 

Figure 1. Protein arginine methylation catalysed by PRMTs. All types (I, II, and III) of PRMTs catalyse monomethylation of an arginine 
residue using the cosubstrate SAM. Type I and II PRMTs further catalyse a second methylation reaction that produce either ADMA or 
SDMA. The transferred methyl groups are highlighted with yellow circles.
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the guanidine group followed by a second 
methylation. Our previous transient kinetic 
experiments reveal that arginine dimethylation 
is a distributive process in which, after the first 
turnover of methyl transfer, the monomethy
lated substrate is released out of the active 
pocket of PRMT and rebinds to the enzyme 
for the second methylation [8,17,18]. Our pre- 
steady-state kinetic results are in fairly good 
agreement with the steady-state experiments 
that advocated either fully or partially distribu
tive kinetic behaviours of PRMT catalysis [19–
19–23]. This kinetic model dictates that in the 
early stage of substrate methylation, the major 
product will be monomethylarginine, and only 
when the amount of monomethylarginine arises 
to a level comparable to the initial substrate, 
dimethylarginine product begins to appreciably 
accumulate [18]. In our previous reports on 
studying PTM crosstalks on the H4 tail, syn
thetic H4 peptides with an unmodified Arg-3 
residue were used as PRMT substrates. Under 
the initial velocity condition, the products are 
primarily the monomethylarginine product 
H4R3me, with limited amounts of H4R3me2 
formed. Because ADMA and SDMA have dis
tinct biological consequences in the cell, herein 
we sought to determine how the formation of 
asymmetrically and symmetrically dimethylated 
H4R3 (i.e., H4R3me2a and H4R3me2s formation) 
was regulated by the adjacent PTMs on the H4 
substrate, especially with regard to changes in 
local charges (e.g., Lys-5 acetylation and Ser-1 
phosphorylation) (Figure 2). The results pro
vide new molecular-level insights into the 
mechanisms of PRMT activity regulation as 

well as reveal the complex intercommunications 
between histone modification marks.

Results

Effects of H4S1 phosphorylation and H4K5 
modifications on arginine methylation activity by 
PRMT1

To determine how chemical modifications with 
positive, negative, and neutral properties in the 
substrate may regulate PRMT activity on the 
shared H4R3 site, we performed filter-based radio
active methylation assays with [14C]SAM as 
a cosubstrate, either PRMT1 or PRMT5, and 
a small panel of synthetic histone H4 peptides 
(residues 1–20) with chemical modifications at 
H4S1 or H4K5 sites (Table 1). The methylation 
reactions were quenched with isopropanol, loaded 
onto P81 filter paper, and washed with sodium 
bicarbonate buffer (pH 9). The filter paper was 
allowed to air dry before immersion in Ultima 
Gold scintillation cocktail to prepare samples for 
scintillation counting. Measured counts 
per minute (CPM) values were converted to con
centration of methylated product based on the 
known concentration of a [14C]SAM internal stan
dard as previously described [15].

To understand the overall arginine methyla
tion by PRMT1, we first performed the radio
active methylation assay with recombinant 
human PRMT1 enzyme and substrates Ac-H4 
(1–20), Ac-H4(1–20)S1ph, Ac-H4(1–20)K5me, 
Ac-H4(1–20)K5ac, Ac-H4(1–20)K5Nle (Nle is 
norleucine), and Ac-H4(1–20)K5bu. We observed 
that phosphorylation of H4S1 reduced the rate 

Figure 2. Chemical modifications at residues Ser-1 and Lys-5 on the H4 substrate. Modifications include phosphorylation (ph), 
methylation (me), norleucine substitution (Nle), acetylation (ac), and butyrylation (bu).
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of arginine methylation by approximately 2-fold 
[0.50 ± 0.020 min−1 with Ac-H4(1–20) vs. 
0.22 ± 0.029 min−1 with Ac-H4(1–20)S1ph] 
(Figure 3(a)). The H4S1ph mark was reported 
to coexist with monomethylated, asymmetrically 
dimethylated, and symmetrically dimethylated 
H4R3 during early development of X. laevis 
[24]. We were curious to know if the inhibitory 
effect of H4S1ph on arginine methylation was 
present with other PRMTs that methylate H4. 
Using the radioactive methylation assay with 
two synthetic substrates, Ac-H4(1–20) and Ac- 
H4(1–20)S1ph, we observed that phosphorylation 
reduced arginine methylation by several other 
PRMT members (Fig. S1). The rate of arginine 
methylation was reduced by 3-fold for PRMT1, 
8-fold for PRMT3, 5-fold for PRMT8, and 3-fold 
for PRMT5. The inhibitory effect of H4S1ph on 

arginine methylation by PRMT5 is consistent 
with previous observations [25]. To determine 
the underlying mechanism for the reduction in 
arginine methylation by H4S1ph, we character
ized the steady-state kinetics of these enzymatic 
methylations by measuring PRMT1 activity as 
a function of peptide substrate concentrations. 
The Hill equation was applied to fit the concen
tration-rate curves as previously described [15] 
to determine kcat, K0.5, and n parameters (Table 
2, Figure 3(b), and Fig. S2), wherein kcat was the 
turnover number, K0.5 was the substrate concen
tration at the half-maximal velocity (equivalent 
to Km in the Michaelis-Mention equation), and 
n was the Hill coefficient. In comparison to Ac- 
H4(1–20), H4S1 phosphorylation reduced kcat by 
2-fold (0.26 ± 0.0070 min−1) and increased K0.5 
by over 11-fold (5.2 ± 0.36 µM). These results 

Table 1. Sequences and molecular weights of synthetic H4 peptides.
Substrate Sequence Theoretical MW Measured MW

Ac-H4(1–20) Ac-SGRGKGGKGLGKGGAKRHRK 2034.37 2034.9
Ac-H4(1–20)S1ph Ac-SphGRGKGGKGLGKGGAKRHRK 2113.15 2114.3
Ac-H4(1–20)K5me Ac-SGRGKmeGGKGLGKGGAKRHRK 2048.40 2048.2
Ac-H4(1–20)K5Nle Ac-SGRGNleGGKGLGKGGAKRHRK 2019.35 2019.6
Ac-H4(1–20)K5ac Ac-SGRGKacGGKGLGKGGAKRHRK 2076.41 2076.4
Ac-H4(1–20)K5bu Ac-SGRGKbuGGKGLGKGGAKRHRK 2104.46 2104.3
Ac-H4(1–20)R3me Ac-SGRmeGKGGKGLGKGGAKRHRK 2048.40 2048.3
NH2-H4(1–20)R3me NH2-SGRmeGKGGKGLGKGGAKRHRK 2006.36 2007.2
Ac-H4(1–20)S1phR3me Ac-SphGRmeGKGGKGLGKGGAKRHRK 2128.37 2128.0
Ac-H4(1–20)R3meK5me Ac-SGRmeGKmeGGKGLGKGGAKRHRK 2062.42 2062.2
Ac-H4(1–20)R3meK5Nle Ac-SGRmeGNleGGKGLGKGGAKRHRK 2033.38 2033.7
Ac-H4(1–20)R3meK5ac Ac-SGRmeGKacGGKGLGKGGAKRHRK 2090.43 2090.6
Ac-H4(1–20)R3meK5bu Ac-SGRmeGKbuGGKGLGKGGAKRHRK 2118.49 2118.0

Figure 3. Arginine methylation of H4 peptides catalysed by PRMT1. (a) Single-point radioactive methylation assay of PRMT1 with H4 
peptides. Reactions proceeded for 10 min at 30°C with 0.05 µM PRMT1, 15 µM [14C]SAM, and 15 µM of peptide substrate. (b) PRMT1 
steady-state kinetics with H4K5 modified H4 peptides. Reactions proceeded for 15 min at 30°C with 0.05 µM PRMT1 and 15 µM [14C] 
SAM. With substrates Ac-H4(1–20) and Ac-H4(1–20)K5me, reactions were held for 8 min. Error bars represent standard deviation.
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suggest that the phospho group on Ser-1 mainly 
affected substrate binding with PRMT1, with 
a minor influence on the turnover.

Consistent with our previous observation[15], 
methylation of H4K5 did not affect the rate of 
arginine methylation by PRMT1 [0.45 ± 0.034 
min−1 for Ac-H4(1–20)K5me] (Figure 3(a)). In 
the absence of the H4K5 ε-amine (norleucine 
substitution) or upon acetylation of H4K5, the 
rates of arginine methylation by PRMT1 
decreased by 2-fold [0.26 ± 0.042 min−1 for Ac- 
H4(1–20)K5Nle and 0.25 ± 0.041 min−1 for Ac- 
H4(1–20)K5ac] as compared to the wild-type Ac- 
H4(1–20) substrate. Introducing a bulkier modi
fication, butyrylated H4K5 further reduced the 
rate of arginine methylation to 0.17 ± 0.051 
min−1. From our steady-state kinetics character
ization (Table 2, Figure 3(b), and Fig. S2), the kcat 
values for H4K5 unmethylated and methylated 
substrates were similar (0.52 ± 0.0078 min−1 vs. 
0.51 ± 0.0033 min−1, respectively). In contrast, 
there was a nearly 2-fold reduction in kcat upon 
acetylation of H4K5 (0.28 ± 0.0088 min−1) or loss 
of the ε-amine (0.27 ± 0.010 min−1). Also, the K0.5 
values for Ac-H4(1–20)K5ac (0.59 ± 0.032 µM) 
and Ac-H4(1–20)K5Nle (0.71 ± 0.047 µM) were 
greater in comparison to the unmodified sub
strate, and this contributed to the overall reduc
tion in catalytic efficiency of 0.47 ± 0.030 and 
0.38 ± 0.029 min−1 µM−1 for these modifications, 
respectively. Moreover, the bulkier butyrylation 
of H4K5 resulted in a nearly 3-fold increase in 
K0.5 (1.3 ± 0.39 µM) and > 2-fold reduction in kcat 
(0.20 ± 0.031 min−1) when compared to Ac-H4 

(1–20). Hence, while the bulkier modification 
does appear to impair substrate recognition, 
maintaining the charge on H4K5 is important 
for PRMT1 catalysis.

Effects of H4S1 phosphorylation and H4K5 
modifications on H4R3 methylation activity by 
PRMT5

For comparison with PRMT1, we also studied the 
effect of local modifications on the H4R3 methyla
tion activity of the major type-II enzyme PRMT5. 
First, a single-point radioactive methylation assay 
was performed with recombinant human PRMT5- 
MEP50 complex and several modified H4 substrates 
(Figure 4). Methylation of H4K5 did not appear to 
significantly affect arginine methylation by PRMT5 
(Figure 4(a)), consistent with previous results[15]. 
Upon acetylation or loss of the H4K5 ε-amine, there 
was a mild increase in the rate of arginine methyla
tion. This is an indication that the absence of the 
H4K5 ε-amine increased the rate of arginine methy
lation, though acetylation appeared to have the 
strongest impact on increasing the rate of arginine 
methylation by PRMT5. Upon determining the 
steady-state kinetic parameters of PRMT5 with the 
H4K5 modified substrates, a similar trend appeared 
that the kcat values increased upon acetylation 
(0.12 ± 0.0026 min−1) or the absence of the H4K5 ε- 
amine (0.10 ± 0.0033 min−1) in comparison to the 
unmodified (0.090 ± 0.0039 min−1) or methylated 
H4K5 (0.066 ± 0.0016 min−1) (Table 3, Figure 4(b), 
and Fig. S3). Interestingly, the K0.5 value for H4K5me 
substrate was the lowest (0.25 ± 0.012 µM) and the 

Table 2. Steady-state kinetic parameters for H4R3 methylation by PRMT1.

Substrate kcat (min−1) K0.5 (µM) n
kcat/K0.5 

(min−1 µM−1)

Ac-H4(1–20) 0.52 ± 0.0078 0.45 ± 0.0085 5.3 ± 0.43 1.2 ± 0.028
Ac-H4(1–20)S1ph 0.26 ± 0.0070 5.2 ± 0.36 1.4 ± 0.12 0.050 ± 0.0037
Ac-H4(1–20)K5me 0.51 ± 0.0033 0.36 ± 0.0029 5.5 ± 0.26 1.4 ± 0.015
Ac-H4(1–20)K5Nle 0.27 ± 0.010 0.71 ± 0.047 2.8 ± 0.60 0.38 ± 0.029
Ac-H4(1–20)K5ac 0.28 ± 0.0088 0.59 ± 0.032 3.2 ± 0.52 0.47 ± 0.030
Ac-H4(1–20)K5bu 0.20 ± 0.031 1.3 ± 0.39 1.6 ± 0.57 0.15 ± 0.052
Ac-H4(1–20)R3me 0.40 ± 0.0062 0.58 ± 0.020 4.5 ± 0.62 0.69 ± 0.026
NH2-H4(1–20)R3me 0.17 ± 0.0075 0.42 ± 0.022 4.4 ± 0.92 0.40 ± 0.028
Ac-H4(1–20)S1phR3me 0.092 ± 0.0025 1.5 ± 0.12 1.0 ± 0.12 0.061 ± 0.0052
Ac-H4(1–20)R3meK5me 0.30 ± 0.0034 0.52 ± 0.014 3.3 ± 0.25 0.58 ± 0.017
Ac-H4(1–20)R3meK5Nle 0.20 ± 0.0054 0.59 ± 0.028 3.3 ± 0.51 0.34 ± 0.019
Ac-H4(1–20)R3meK5ac 0.17 ± 0.0052 0.57 ± 0.0045 2.5 ± 0.43 0.30 ± 0.0094
Ac-H4(1–20)R3meK5bu 0.076 ± 0.0052 0.87 ± 0.16 1.3 ± 0.26 0.087 ± 0.017

All kinetic parameters were determined using 15 µM [14C]SAM, 0.05 µM PRMT1, and varying concentrations of H4 peptide. Reactions 
with Ac-H4(1–20) and Ac-H4(1–20)K5me were held for 8 min at 30°C, while all other reactions were held for 15 min at 30°C. 
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Ac-H4(1–20)K5Nle substrate had the highest K0.5 
(0.48 ± 0.011 µM). In contrast, the catalytic effi
ciency between Ac-H4(1–20)K5 and Ac- 
H4(1–20)K5me was about the same (0.26 min−1 

µM−1). Ac-H4(1–20)K5Nle had the lowest catalytic 
efficiency (0.21 ± 0.084 min−1 µM−1), while Ac- 
H4(1–20)K5ac had the highest (0.40 ± 0.013 min−1 

µM−1). As mentioned above, H4S1ph inhibited argi
nine methylation by PRMT5 (Figure 4(a)). We 
attempted to determine the steady-state kinetic 
parameters of PRMT5 for the Ac-H4(1–20)S1ph 
substrate, but the CPM values were barely above 
the background to provide reliable rate- 
concentration curves for (Fig. S4). Overall, we con
clude that the absence of the positively charged 
H4K5 ε-amine was beneficial for PRMT5 turnover, 
yet further modification of H4K5 to have an acetyl 
group appeared to have an additive effect in increas
ing the rate of arginine methylation and substrate 

binding, thus enhancing the overall catalytic effi
ciency of PRMT5.

Effects of H4S1 phosphorylation and H4K5 
modifications on the asymmetric dimethylation 
activity by PRMT1 (ADMA formation)

A substrate arginine residue can be methylated by 
PRMTs (except type III enzyme PRMT7) into 
monomethyl and dimethyl products. Upon exam
ination of the major products by mass spectro
metry with the H4R3 peptide used as substrate, 
we found that the major product was monomethy
lated arginine for PRMT1 while the methylated 
products of PRMT3, −5, and −8 were undetectable 
by mass spectrometry due to very low yields (Fig. 
S5). These results coincide with our kinetic model 
that arginine dimethylation in PRMT catalysis is 
a highly distributive process[18]. Therefore, the 

Figure 4. Arginine methylation of H4 peptides catalysed by PRMT5. (a) Single-point radioactive methylation assay of PRMT5 with H4 
peptides. Reactions proceeded for 10 min at 30°C with 0.25 µM PRMT5, 15 µM [14C]SAM, and 15 µM of peptide substrate. (b) PRMT5 
steady-state kinetics with H4 peptides. Reactions proceeded for 15 min at 30°C with 0.05 µM PRMT5 and 15 µM [14C]SAM. Error bars 
represent standard deviation.

Table 3. Steady-state kinetic parameters for H4R3 methylation by PRMT5.

Substrate kcat (min−1) K0.5 (µM) n
kcat/K0.5 

(min−1 µM−1)

Ac-H4(1–20) 0.090 ± 0.0039 0.35 ± 0.014 7.6 ± 1.8 0.26 ± 0.015
Ac-H4(1–20)S1ph ND ND ND ND
Ac-H4(1–20)K5me 0.066 ± 0.0016 0.25 ± 0.012 3.5 ± 0.45 0.26 ± 0.014
Ac-H4(1–20)K5Nle 0.10 ± 0.0033 0.48 ± 0.011 7.7 ± 1.2 0.21 ± 0.084
Ac-H4(1–20)K5ac 0.12 ± 0.0026 0.30 ± 0.0073 5.1 ± 0.57 0.40 ± 0.013
Ac-H4(1–20)K5bu 0.074 ± 0.0018 0.54 ± 0.0095 9.0 ± 1.4 0.14 ± 0.0041

All kinetic parameters were determined using 15 μM [14C]SAM, 0.05 μM PRMT5, and varying concentrations of H4 peptide. All 
reactions were conducted at 30°C for 15 min. ND indicates that the parameters were not determined due to a lack of detectable 
changes in signal of methylated peptide product as the peptide concentration increased. 
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measured PRMT activities described earlier are 
largely a reflection on the MMA activity, that is, 
the first-step of H4R3 methylation. To examine 
how H4S1 phosphorylation and H4K5 modifica
tions affect the ADMA activity of PRMT1, we 
made several H4 peptides that contained H4R3 
in the monomethylated state (H4R3me) (Table 1). 
Radiometric biochemical tests were conducted to 
measure PRMT1 activity in methylating these 
H4R3me substrates. As shown in Figure 5(a), in 
comparison to the Ac-H4(1–20)R3me control 
(0.36 ± 0.0052 min−1), we observed that phosphor
ylation of H4S1 led to a > 3-fold reduction in the 
rate (0.11 ± 0.0035 min−1) of asymmetric arginine 
methylation by PRMT1. In contrast, methylation 
of H4K5 did not appear to affect the rate of asym
metric dimethylation (0.38 ± 0.019 min−1). 
Interestingly, the removal of the ε-amine by sub
stituting the H4K5 with norleucine or acetylation 
of H4K5 resulted in an approximately 2-fold 
reduced rates in asymmetric dimethylation by 
PRMT1 in comparison to the positive control 
[0.19 ± 0.0034 min−1 for Ac-H4(1–20)R3meK5Nle 
and 0.20 ± 0.013 min−1 for Ac-H4(1–20)R3meK5ac] 
. Adding the bulky butyryl group to H4K5 further 
reduced the rate of asymmetric dimethylation to 
0.10 ± 0.0046 min−1.

To understand the underlying mechanism for 
the changes in rates, we determined the steady- 
state kinetic parameters for PRMT1 with the same 

H4R3me substrates containing H4S1 or H4K5 che
mical modifications (Figure 5(b), Table 2, and Fig. 
S6). The results were gained by fitting the rate- 
concentration data curves with the Hill equation. 
For Ac-H4(1–20)R3me, we determined a kcat of 
0.40 ± 0.0062 min−1, a K0.5 of 0.58 ± 0.020 μM, 
a Hill coefficient of 4.5 ± 0.62 (potentially positive 
cooperativity), and a catalytic efficiency (kcat/K0.5) 
of 0.69 ± 0.026 min−1 μM−1 (Table 2). Upon phos
phorylation of H4S1, the kcat was reduced approxi
mately 4-fold while the K0.5 was increased 
approximately 2.6-fold, which contributed to the 
overall ~11-fold reduction in the catalytic effi
ciency for PRMT1. Interestingly, the Hill coeffi
cient was 1.0 ± 0.12 for the phosphorylated 
substrate, indicating no apparent cooperativity. 
Methylation of H4K5 reduced the turnover num
ber to 0.30 ± 0.0034 min−1 and the K0.5 to 
0.52 ± 0.014 μM, and this resulted in a lower 
catalytic efficiency of 0.58 ± 0.017 min−1 μM−1 in 
comparison to the control, Ac-H4(1–20)R3me. 
Substrates with acetylation of H4K5 or substitu
tion of the Lys-5 with norleucine had similar 
kinetic parameters. In comparison to the H4R3me 
control substrate, the kcat values were reduced by 
at least 2-fold to 0.20 ± 0.0054 min−1 with Ac- 
H4(1–20)R3meK5Nle and 0.17 ± 0.0052 min−1 

with Ac-H4(1–20)R3meK5ac. Interestingly, the 
K0.5 values for the Ac-H4(1–20)R3meK5Nle 
(0.59 ± 0.028 μM) and Ac-H4(1–20)R3meK5ac 

Figure 5. Impact of chemical modifications to H4S1 and H4K5 on PRMT1-mediated methylation of H4R3me substrate (ADMA 
formation). (a) Single-point radioactive methylation assay performed with 0.05 µM PRMT1, 15 µM [14C]SAM, and 15 µM of peptide 
substrate at 30°C for 10 min. (b) Overlay of PRMT1 steady-state kinetics with substrates Ac-H4(1–20)R3me, Ac-H4(1–20)S1phR3me, Ac- 
H4(1–20)R3meK5me, Ac-H4(1–20)R3meK5Nle, Ac-H4(1–20)R3meK5ac, or Ac-H4(1–20)R3meK5bu. Reactions were held for 15 min at 30°C 
with 0.05 µM PRMT1 and 15 µM [14C]SAM. Error bars represent the standard deviation.
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(0.57 ± 0.0045 μM) were close to the Ac- 
H4(1–20)R3me control substrate 
(0.58 ± 0.020 μM). Nonetheless, the reduced kcat 
values with substrates Ac-H4(1–20)R3meK5Nle 
and Ac-H4(1–20)R3meK5ac contributed to the > 
2-fold reduction in catalytic efficiency in compar
ison to the H4R3me control substrate. Altogether, 
these results supported that phosphorylation of 
H4S1 was inhibitory to PRMT1 catalysis of asym
metric dimethylation and hinders substrate recog
nition. Methylation of H4K5 appeared to have 
a greater impact on PRMT1 catalysis than sub
strate binding. Lastly, neutralization of the H4K5 
charge by acetylation or removal of the ε-amine 
resulted in a similar inhibition of PRMT1 catalysis 
and little effect on substrate recognition by 
PRMT1. Thus, retaining the positive charge on 
H4K5 is important for PRMT1 catalysis of asym
metric dimethylation of arginine.

Effects of H4S1 phosphorylation and H4K5 
modifications on the symmetric dimethylation 
activity by PRMT5 (SDMA formation)

To examine how positive, negative, or neutral che
mical modifications affect symmetric dimethyla
tion of H4R3 by PRMT5, we performed a single- 
point radioactive methylation assay on the relevant 
H4 peptides containing the R3me mark (Figure 6). 
Overall, phosphorylation of H4S1 reduced the rate 
of symmetric dimethylation just over 2-fold 
(0.0098 ± 0.00089 min−1) in comparison to the 
H4R3me control substrate (0.025 ± 0.0010 min−1). 
Also, methylation of H4K5 was modestly inhibi
tory (0.019 ± 0.0013 min−1) to H4R3me methyla
tion. The loss of the ε-amine or acetylation of 
H4K5 led to similar enhanced rates of symmetric 
dimethylation by PRMT5 (0.034 ± 0.00067 min−1 

and 0.035 ± 0.0016 min−1, respectively). Moreover, 
using a longer acyl modification, butyrylated 
H4K5, modestly increased the rate of symmetric 
dimethylation by PRMT5 to 0.031 ± 0.0035 min−1. 
We attempted to determine the steady-state 
kinetic parameters of PRMT5 with these various 
H4 substrates, but we could not detect meaningful 
changes in the methylated products at 0.05 μM 
PRMT5 condition, due to weak signals of the 
methylation reaction (Fig. S4). Nonetheless, these 
results support that the presence of the positive 

charge on H4K5 or adding a negatively charged 
phosphate group on H4S1 does not favour sym
metric dimethylation by PRMT5. Neutralizing the 
charge of H4K5 by acetylation or removing the ε- 
amine favours symmetric dimethylation by 
PRMT5. Plus, PRMT5 did not appear to be hin
dered from methylating H4R3me in the presence of 
butyrylated H4K5, which was different from its 
modest inhibitory effect on the H4R3 monomethy
lation reaction (Figure 4).

Effects of H4 N-terminal acetylation on ADMA 
activity of PRMT1 and SDMA activity of PRMT5

The N-terminal alpha-amino acetylation is an evo
lutionarily conserved modification and highly pre
valent in human proteins (84%) [26]. Nα- 
acetyltransferase Nat4 in yeast and Naa40p 
(NatD) in humans were reported to acetylate the 
N-terminus of H4 [27,28]. While H4 N-terminal 
acetylation is inhibitory to H4R3 methylation by 
the yeast arginine methyltransferase hnRNP argi
nine N-methyl methyltransferase 1(Hmt1) and 
supports ribosomal DNA expression [29], it 
remains understudied as to how this modification 
impacts human PRMTs, particularly the effects on 

Figure 6. Impact of chemical modifications to H4S1 and H4K5 
on PRMT5-mediated methylation of H4R3me substrate (SDMA 
formation). Single-point radioactive methylation assay per
formed with 0.25 µM PRMT5, 15 µM [14C]SAM, and 15 µM of 
peptide substrate at 30°C for 10 min. Error bars represent the 
standard deviation.
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ADMA and SDMA production. To determine how 
the N-terminal acetylation of H4 affects type I and 
II PRMT activities, we performed a single-point 
radioactive methylation assay with PRMT1 and 
PRMT5 using Ac-H4(1–20)R3me and NH2- 
H4(1–20)R3me as substrates. For PRMT1, the 
absence of the N-terminal acetyl group modestly 
enhanced the rate of ADMA production 
[0.21 ± 0.00051 min−1 for Ac-H4(1–20)R3me vs. 
0.24 ± 0.011 min−1 for NH2-H4(1–20)R3me] 
(Figure 7(a)). For PRMT5, the absence of the 
N-terminal acetyl group also seemed to enhance 
the rate of SDMA production 
[0.017 ± 0.0012 min−1 for Ac-H4(1–20)R3me vs. 
0.021 ± 0.0032 min−1 for NH2-H4(1–20)R3me] 
(Figure 7(b)). To better understand the mechan
ism, we proceeded to determine the steady-state 

kinetic parameters for PRMT1 with NH2- 
H4(1–20)R3me. The absence of N-terminal acety
lation resulted in an approximately 2-fold reduc
tion in kcat (0.17 ± 0.0075 min−1) yet moderately 
improved K0.5 (0.42 ± 0.022 μM) in comparison to 
the Ac-H4(1–20)R3me control (Table 2 and Figure 
7(c)). Overall, the data here demonstrated that the 
N-terminal acetylation of H4 slightly reduced 
PRMT1 and PRMT5 activity on Arg-3 dimethyla
tion, which appeared to be in accord with the 
inhibitory effect of H4 N-terminal acetylation on 
Hmt1 activity in yeast [29].

Discussion

The nucleosomal core histones are a hotbed of 
PTMs, especially in the N-terminal tail region, 

Figure 7. Impact of the N-terminal acetylation on H4R3me methylation by PRMT1 and PRMT5. (a) Single-point radioactive 
methylation assay performed with 0.05 µM PRMT1, 15 µM [14C]SAM, and 15 µM of peptide substrate at 30°C for 10 min. (b) Single- 
point radioactive methylation assay performed with 0.25 µM PRMT5, 15 µM [14C]SAM, and 15 µM of peptide substrate at 30°C for 
10 min. (c) PRMT1 kinetics with substrate NH2-H4(1–20)R3me. Reactions were held for 15 min at 30°C with 0.05 µM PRMT1 and 15 µM 
[14C]SAM. All error bars represent standard deviation.
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whose stochastic combination and intercommuni
cation generate a herculean number of ‘histone 
codes’ for epigenetic regulation of genomic func
tion [30,31]. An interesting observation is that 
different PRMTs may methylate the same arginine 
residues in a protein sequence and the type of 
methylation marks can result in divergent out
comes. Some notable examples include histone 
sites H3R2 and H4R3. Asymmetric dimethylation 
of H3R2 by PRMT6 represses transcription by 
antagonizing the deposit of a transcription activat
ing mark H3K4me3 by the MLL1 complex [32–34]. 
In contrast, symmetric dimethylation of H3R2 by 
PRMT5 favours mono- and dimethylation of 
H3K4 by the MLL complex and H3R2me2s has 
been observed to coexist with H3K4me3 at highly 
transcribed genes [35,36]. For the H4R3 site, 
asymmetric dimethylation by PRMT1 is associated 
with active gene expression while symmetric 
dimethylation by PRMT5 represses gene transcrip
tion [8]. Previously, we studied how H4K5 acyla
tions influence Arg-3 methylation by PRMT1 and 
PRMT5 [15,16]. Our data showed that H4 Lys-5 
acetylation (H4K5ac) represses PRMT1-mediated 
Arg-3 methylation, H4K5ac enhances methylation 
by PRMT5. As the length of the short acyl side- 
chain modification at Lys-5 becomes longer from 
acetyl to propionyl to butyryl, an increasing inhi
bitory action was observed for all the PRMTs. 
A limitation of these previous studies was that 
the experiments were performed under initial 
velocity condition, and thus the products mainly 
contained the monomethylated arginine 
(H4R3me1), with limited amounts of H4R3me2 
formed. Therefore, the PTM cross-talk effects 
observed before mainly reflected how the PTMs 
affected the MMA activity of PRMTs. In this work, 
we made an in-depth dive into the effects of the 
various histone PTMs on the H4R3 dimethylation 
activities of PRMT1 and PRMT5. Also, we inves
tigated how Ser-1 phosphorylation impacted on 
H4R3 methylation.

The regulatory mechanisms of PRMT activity 
are not well studied. We and others have pro
posed that local chemical changes on the sub
strates caused by different PTM enzymes may 
form an important factor in regulating PRMT 
activity and specificity [8,25,37]. The major epi
genetic mark H4R3 is a shared substrate for 

several PRMT enzymes, including PRMT1, −3, 
−5, −6, and −8 [21,33,38–42], with PRMT1 and 
PRMT5 being the dominant enzymes that cata
lyse ADMA and SDMA of H4R3 in vivo, respec
tively [2,9,38,43,44]. Notably, the histone H4 
N-terminus nearby the Arg-3 site harbours multi
ple PTM marks such as Lys-5 methylation, acet
ylation, propionylation, crotonylation, 
butyrylation, 2-hydroxyisobutyrylation, citrulli
nation, succinylation, formylation, and Ser-1 
phosphorylation [45]. Understanding how the 
chemical properties of neighbouring PTMs mod
ulate H4R3 methylation not only is of signifi
cance in cracking the histone codes but also 
offers molecular-scale insights into the regulatory 
mechanism of PRMT activity at the substrate 
level.

Our biochemical results show that different 
PTM groups, as well as the absence of the posi
tively charged H4K5 ε-amine, can differentially 
affect the rates of ADMA production by PRMT1 
and SDMA production by PRMT5 on H4R3. 
H4K5me does not affect the overall rate of H4R3 
methylation by PRMT1, consistent with our pre
vious observation [15]; and we observed in this 
work that H4K5me also does not strongly affect 
PRMT1-catalysed ADMA formation from 
H4R3me either (Figure 5(a)). In contrast, acetyla
tion and other short chain acylation greatly 
reduced PRMT1 activity either on H4R3 or 
H4R3me substrate. Removal of the H4K5 ε-amino 
group led to the same reduction effect. The aver
age pKa for a Lys side chain is 10.5 [46], and 
possibly lower to 8.2 in the context of the histone 
H4 sequence [47]. Physiological pH is reported to 
be approximately 7.2 for the cytosol and nucleus 
[48], and our reaction conditions were performed 
in a HEPES buffer system at pH 8. Either in cells 
or in our reactions, we would expect that the side 
chain of H4K5 to be protonated. Also, there are 
negative electrostatic regions just outside the active 
site of PRMT1 that may support the interaction 
with the positively charged H4K5 (Figure 8(a)). 
These data suggest that maintaining the positive 
charge of H4K5 was important for PRMT1 cataly
sis. Similar to PRMT1, H4K5me did not strongly 
affect monomethylation of H4R3 by PRMT5 
(Figure 4 and ref. [15]); however, we did observe 
that H4K5me reduced PRMT5-catalysed symmetric 
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dimethylation of H4R3me (Figure 6). In the 
PRMT5/MEP50 crystal structure with the H4 pep
tide and a SAM analogue, H4K5 forms H-bonds 
with Ser-310 in PRMT5, though these interactions 
appear to be between the backbone of the peptide 
and protein sequence [23]. In an electrostatic 
potential map, the area that Lys-5 occupies 
appears to be in a region of PRMT5 that is rich 
in negative electrostatic potential (Figure 8(b)). In 
this region, it appears difficult to explain why the 
loss of the Lys-5 ε-amine would be favourable for 
PRMT5 catalysis without experimental structural 
data to examine the molecular interactions.

We observed that H4S1 phosphorylation is inhi
bitory to arginine methylation of H4R3 by 
PRMT1, −3, −5, and −8 (Fig. S1). Ho and collea
gues also observed that H4S1ph was inhibitory to 
PRMT5-catalysed arginine methylation of the H4 
(1–20) substrate, and this inhibitory effect 
appeared to dominate any other PTMs that could 
enhance arginine methylation when H4S1ph was 
absent (e.g., H4K5ac and H4K20me3) [25]. All 
PRMTs have a pair of conserved glutamate (EE) 
residues known as the ‘double-E loop’ (e.g., Glu- 
435 and Glu-444 in PRMT5) within the active site 
that is important for forming hydrogen bonds with 
the guanidino nitrogens of the substrate arginine 
[49]. Given the close proximity of the H4S1ph to 
H4R3, the negatively charged phosphate group on 
H4S1 may form an intramolecular salt bridge with 
the positively charged guanidine group of H4R3, 
and this may hinder substrate recognition of 

PRMT1 and PRMT5 (Fig. S7). Another possibility 
is that the protein surface of PRMT1 and PRMT5 
may be a hindrance for accommodating 
a negatively charged phosphoserine. The area just 
outside the active site of PRMT1 appears to be 
hydrophobic and electronegative (Figure 8(a)), 
which would be unfavourable for the potentially 
−2 charged phosphoserine. For PRMT5, the region 
that H4S1 is expected to bind in the 4GQB crystal 
structure appears mostly hydrophobic (Phe-300, 
Tyr-304, Phe-580, Gln-309), and this would be 
unfavourable either for the highly, negatively 
charged phosphoserine (Figure 8(b)). An X-ray 
crystal structure would be of value to better under
stand how these chemical modifications regulate 
PRMT catalysis of the histone H4 substrate.

Ser-1 phosphorylation and Arg-3 methylation 
on H4 and H2A were reported previously to coex
ist in vivo at high levels during the later embryonic 
stages of X. laevis[24]. H4S1ph has been observed 
in newly synthesized histones [14,50], in con
densed chromatin during mitosis[50], in 
D. melanogaster and mouse spermatogenesis [51], 
in S. cerevisiae sporulation [51], and at sites of 
DNA double-strand breaks (DSB) that are repaired 
by nonhomologous end joining (NHEJ) [52]. 
Recombinant human casein kinase II (CK2) was 
shown to phosphorylate H4S1 in vitro, and dele
tion of CK2 in yeast reduced H4S1ph levels in vivo 
[52]. The activity of CK2α in Ser-1 phosphoryla
tion seems to favour for an H4 peptide without 
N-terminal acetylation [53]. Possibly, CK2α 

Figure 8. Electrostatic potential of PRMT1 and PRMT5. (a) A view of the active site of rat PRMT1 complexed with SAH (PDB ID 1ORI). 
SAH is coloured by element with green (carbon), blue (nitrogen), red (oxygen), and yellow (sulphur). (b) Electrostatic potential of 
human PRMT5 (PDB ID 5FA5) with the expected site for histone H4K5 to bind (dashed circle). The electrostatic potential range is 
depicted from red (electronegative) to blue (electropositive). The images were rendered with PyMOL.
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activity in H4S1 phosphorylation is jointly regu
lated by N-terminal acetylation and Arg-3 methy
lation. A further detailed inspection on this 
interrelationship is warranted in the future, espe
cially in the cellular context. Yet we observed that 
H4S1ph is inhibitory to Arg-3 methylation by all 
the examined PRMTs (Fig. S1), supporting that 
the absence of H4S1ph would promote arginine-3 
methylation. We posited that the H4R3 methyla
tion mark is likely introduced by PRMTs prior to 
the setup of Ser-1 phosophorylation[8]. Except 
histone H4, there are other proteins in which 
serine phosphorylation and arginine methylation 
intercommunicates [54,55]. For instance, some 
consensus site motifs in kinase Akt substrates con
tain both phosphorylated serine and methylated 
arginine, and serine phosphorylation and arginine 
methylation are mutually exclusive and have 
opposing effects in generating neurotoxicity [56]. 
Smith et al. [57] recently found that the presence 
of phosphorylation in an SRGG motif in yeast 
proteins Npl3p and Nop1p dramatically decreases 
arginine methylation mediated by the methyltrans
ferase Hmt1p. It appears to be a general rule that 
serine phosphorylation proximal to the substrate 
arginine is inhibitory to arginine methylation.

Previous proteomic studies have shown that 
H4R3me1 is more abundant than H4R3me2 
[58,59], which coincide with our data that the 
rates of asymmetric and symmetric dimethylation 
of H4R3 by PRMT1 and PRMT5 are slower in 
comparison to their monomethylation activity. 
Specifically, the turnover number of arginine 
monomethylation by PRMT1 with the Ac-H4 
(1–20) substrate was 0.52 ± 0.0078 min−1 while 
that of the Ac-H4(1–20)R3me substrate was 
0.40 ± 0.0062 min−1 (Table 2). Our results are 
consistent with previous reports that also observed 
a reduced rate in asymmetric dimethylation by 
PRMT1 compared to monomethylation 
[15,18,22]. Similar to PRMT1, PRMT5-catalysed 
SDMA formation from a pre-monomethylated 
H4R3 peptide also exhibited a reduced rate in 
comparison to the unmethylated H4R3 substrate, 
conforming to an earlier study [25]. Furthermore, 
consistent with previous reports [15,60], we 
observed that PRMT1 and PRMT5 kinetics often 
exhibited a sigmoidal shape, and hence, we applied 
the Hill equation to determine the kinetic 

parameters. In all cases for PRMT1, except with 
the Ac-H4(1–20)S1ph substrate, we observed Hill 
coefficients > 2 which suggests positive coopera
tivity. Future studies would be needed to deter
mine if the underlying mechanism for the positive 
cooperativity is thermodynamically or kinetically 
driven.

Taken together, we sought to understand the 
regulatory mechanisms of substrate recognition 
and catalysis by PRMTs, particularly with respect 
to arginine dimethylation. We have examined how 
the chemical properties on the substrate, specifically 
the importance of local charges, regulate the sub
strate recognition and catalysis by the major type 
I and type II PRMTs, PRMT1 and PRMT5. We 
observed similarities and yet differences depending 
on the local changes in charged residues as well as 
the type of chemical modification. The absence of 
the positively charged H4K5 supports SDMA pro
duction by PRMT5 yet hinders ADMA production 
by PRMT1 (Figure 9). H4S1 phosphorylation is 
inhibitory to arginine methylation, both mono
methylation and dimethylation, by PRMT1 and 
PRMT5. This work expands our fundamental 
understanding of arginine methylation and its reg
ulation. In the future, it would be highly interesting 
to determine whether the patterns and mechanisms 
of histone PTMs regulating PRMT-catalysed 
ADMA and SDMA formation persist in the context 
of the nucleosomes. This information would be of 
importance for elucidating the dynamics and con
sequences of complex histone code establishment.

Materials and methods

Chemicals and reagents
The N-α-Fmoc-protected amino acids were pur
chased from either Novabiochem or ChemPep Inc. 
High-performance liquid chromatography (HPLC) 
grade methanol and acetonitrile were purchased 
from either Sigma-Aldrich or British Drug 
Houses (BDH). Phenylmethanesulfonyl fluoride 
(PMSF) was purchased from either Gold 
Biotechnology or Sigma-Aldrich. Kanamycin, 
ampicillin, and isopropyl β-D-1-thiogalactopyrano
side (IPTG) were purchased from Gold 
Biotechnology. Unless otherwise stated, the 
remaining chemical reagents described were pur
chased from Fisher Scientific, Acros Organics, 
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Sigma-Aldrich, Alfa Aesar, BDH, Research 
Products International Corp., Macron Fine 
Chemicals, Bio-Rad, or J. T. Baker.

Protein expression
Details for recombinant protein expression of 
human PRMT1, PRMT3, and PRMT8 were 
described previously[15]. Recombinant 6xHis- 
tagged human PRMT5 was coexpressed with 
recombinant 6xHis-tagged human MEP50 using 
the Bac-to-Bac baculovirus expression system 
(Invitrogen, Life Technologies). In detail, pFB- 
LIC-Bse-PRMT5 and pFB-LIC-Bse-MEP50 were 
heat shock transformed in the DH10Bac E. coli 
strain according to the Bac-to-Bac Invitrogen pro
tocol, and the recombinant bacmids were isolated 
with the PureLink HiPure Plasmid Miniprep Kit 
(Invitrogen, Thermo Scientific). Plasmid concen
tration and purity were determined using 
a Nanodrop. Sf9 cells cultured in Sf-900 II SFM 
+ 100 U of penicillin/streptomycin (P/S) to a cell 
density of 1.5 × 106–2.5 × 106 cells/mL (>95% 
viability) before plating 2 mL of 4 × 105 cells/mL 
per well in a 6-well tissue culture plate. Cells were 
allowed at least 30 min to adhere to the plate 
before replacing the medium with 2.5 mL/well of 
Grace’s unsupplemented insect cell medium 

containing 15% Sf-900 II SFM (no antibiotics). 
The DNA-lipid complexes were prepared with 
PRMT5 or MEP50 recombinant bacmid, 
Cellfectin II, and Grace’s unsupplemented med
ium according to the Bac-to-Bac Invitrogen pro
tocol, and each well received 2 µg total of PRMT5 
or MEP50 recombinant bacmid. Transfection pro
ceeded for 5 h at 27.5°C before replacing the 
transfection medium with 2 mL of Sf-900 II SFM 
+ 100 U P/S per well. After 7 days of incubation at 
27.5°C, the medium from each well as pooled and 
centrifuged (1000 rpm for 5 min) to collect the 
supernatant as the P1 viral stock. P1 viral stocks 
were stored at 4°C. Viral amplification of the P1 
stock to achieve a higher titre P2 stock was per
formed on 6-well tissue culture plates. Each well 
contained 2 mL of 1 × 106 cells/mL. The volume of 
P1 inoculum was calculated based on 
a multiplicity of infection (MOI) of 0.1 per well 
(P1 target viral concentration 1 × 106–1 × 107 IFU/ 
mL). Cells were incubated at 27.5°C for 30 min to 
allow the cells to attach to the plates before adding 
the calculated volume of inoculum and incubating 
for 7 days at 27.5°C. The P2 viral stock was har
vested by transferring the medium from each well 
to 50 mL centrifuge tubes and centrifuged for 
10 min at 1000 rpm (room temperature). The 

Figure 9. Summary of the impacts of chemical modifications to histone H4S1 and H4K5 on asymmetric and symmetric dimethylation 
of H4R3 by PRMT1 and PRMT5. Phosphorylation of H4S1 inhibits ADMA and SDMA production by PRMT1 and PRMT5, respectively. 
H4K5 methylation does not affect asymmetric dimethylation by PRMT1, yet it is inhibitory to PRMT5. Maintaining the positively 
charged H4K5 ε-amine is important for ADMA production by PRMT1. Acetylation, the loss of the ε-amine (norleucine), or butyrylation 
of H4K5 supports symmetric dimethylation of arginine by PRMT5. Red line with blunt end = inhibiting, green arrow = activating, and 
black dotted line = little or no effect.
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supernatant was collected as the P2 viral stock and 
stored at 4°C. The viral titre concentration (IFU/ 
mL) was determined using a 96-well baculovirus 
plaque assay with a viral dilution range of 10−1 to 
10−7. The target range for the P2 viral titre stocks 
was 1 × 107–1 × 108 IFU/mL. For protein expres
sion, Sf9 insect cells were cultured in suspension at 
27.5°C (130 rpm) in Expression Systems ESF 
921 + 100 U P/S medium until the cell density 
was 1.5 × 106 cells/mL for a 200 mL culture. The 
200 mL culture was then inoculated with P2 viral 
stocks of PRMT5 and MEP50 to achieve an MOI 
of 2. Cultures were incubated for 72 h at 27.5°C 
(130 rpm) before harvesting the cells by centrifu
gation (1000 rpm, 10 min) and discarding the 
supernatant. Cell pellets were flash frozen with 
liquid N2 and stored at −80°C until there was 
time for the purification process. Frozen cell pel
lets were thawed and disrupted twice at 100 psi in 
20 mL of cell lysis buffer (50 mM Tris pH 8, 
300 mM NaCl, 10% glycerol, 0.1% Triton X-100, 
1 mM PMSF). Cell lysates were centrifuged for 
60 min at 4°C (18000 rpm) in an Avanti J-26 
XPI centrifuge with a JA-30.50 rotorhead. 10 mL 
of Ni-NTA (EMD Millipore) slurry was loaded 
into a 50 mL column and equilibrated with 
4 × 15 mL of column equilibration/wash buffer 
(50 mM Tris pH 8, 250 mM NaCl, 30 mM 
Imidazole, 10% glycerol, 1 mM TCEP, 1 mM 
PMSF). The equilibrated nickel resin was rocked 
with the cell lysate supernatant on an orbital sha
ker for 1 h at 4°C. Afterwards, the resin was 
drained by gravity flow and washed with 
4 × 25 mL of equilibration/wash buffer (50 mM 
Tris pH 8, 250 mM NaCl, 30 mM Imidazole, 10% 
glycerol, 1 mM TCEP, 1 mM PMSF). Proteins 
were eluted with 3 × 5 mL of elution buffer 
(50 mM Tris pH 8, 250 mM NaCl, 300 mM 
Imidazole, 10% glycerol, 1 mM TCEP, 1 mM 
PMSF). Elution samples were loaded into 10,000 
MWCO SnakeSkin (Thermo Scientific) dialysis 
tubing and dialysed in storage buffer (50 mM 
Tris pH 8, 250 mM NaCl, 10% glycerol, 1 mM 
TCEP) with 3 buffer replacements over a course of 
18 h at 4°C. Proteins were concentrated by centri
fugation (6000 rcf, 4°C) in Vivaspin 20 ultrafiltra
tion devices (10000 MWCO, GE Healthcare). 
Protein concentrations were determined with the 

Bradford Assay (Thermo Scientific), and protein 
purities were verified by SDS-PAGE (Fig. S8).

Peptide synthesis
Peptides were synthesized by Fmoc solid-phase 
peptide synthesis protocol on an AAPPTec Focus 
XC synthesizer using a Wang resin (Fmoc-Lys 
(Boc)-Wang, 100–200 mesh, ChemPep). Synthesis 
scale was either 50 or 100 µmole. Coupling of 
Fmoc-Ser(HPO3Bzl)-OH (ChemPep), Fmoc-Lys 
(me,Boc)-OH (ChemPep), or Fmoc-Lys(ac)-OH 
(ChemPep) utilized 5 eq amino acid (AA), 5 eq 
HCTU [O-(1 H-6-chlorobenzotriazol-1-yl)- 
1,1,3,3-tetramethyluronium hexafluorophosphate], 
5 eq of HOBt, and 15 eq of DIPEA in 6 mL DMF 
and mixed overnight. Coupling of Fmoc-Arg(me, 
Pbf)-OH (Novabiochem) utilized 5 eq AA, 5 eq 
HCTU, 5 eq of HOBt, and 15 eq of DIPEA in 
6 mL NMP and mixed overnight. Coupling of 
Fmoc-Nle-OH (Chem-Impex) utilized 10 eq AA 
in NMP, 10 eq HCTU in DMF, 10 eq of HCTU in 
DMF, and 100 eq of NMM in DMF and mixed for 
60 min. To butyrylate H4K5, Fmoc-Lys(DDE)-OH 
was double coupled using 10 eq of AA in NMP, 10 
eq HCTU in DMF, and 40 eq NMM in DMF for 
45–55 min at room temperature for the first cou
pling and then allowed to react overnight at room 
temperature during the second coupling. We pro
ceeded to finish synthesizing the remaining resi
dues in the H4 peptide and cap the N-terminus to 
avoid accidentally deprotecting the Fmoc group 
from Fmoc-Lys(DDE) during the removal of 
DDE with hydrazine. Lys(DDE) was deprotected 
with 2% hydrazine in DMF for 2 h at room tem
perature, drained, and repeated with fresh 2% 
hydrazine in DMF for 2 h at room temperature. 
After washing the resin with DMF, the butyryla
tion reaction was prepared with 10 eq of butyric 
acid in DMF, 10 eq HCTU in DMF, and 40 eq 
NMM in DMF for 1 h at room temperature and 
then repeated, allowing the reaction to proceed 
overnight. In general, the Fmoc deprotection reac
tions were performed with 20% (v/v) piperidine in 
dimethylformamide. The N-terminus of each pep
tide, unless stated otherwise, was acetylated by 
mixing the Fmoc deprotected peptides with 50 eq 
acetic anhydride, 50 eq DIPEA prepared in DMF 
(4:1, DMF:acetic anhydride) for 30 min. Peptides 
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were cleaved from Wang resin with 2.5% ethane
dithiol (EDT), 5% deionized water, 5% thioanisole, 
5% phenol, 1% triisopropylsilane, and 81.5% tri
fluoroacetic acid (TFA). Peptides were precipitated 
in cold diethyl ether and pelleted by centrifugation 
(5 min, 2000 rpm). After centrifugation, the crude 
peptides were dissolved in water for lyophilization. 
Purification was performed on a Shimadzu 
reversed-phase high-performance liquid chroma
tography (RP-HPLC) system equipped with 
a Polaris 5 C18-A, 150 mm × 21.2 mm column 
(Agilent). Peptides were purified with a linear gra
dient using 0.05% TFA in water and 0.05% TFA in 
acetonitrile as the two mobile phases. The purified 
peptides were confirmed and characterized by 
MALDI (Table 1), and the peptide purity was 
checked by analytical HPLC. Peptide stock con
centrations were calibrated using 1H NMR with an 
internal standard, 4,4-dimethyl-4-silapentane- 
1-sulphonic acid (DSS), as previously described 
[15] (Table S1 and Fig. S9).

Radioactive methylation assay (filter-based assay)
Reactions were performed as previously described 
[15]. For the reactions performed with PRMT5, 
the P81 filter paper dimensions were 1.1 × 2 cm 
and the filters were provided by the Protein 
Chemistry & Metabolism Unit at St. Vincent’s 
Institute of Medical Research, Australia. 
A comparison of the P81 filter paper manufac
tured by Whatman, Reaction Biology, and 
St. Vincent’s Institute of Medical Research is avail
able in the Supporting Information (Fig. S10). 
Each methylation reaction was supplied with 
either [14C]-isotope-labelled SAM ([14C]-SAM 
56.3 mCi/mmol or [14C]-SAM 58 mCi/mmol, cat
alogue No. NEC363050UC from PerkinElmer, 
Inc.). The reaction buffer contained 50 mM 
HEPES (pH 8), 10 mM NaCl, 0.5 mM EDTA, 
and 0.5 mM DTT. Each peptide was pre-mixed 
at room temperature with [14C]-SAM before initi
ating the reaction by adding the PRMT for a final 
concentration of 0.02 μM with the 15 min reac
tions or 0.05 μM with the 35 min reactions as 
indicated in the results. The reaction time points 
were chosen within the linear phase of the pro
gress curves of PRMT1 and PRMT5 with various 
chemically modified H4 peptides (Fig. S11). Once 
initiated, all reactions were incubated at 30°C. 

Because we observed a low signal to background 
difference at 0.05 µM of PRMT5 (Fig. S4), we tried 
higher concentrations of PRMT5 at 0.25 µM and 
0.5 µM to see if the rates were comparable and 
potentially further reduce the experimental error 
values. Consistently, in both cases at higher con
centrations of PRMT5, methylation of H4K5 does 
not affect PRMT5-catalysed methylation (Fig. 
S12). Reactions were quenched by an equal 
volume of isopropanol, immediately vortexed, 
pulse spun down, and then loaded onto P81 
Whatman filter paper (2.2 cm x 2 cm for each 
sample, Reaction Biology) to dry for 30 min at 
room temperature. Afterwards, the filter paper 
samples (except [14C]-SAM reference samples) 
were washed three times (20 min/wash) with 
50 mM NaHCO3 (pH 9). All filter paper samples 
were allowed to dry for at least 3 h at room 
temperature. Each filter paper sample was 
immersed in 5 mL of scintillation cocktail 
(Ultima Gold mixture, PerkinElmer) and incu
bated for 30 min � 1 h at room temperature in 
the dark before liquid scintillation counting on 
a Beckman Coulter LS 6500 Multi-Purpose 
Scintillation Counter (5 min/sample). The counts 
per minute (cpm) was measured by liquid scintil
lation counting and converted to the concentra
tion of methylated products (P) based on the 
known concentration and cpm measured for the 
[14C]-SAM reference samples (Eq. 1). The experi
ments were performed, at minimum, in duplicate. 
Either KaleidaGraph (Version 4.03) or GraphPad 
Prism 7 was used to fit the kinetic data with 
equation 1 (Hill) to calculate the steady-state 
kinetic parameters kcat, K0.5, and n (Hill coeffi
cient) based on our previous studies[15]. For con
sistency and comparison with other reported 
steady-state kinetic parameters in the PRMT 
field, the units are reported in minutes and µM.

Rate min� 1ð Þ¼ v
E½ � ¼

kcat S½ �n

K0:5
nþ S½ �n (Eq. 1, Hill 

equation)
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