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Histone arginine methylation is a key post-translational
modification that mediates epigenetic events that activate or
repress gene transcription. Protein arginine methyltransferases
(PRMTs) are the driving force for the process of arginine
methylation, and the core histone proteins have been shown to
be substrates for most PRMT family members. However, pre-
vious reports of the enzymatic activities of PRMTs on histones
in the context of nucleosomes seem contradictory. Moreover,
what governs nucleosomal substrate recognition of different
PRMT members is not understood. We sought to address this
key biological question by examining how different macro-
molecular contexts where the core histones reside may regulate
arginine methylation catalyzed by individual PRMT members
(i.e., PRMT1, PRMT3, PRMT4, PRMT5, PRMT6, PRMT7, and
PRMT8). Our results demonstrated that the substrate context
exhibits a huge impact on the histone arginine methylation
activity of PRMTs. Although all the tested PRMTs methylate
multiple free histones individually, they show a preference for
one particular histone substrate in the context of the histone
octamer. We found that PRMT1, PRMT3, PRMT5, PRMT6,
PRMT7, and PRMT8 preferentially methylate histone H4,
whereas PRMT4/coactivator-associated arginine methyl-
transferase 1 prefers histone H3. Importantly, neither recon-
stituted nor cell-extracted mononucleosomes could be
methylated by any PRMTs tested. Structural analysis suggested
that the electrostatic interaction may play a mechanistic role in
priming the substrates for methylation by PRMT enzymes.
Taken together, this work expands our knowledge on the
molecular mechanisms of PRMT substrate recognition and has
important implications for understanding cellular dynamics
and kinetics of histone arginine methylation in regulating gene
transcription and other chromatin-templated processes.

Over the past few decades, there has been significant strides
in understanding the intricate mechanisms that regulate
chromatin structure and how structural changes in the chro-
matin can enable or hinder gene transcription (1). The basic
unit of the chromatin is the nucleosome, which consists of 146
base pairs of DNA wrapped around a protein core called the
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histone octamer (2). The histone octamer includes two copies
of the low–molecular-weight proteins (11–14 kDa) and highly
basic histone proteins: H4, H3, H2A, and H2B (3, 4). When the
histones are not in the complex form of the nucleosome, the
histones H3 and H4 form a stable tetramer, whereas H2A and
H2B form a stable dimer (2). One of the mechanisms that can
alter chromatin structure and impact gene transcription is the
post-translational modifications (PTMs) on the nucleosomal
core histones (5, 6). Among histone PTMs, multiple charac-
teristic arginine methylation sites have been identified and
correlate with different gene expression states (7, 8). Histone
arginine methylation is introduced by protein arginine meth-
yltransferases (PRMTs), which catalyze the formation of three
major types of arginine methylation marks: NG-mono-
methylarginine (MMA), asymmetric NG, NG-dimethylarginine
(ADMA), and symmetric NG, N’G-dimethylarginine (SDMA).
PRMTs are classified based on the type of methyl marks they
deposit: PRMT1, PRMT2, PRMT3, PRMT4 (coactivator-
associated arginine methyltransferase 1 [CARM1]), PRMT6,
and PRMT8 are type I enzymes generating MMA and ADMA;
PRMT5 and PRMT9 are type II enzymes generating MMA and
SDMA; and PRMT7 is a type III enzyme generating only
MMA (9).

Nucleosomal histones are important cellular substrates of
PRMTs, and histone arginine methylation plays important roles
in regulating chromatin dynamics, transcriptional activation or
repression, and DNA damage repair (6, 8, 10–14). Individual
PRMT enzymes exhibit varied site specificity on the histone
substrates. PRMT1 asymmetrically dimethylates histone H4 at
the arginine-3 site (H4R3) in mammalian cells, and this event
correlates with transcriptional activation in gene expression
regulation (15–19). PRMT8, the closest homolog of PRMT1,
methylates free histone H4 protein (20). Overexpressed
PRMT3 in human embryonic kidney 293 cells methylates H4
and increases H4R3me2a level in cells (21). In agreement, re-
combinant PRMT3 methylates histone H4 peptides in vitro
(22, 23). PRMT4 (CARM1) methylates histone H3 at multiple
sites: R2, R17, and R26, and promotes gene activation (24, 25).
H3R17/26 methylation is critical to early mouse embryo
development and paternal genome reprogramming (26, 27).

PRMT5 is reported to methylate multiple histone proteins
H2A, H3, and H4. PRMT5 can methylate histones H2A and
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Histone arginine methylation
H4 to generate H2AR3me2s and H4R3me2s modifications
that are associated with gene repression (28–30). PRMT5 is
highly expressed in embryonic stem cells and selectively
methylates cytosolic H2AR3 (31). Furthermore, the H3R8 site
is symmetrically dimethylated by the SWItch/Sucrose
nonfermentable–associated PRMT5, and this methylation is
related to H4R3me2s methylation and leads to transcriptional
repression (32, 33). The H3R8 site can also be subjected to
asymmetric dimethylation by PRMT2, and the H3R8me2a
methylation mark at promoters and enhancers is required for
the maintenance of target gene expression (34).

H3R2 is asymmetrically dimethylated by PRMT6, forming
H3R2me2a, which antagonizes the mixed lineage leukemia 1
complex from methylating H3K4 (35–37). Therefore,
H3R2me2a inhibits H3K4 trimethylation and acts as a
repressive mark, and PRMT6 is associated with transcriptional
repression of tumor suppressor genes (38, 39). In contrast,
PRMT5-caused symmetric dimethylation of H3R2
(H3R2me2s) is associated with gene activation (40). Mecha-
nistically, H3R2me2s is permissive for binding with WD-40
repeat–containing protein 5, whereas H3R2me2a is preven-
tive (37, 41). H3R42 is another site methylated by both
CARM1 and PRMT6, and the methylation stimulates tran-
scription (42). On histone H2A, except the R3 site, R11 and
R29 can also be methylated by PRMT1 and PRMT6, and
notably, H2AR29me2 is specifically enriched at genes
repressed by PRMT6, implicating the role of H2AR29me2 in
transcriptional repression (43).

The pseudodimeric enzyme PRMT7 is only capable of
catalyzing the formation of monomethylarginine (i.e., type III
activity). PRMT7 methylates all the four core histones in the
free protein form: H2A, H2B, H3, and H4 (44). In particular,
PRMT7 specifically recognizes arginine residues within an
RXR motif in arginine- and lysine-rich regions, such as
H2BR29, H2BR31, and H4R17 (45, 46). PRMT7-mediated
monomethylation of H4R17 allosterically potentiates PRMT5
activity on H4R3 (47). PRMT9 does not have methyltransfer-
ase activity on the nuclear histones (48). There are additional
arginine methylation sites in histones, but their biochemical
and functional properties remain to be characterized (13).

While many PRMTs are reported to methylate histones, and
in some cases also the nucleosome (e.g., PRMT5 (30) and
PRMT1 (16)), there has yet to be a systematic study that
Figure 1. The three macromolecular contexts of histone substrates teste
bound octamers (i.e., nucleosomes).
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comparatively examines how the histone assemblies affect
PRMT substrate specificity among individual PRMT family
members. Such information is particularly important for
assessing how the substrate interaction and the methylation
activity of PRMTs are altered by the context of substrates. For
instance, several studies have demonstrated that different
PTM patterns in the histone substrates exhibit sophisticated
influence on the activities of PRMTs in arginine methylation
(47, 49–53). To better mechanistically understand how
different PRMT enzymes access and methylate cellular histone
proteins for epigenetic regulation, in this work, we performed
detailed methylation studies of histone arginine methylation
under different macromolecular contexts: the individual-free
histones, histone octamers, and mononucleosomes (Fig. 1),
catalyzed by different human PRMT proteins: PRMT1,
PRMT3, PRMT4, PRMT5, PRMT6, PRMT7, and PRMT8.
PRMT2 and PRMT9 were not included in this study because
the recombinantly expressed PRMT2 is inactive in histone
methylation assays (42, 54), and PRMT9 is a nonhistone
methyltransferase (48). Also, given that H3.3 is incorporated at
loci of active gene transcription and its expression is not
limited to a specific phase in the cell cycle (unlike H3.1 and
H3.2) (55), we used the histone octamer and mono-
nucleosomes containing recombinant full-length H3.3 in these
experiments. Our data found that different macromolecular
contexts drastically impacted the activities of all the PRMTs
examined.
Results

PRMT1 methylates histones H2A and H4 individually yet
favors methylation of histone H4 in the context of the histone
octamer

We used a gel-based phosphorimaging methyltransferase
assay to determine the substrate specificity of different PRMTs
in histone methylation (52). The reaction solutions contained
individual PRMT enzyme, SAM-(methyl-14C) [14C]SAM, and
methyl acceptor substrates such as individual recombinant
human histones (H2A, H2B, H3.3, and H4), histone octamer,
mononucleosome, or a peptide with a sequence of the N-ter-
minal tail of histone H4, H3, or H2A. Given that two copies of
each histone exist in the histone octamer, we calculated the
appropriate amount of histone octamer to achieve equal molar
d in this study. A, free histones, B, histone octamers, and C, nucleic acid–



Histone arginine methylation
concentrations of histone in each reaction. Methylation re-
actions proceeded for 30 min (unless noted otherwise),
quenched with 6× Tris–tricine gel loading buffer, and heated
for 10 min at 95 �C. Proteins were resolved by 16% SDS-PAGE
using a Tris–tricine buffer system, and then stained with
Coomassie brilliant blue to visualize protein loading across
lanes. Afterward, gels were dried for 2 h at 70 �C and then
exposed to a storage phosphor screen (PerkinElmer) for 72 h
in the dark, unless stated otherwise.

It is well known that PRMT1 asymmetrically dimethylates
histone H4 at the arginine-3 site (H4R3), and this event pro-
motes transcriptional activation (15, 16, 56–58). Also, PRMT1
has been reported to methylate oligonucleosomes extracted
from 6C2 cells, which was regarded as an essential step to
promote histone acetylation (16). We sought to understand
how PRMT1 may behave differently when the histone
substrates are presented in varying forms: short peptide (Ac-
H4(1–20)), individual full-length recombinant histones,
recombinant histone octamer, and recombinant mono-
nucleosome. As shown in Figure 2 and Fig. S1, PRMT1 heavily
Figure 2. Arginine methylation of the histones in different contexts by
PRMT1. Reactions were held for 30 min at 30 �C with 0.05 μM PRMT1, 5 μM
[14C]SAM, and 1 μM of substrate. Samples were resolved by SDS-PAGE with
a 16% polyacrylamide gel, stained with Coomassie blue, and then dried for
2 h. Dried gels were exposed to the phosphor screen for 72 h in the dark.
[14C]BSA and a protein ladder were used in lanes 1 and 10 as a radiolabeled
protein marker and a protein MW reference, respectively. A, phosphor im-
age of radiolabeled proteins. B, Coomassie blue protein staining of the
respective samples from the same gel. [14C]BSA, [14C]-labeled bovine serum
albumin; [14C]SAM, SAM-(methyl-14C); MW, molecular weight; PRMT1, pro-
tein arginine methyltransferase 1.
methylated H2A and H4 but did not methylate H2B or H3.3 in
the full-length protein form. We did not observe arginine
methylation of the recombinant mononucleosomes by
PRMT1, which is consistent with a previous report that used
recombinant mononucleosomes (52). Under these reaction
conditions, we clearly observed arginine methylation of the
Ac-H4(1–20) peptide (Fig. 2, lane 9). To further understand
the pattern of substrate specificity of PRMT1 on histones, we
performed the methyltransferase assay with the H2A/H2B
dimer, H3/H4 tetramer, histone H3.1 octamer, and histone
H3.3 octamer. As seen in Fig. S1, E–H, in the context of H2A/
H2B dimer, PRMT1 strongly methylated H2A, which was
similar to the methylation of free H2A (comparing lane 3 and
lane 8). However, when the H3/H4 tetramer was added to the
H2A/H2B dimer solution, H2A could not be methylated
anymore and instead PRMT1 solely methylated H4 (lane 5).
Therefore, the H2A methylation site is shielded by the H3/H4
tetramer, and only the H4 methylation site is accessible by
PRMT1 in the octamer state, which explains why H2A is only
methylated in the free H2A and the H2A/H2B dimer forms
but not in the octamers. Overall, PRMT1 is capable of meth-
ylating the individual histones H2A and H4 proteins but
exhibited a preference for histone H4 in the context of the
histone octamer.
PRMT3 methylates histones H4 and H2A individually, and the
N-terminal region of PRMT3 is important for methylation of
the histone octamer

Thus far, there are a few reports that mention the use of
histone peptides (only H4-based sequences) as a substrate of
PRMT3 (22, 23, 49, 59), and there is one report that examines
the specific histones that PRMT3 methylates when provided
the histone octamer (42). Also, the N-terminal region of rat
PRMT3 has been reported to be important for substrate
specificity (60). To determine whether the N-terminal region
of human PRMT3 influences substrate preference with his-
tones, we performed the assay with both truncated (residues
211–531, Protein Data Bank [PDB] entry: 2FYT) and full-
length (residues 1–544) PRMT3 (Fig. 3, Figs. S2 and S3). In
the recombinant-free protein forms, the truncated PRMT3
strongly methylated histone H2A in comparison to H4 but did
not appear to methylate H2B or H3 (Fig. 3, A and B). When the
substrate was the histone octamer, there was only a weak
detection of arginine methylation on H4 (Fig. 3A, lane 7). The
full-length PRMT3 strongly methylated the individual histone
H2A over H4, whereas H2B and H3.3 were not methylated
(Fig. 3, C and D). Unlike the truncated PRMT3, the full-length
PRMT3 clearly methylated the histone octamer and preferred
histone H4 in this macromolecular context (Fig. 3C, lane 7).
Also, strong arginine methylation of the Ac-H4(1–20) peptide
was observed with only the full-length PRMT3 under these
reaction conditions. Regardless of truncated or full-length
PRMT3, in the context of nucleosome, no histones were
observed to be methylated (lane 8 in Fig. 3, A and C). These
results demonstrate that PRMT3 methylates histones H2A and
H4 in the free protein form but only methylates H4 in the
J. Biol. Chem. (2021) 297(4) 101123 3



Figure 3. Arginine methylation of histones and mononucleosomes by PRMT3. Reactions were held for 30 min at 30 �C with 0.05 μM truncated (A and B)
or full-length PRMT3 (C and D), 5 μM [14C]SAM, and 1 μM of substrate. Samples were resolved by SDS-PAGE with a 16% polyacrylamide gel, stained with
Coomassie blue, and then dried for 2 h. Dried gels were exposed to the phosphor screen for 96 h in the dark. [14C]BSA and a protein ladder were used in
lanes 1 and 10 as a radiolabeled protein marker and a protein MW reference, respectively. A and C, phosphor images of radiolabeled proteins. B and D,
Coomassie blue protein staining of the respective samples from the same gel. [14C]BSA, [14C]-labeled bovine serum albumin; [14C]SAM, SAM-(methyl-14C);
MW, molecular weight; PRMT3, protein arginine methyltransferase 3.

Histone arginine methylation
octamer form, and the N-terminal domain of PRMT3 impacts
histone arginine methylation.

PRMT4/CARM1 methylates all the core histones, yet prefers to
methylate H3.3 in the context of the histone octamer

To determine the substrate specificity of PRMT4/CARM1
with the various histone substrates, we performed radioactive
methylation assays based on the reaction conditions used by
Zhang et al. (61). To improve the signal-to-background noise,
the exposure time was extended to 96 h for the dried gel with
the phosphor screen. With these conditions, PRMT4 methyl-
ates all the recombinant histones individually, and the order of
labeling intensity appeared to be H4 < H2A, H2B < H3.3, with
H3.3 being the most heavily methylated substrate (Fig. 4 and
Fig. S4). In the context of the histone octamer, PRMT4
strongly methylated H3.3 but not any other histones. The
substrate preference toward H3 by PRMT4 was in agreement
with previous studies showing that PRMT4 methylates mul-
tiple sites in H3 (24, 25, 62). Similar to PRMT1 and PRMT3,
we did not observe any arginine methylation of the mono-
nucleosomes by PRMT4, in agreement with a previous report
(24). Also, methylation of the Ac-H3(1–20) peptide was not
4 J. Biol. Chem. (2021) 297(4) 101123
observable under these reaction conditions, likely because the
methylation site R-17 is too close to the carboxyl end as the
C-terminal residues were previously shown to be important for
substrate recognition by PRMT4 (63). Together, the data
demonstrate that PRMT4 methylates individual histones H2A,
H2B, H3.3, and H4 in the recombinant protein form and yet
shows a preference for methylating histone H3.3 alone in the
macromolecular context of octamers.

PRMT5 and PRMT5/MEP50 methylate histones H2A and H4,
yet strongly methylate H4 alone in the context of the histone
octamer

We performed the phosphorimaging assay to determine
whether there were differences in the substrate specificity of
PRMT5 alone versus PRMT5–MEP50 complex when given
individual histones, octamers, or mononucleosomes (Figs. 5,
Figs. S5 and S6). Both PRMT5 and PRMT5/MEP50 strongly
methylated recombinant H2A and H4 (Fig. 5). Interestingly,
PRMT5 methylated H2A and H4 approximately at an equiv-
alent level, but PRMT5/MEP50 showed a higher methylation
activity on H2A in comparison to H4. Neither PRMT5 nor
PRMT5/MEP50 could methylate H2B. In the context of the



Figure 4. Arginine methylation of histones and mononucleosomes by
PRMT4. Reactions were held for 1 h at 30 �C with 0.05 μM PRMT4, 5 μM
[14C]SAM, and 1 μM of substrate. Samples were resolved by SDS-PAGE with
a 16% polyacrylamide gel, stained with Coomassie blue, and then dried for
2 h. Dried gels were exposed to the phosphor screen for 96 h in the dark.
[14C]BSA and a protein ladder were used in lanes 1 and 10 as a radiolabeled
protein marker and a protein MW reference, respectively. A, phosphor im-
age of radiolabeled proteins. B, Coomassie blue protein staining of the
respective samples from the same gel. [14C]BSA, [14C]-labeled bovine serum
albumin; [14C]SAM, SAM-(methyl-14C); MW, molecular weight; PRMT4, pro-
tein arginine methyltransferase 4.
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histone octamer, PRMT5 and PRMT5/MEP50 only methyl-
ated H4, and arginine methylation on the other core histones
was absent. We observed greater arginine methylation of the
Ac-H2A(1–21) peptide and H3.3 (faint band in Fig. 5A, lane 5
and lane 9) by PRMT5/MEP50 than PRMT5 alone, which
affirms that MEP50 plays a role in modulating substrate
specificity of PRMT5 (51, 64, 65). Also, PRMT5 and PRMT5/
MEP50 did not methylate the mononucleosome (lane 8, Fig. 5,
A and C).
PRMT6 methylates the individual histones H2A, H3.3, and H4,
yet strongly methylates H4 in the histone octamer

We initially performed the radioactive methyltransferase
assay using the conditions used for PRMT1 (30 min at 30 �C
with 0.05 μM enzyme, 5 μM [14C]SAM, and 1 μM of sub-
strate); however, histone arginine methylation by PRMT6 was
not observed (data not shown). To improve the signal-to-
background noise, the incubation time for the dried gel with
the phosphor screen was increased to 96 h. Also, the reaction
time was increased to 3 h at 30 �C with 0.5 μM PRMT6, 5 μM
[14C]SAM, and 1 μM of substrate. With these conditions, a
faint higher molecular weight band was observed in nearly all
the lanes with PRMT6, which was caused by PRMT6 auto-
methylation (Fig. 6 and Fig. S7). PRMT6 methylated the in-
dividual histone proteins H2A, H3.3, and H4, with strongest
activity on H4. In the context of the histone octamer, an even
greater level of radiolabeled H4 was observed in comparison to
H2A and H3.3. Consistent with the other PRMTs, PRMT6
does not methylate the mononucleosome. Also, arginine
methylation of the Ac-H3(1–20) peptide was not detectable
under these reaction conditions.

PRMT7 methylates the histones H2A, H2B, and H4 individually,
yet strongly methylates H4 alone in the histone octamer

As with PRMT6, we did not observe arginine methylation of
the histones by PRMT7 under the reaction conditions that
were applied to PRMT1 (data not shown). We applied the
same exposure time and reaction conditions to PRMT7 that
were used for PRMT6 (3-h reaction time and a 96-h exposure
with the phosphor screen). We observed arginine methylation
of the individual histones H2A, H2B, and H4 by PRMT7, albeit
H2A was the most heavily methylated substrate (Fig. 7 and
Fig. S8). Despite this observation, PRMT7 strongly methylated
only histone H4 when presented with the histone octamer.
Consistent with the other PRMTs examined, arginine
methylation was not observed with the mononucleosome.
Also, arginine methylation was not observed with H2A(1–21)
under these conditions.

PRMT8 methylates histones H2A, H3.3, and H4 individually,
yet prefers to methylate H4 alone in the histone octamer

Given PRMT8 shares the highest degree of structural ho-
mology with PRMT1 (66), one might expect PRMT8 and
PRMT1 to methylate histones in a similar pattern. Interest-
ingly, we observed a slight divergence of PRMT8 activity from
PRMT1. PRMT8 methylated the individual histones H2A,
H3.3, and H4, with the strongest radiolabeling observed on
H2A (Fig. 8 and Fig. S9). Also unlike PRMT1 (Fig. 2), arginine
methylation of the Ac-H4(1–20) peptide by PRMT8 was not
detectable under this reaction condition. In the presence of the
histone octamer, histone H4 alone was strongly methylated by
PRMT8, and the level of arginine methylation appeared
comparable to the reaction with only H2A as the substrate
(Fig. 8A, lane 3). Consistent with the previous results for all the
other PRMTs we examined, PRMT8 did not appear to meth-
ylate the mononucleosome.

The PRMTs do not methylate the HeLa mononucleosomes

To determine whether the source of mononucleosomes
matters in PRMT activity tests, we decided to use the mono-
nucleosomes extracted from HeLa cells. As a control and for
comparison, any arginine methylation of the HeLa mono-
nucleosomes by the PRMTs was compared against their
preferred individual histone substrate (i.e., H2A for PRMT1,
PRMT3, PRMT5, PRMT6, PRMT7, PRMT8 and H3.3 for
J. Biol. Chem. (2021) 297(4) 101123 5



Figure 5. Arginine methylation of histones and mononucleosomes by PRMT5. Reactions were held for 1 h at 30 �C with 0.05 μM PRMT5/MEP50 (A and
B) or 0.2 μM PRMT5 (C and D), 5 μM [14C]SAM, and 1 μM of substrate. Samples were resolved by SDS-PAGE with a 16% polyacrylamide gel, stained with
Coomassie blue, and then dried for 2 h. Dried gels with PRMT5/MEP50 and PRMT5 samples were exposed to the phosphor screen for 72 and 96 h in the
dark, respectively. [14C]BSA and a protein ladder were used in lanes 1 and 10 as a radiolabeled protein marker and a protein MW reference, respectively. A
and C, phosphor images of radiolabeled proteins from the reactions with PRMT5/MEP50 and PRMT5, respectively. B and D, Coomassie blue protein–stained
gels for PRMT5/MEP50 and PRMT5, respectively. [14C]BSA, [14C]-labeled bovine serum albumin; [14C]SAM, SAM-(methyl-14C); MW, molecular weight; PRMT5,
protein arginine methyltransferase 5.
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PRMT4). For all the PRMTs examined, we did not observe any
arginine methylation of the HeLa mononucleosomes (Fig. 9).
Automethylation of PRMT6 was consistently observed, in
agreement with previous reports (Fig. 9G) (67–70). The gel-
based assay was repeated with PRMT7 to determine if the
PRMT7 automethylation observed in Figure 9G was real. Upon
repeating the reaction with a new stock (same lot no. 2135) of
PRMT7, we only observed arginine methylation of H2A by
PRMT7 without any additional radiolabeling of higher mo-
lecular weight proteins (Fig. S10).
High salt does not enable arginine methylation of
mononucleosomes by PRMT1 and PRMT5/MEP50

After observing the absence of arginine methylation activity
of PRMTs on the mononucleosomes, we wondered if this was
due to the relatively low salt (NaCl) concentrations in the final
reaction mixture (e.g., 12 mM NaCl). The negatively charged
phosphate backbone of DNA can form electrostatic in-
teractions with the positively charged histones, especially with
the lysine-and arginine-rich N-terminal histone tails (71).
Mangenot et al. (72) reported an “extended” conformation
6 J. Biol. Chem. (2021) 297(4) 101123
model, with the histone tails projecting away from the nucle-
osome core, at high salt concentrations (200 mM NaCl and
higher) based on their small angle X-ray scattering data on
chicken and calf nucleosome core particles. Therefore, we
decided to increase the NaCl concentrations in the reaction to
promote the “extended” histone tail conformation to enhance
substrate recognition by the PRMTs. As the representative type
I and II PRMTs, PRMT1 and PRMT5/MEP50 were chosen in
this assay. The reactions were conducted at low salts (based on
the NaCl concentrations in the earlier reactions), 100 mM, and
200 mM NaCl concentrations. However, we still did not
observe any arginine methylation of the mononucleosomes, at
all the salt concentrations: low salt (12 mM NaCl with PRMT1
and 15 mM NaCl with PRMT5), 100 mM, or 200 mM NaCl
(Fig. 10 and Fig. S11). Histone H2A was used as a positive
control, and its methylation was clearly observed (Fig. 10, lanes
5 and 9), although the salt concentration was low (13.4 mM
NaCl with PRMT1 and 16.5 mM NaCl with PRMT5).

To exclude the pitfall that the high salt concentrations
(100 mM and 200 mM NaCl) were detrimental to PRMT1 or
PRMT5/MEP50 enzyme activity, we performed a control
experiment with simply histone H4 protein at low (10 mM)



Figure 6. Arginine methylation of histones and mononucleosomes by
PRMT6. A, reactions were held for 3 h at 30 �C with 0.5 μM PRMT6, 5 μM
[14C]SAM, and 1 μM of substrate. Samples were resolved by SDS-PAGE with
a 16% polyacrylamide gel, stained with Coomassie blue, and then dried for
2 h. Dried gels were exposed to the phosphor screen for 96 h in the dark.
[14C]BSA and a protein ladder were used in lanes 1 and 10 as a radiolabeled
protein marker and a protein MW reference, respectively. A, phosphor im-
age of radiolabeled proteins. B, Coomassie blue protein staining of the
respective samples from the same gel. [14C]BSA, [14C]-labeled bovine serum
albumin; [14C]SAM, SAM-(methyl-14C); MW, molecular weight; PRMT6, pro-
tein arginine methyltransferase 6.

Figure 7. Arginine methylation of histones and mononucleosomes by
PRMT7. A, reactions were held for 3 h at 30 �C with 0.5 μM PRMT7, 5 μM
[14C]SAM, and 1 μM of substrate. Samples were resolved by SDS-PAGE with
a 16% polyacrylamide gel, stained with Coomassie blue, and then dried for
2 h. Dried gels were exposed to the phosphor screen for 96 h in the dark.
[14C]BSA and a protein ladder were used in lanes 1 and 10 as a radiolabeled
protein marker and a protein MW reference, respectively. A, phosphor im-
age of radiolabeled proteins. B, Coomassie blue protein staining of the
respective samples from the same gel. [14C]BSA, [14C]-labeled bovine serum
albumin; [14C]SAM, SAM-(methyl-14C); MW, molecular weight; PRMT7, pro-
tein arginine methyltransferase 7.
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and high (100 and 200 mM NaCl) concentrations (Fig. S12).
For both PRMT1 and PRMT5/MEP50, arginine methylation
levels of H4 were not affected by high concentrations of NaCl.
This result clarified that high concentrations of NaCl would
not affect enzyme activity of PRMT1 or PRMT5/MEP50.
Therefore, the inability to methylate mononucleosomes is an
intrinsic property of the tested PRMTs.
Tetra-acetylation of the histone H4 tail does not enable
arginine methylation of mononucleosomes by PRMT1 and
PRMT5/MEP50

Although arginine methylation of mononucleosomes by the
PRMTs was not detected under all the experimental concentra-
tions, it could be possible that hyperacetylation of the N-terminal
tail of histone H4 (i.e., H4K5ac, H4K8ac, H4K12ac, and
H4K16ac) may enable arginine methylation of mono-
nucleosomes by the PRMTs. Especially, it has been reported that
acetylation of theN-terminalH4 tail affects PRMT1andPRMT5/
MEP50-mediated H4R3 methylation (49, 52). To examine
whether hyperacetylation of H4 can promote PRMT-catalyzed
arginine methylation of mononucleosomes, we conducted a
methylation assay using a recombinant mononucleosome con-
taining tetra-acetylatedhistoneH4 as the substrate. Recombinant
histone H4 protein was used as a positive control (Fig. 11, lanes 2
and 5), and the unmodified mononucleosome was used as a
negative control (Fig. 11, lanes 3 and 6). Based on the phos-
phorimaging results, there was no methylation of mono-
nucleosomes observed, evenwhen the histoneH4 tailwas present
in the hyperacetylated form.We summarized the results of all the
methylation experiments in Table 1.

Nucleosome inhibits methylation of histone H4 by PRMT1 and
PRMT5/MEP50

Because there was no detectable arginine methylation of
nucleosomes by PRMT1 or PRMT5, we wondered if the
presence of nucleosome would affect the methylation of free
histones by PRMT1 and PRMT5/MEP50. To examine the
influence of nucleosomes, we tested the methylation level of
recombinant histone H4 in the presence (Fig. 12, lanes 2 and
4) or the absence of recombinant mononucleosomes (Fig. 12,
lanes 3 and 5). The result clearly showed that methylation of
histone H4 by PRMT1 and PRMT5/MEP50 was abolished in
the presence of the nucleosome.
J. Biol. Chem. (2021) 297(4) 101123 7



Figure 8. Arginine methylation of histones and mononucleosomes by
PRMT8. A, reactions were held for 30 min at 30 �C with 0.05 μM PRMT8,
5 μM [14C]SAM, and 1 μM of substrate. Dried gels were exposed to the
phosphor screen for 72 h in the dark. [14C]BSA and a protein ladder were
used in lanes 1 and 10 as a radiolabeled protein marker and a protein MW
reference, respectively. A, phosphor image of radiolabeled proteins. B,
Coomassie blue protein staining of the respective samples from the same
gel. [14C]BSA, [14C]-labeled bovine serum albumin; [14C]SAM, SAM-(meth-
yl-14C); MW, molecular weight; PRMT8, protein arginine methyltransferase 8.

Histone arginine methylation
To understand the mechanism for the inhibitory effect of
nucleosome on histone H4 methylation by PRMT1, we per-
formed protein interaction assays using the native PAGE (i.e.,
regular SDS-PAGE without the addition of SDS). Under this
condition, protein structures and protein–protein interactions
are retained. On the native PAGE gel (Fig. S13), the PRMT1
protein and nucleosome were both clearly visible (lanes 1 and
3), likely owing to their negative charges in a running buffer of
pH 8 (PRMT1 has a pI of 5.81, and the nucleosome is DNA
bound). On the other hand, the recombinant H4 protein (lane
2) could not migrate onto the native gel because histone H4
was highly positively charged (pI 11.4). Lane 4 showed that
once PRMT1 was mixed with H4, the PRMT1 protein band
disappeared on this gel, ascertaining formation of PRMT1–H4
interactive complex. But, the migrations of PRMT1 and the
nucleosome were not mutually affected, highlighting there was
no significant binding between PRMT1 and the mono-
nucleosome. Therefore, we concluded that the nucleosome
inhibited PRMT1 activity by not binding the enzyme, but there
might be some other possibilities.

Discussion

Arginine methylation of nucleosomal histones is an
important regulatory mechanism for gene transcription (6),
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and these modifications have been observed on the histone tail
region, globular domain, and C-terminal region. Many of the
PRMTs (e.g., PRMT1, PRMT3, PRMT4, PRMT5, PRMT6, and
PRMT7) have been reported to catalyze the formation of
MMA, ADMA, and/or SDMA marks on the core histones (15,
30, 35, 42, 45). While previous studies have derived valuable
information about how PRMTs are regulated by the substrate
sequence and local PTMs on histone-based peptide substrates
(17, 47, 49–52, 73–75), peptide substrates lack the in vivo
structural contexts of the histone octamer and the basic unit of
chromatin, the nucleosome. To examine the impact of the
substrate’s macromolecular contexts on arginine methylation,
we performed radioactive biochemical assays with recombi-
nant PRMTs and recombinant human full-length histones,
histone octamers, and mononucleosomes. Consistent with
other observations (42, 51), we observed that all the tested
PRMTs demonstrate substrate specificity differences that are
dependent on the context of the histones (Table 1). All the
PRMTs methylate at least two of the full-length histones
individually. Yet, most of the PRMTs (PRMT1, PRMT3,
PRMT5, PRMT6, PRMT7, and PRMT8) prefer to methylate
H4 in the context of the histone octamer. The only exception
is PRMT4/CARM1, which prefers to methylate H3 in the
histone octamer even though PRMT4 is able to methylate all
the individual full-length recombinant histones. In our hands,
we did not observe arginine methylation of mononucleosomes
by any of the PRMTs examined, which coincides with the
previous reports (24, 43).

Consistent with the earlier reports, PRMT1 and PRMT4 can
methylate more than one histone individually, yet these en-
zymes prefer to methylate mainly histone H4 or histone H3,
respectively, in the histone octamer (25). Even though Chen
et al. (25) used mouse recombinant PRMT4/CARM1, our
results are similar to theirs in that human recombinant
PRMT4 methylated the individual histones H3.3 > H2A, H2B
> H4, and that PRMT4 preferred to methylate H3 in the
histone octamer. In consistence, PRMT1 demonstrates a
preference for methylating histone H4 in the histone octamer
(25, 42). What remains puzzling with PRMT1 is the report that
the enzyme is capable of methylating oligonucleosomes from
6C2 cells (16), and yet we did not observe any arginine
methylation of the recombinant or extracted mono-
nucleosomes by all the tested PRMTs. It is unclear if those
oligonucleosomes used in the previous study possess certain
structural characteristics that can promote PRMT1-catalyzed
arginine methylation. Another puzzling aspect is that Leal
et al. (76) recently detected H3 methylation by PRMT1 with an
in vitro biochemical assay. This is quite surprising because
previous studies did not find any H3 methylation activity by
PRMT1 (17, 18, 25). Upon a close examination of our phos-
phorimaging data, it appears that there is a very faint band in
the H3.3 reaction sample with PRMT1 (Fig. S1, lane 5).
Nonetheless, even if PRMT1 indeed methylates histone H3,
the labeling is significantly weaker in comparison to H4.

We initially used truncated PRMT3 (residues 211–531, PDB
entry: 2FYT) in this study because this was readily available,
and our previous study examined how PTMs on histone H4



Figure 9. Comparison of arginine methylation of histones and HeLa mononucleosomes by PRMTs. A and B, reactions were held for 30 min at 30 �C
with 0.05 μM PRMT1 or PRMT5/MEP50, 5 μM [14C]SAM, and 1 μM of substrate. C and D, reactions were held for 30 min at 30 �C with 0.05 μM PRMT8 or
truncated PRMT3, 5 μM [14C]SAM, and 1 μM of substrate. E and F, reactions were held for 1 h at 30 �C with 0.05 μM PRMT4 or 0.2 μM PRMT5, 5 μM [14C]SAM,
and 1 μM of substrate. G and H, reactions were held for 3 h at 30 �C with 0.5 μM PRMT6 or PRMT7, 5 μM [14C]SAM, and 1 μM of substrate. I and J, reactions
were held for 30 min with 0.05 μM PRMT3 or 0.5 μM PRMT7 at 30 �C, 5 μM [14C]SAM, and 1 μM of substrate. K and L, reactions were held for 30 min at 30 �C
with 0.5 μM PRMT1 or PRMT5/MEP50, 5 μM [14C]SAM, and 1 μM of substrate. A and K, phosphor images of radiolabeled proteins after 72 h in the dark. C, E,
G, and I, phosphor images after 96 h in the dark. B, D, F, G, J, and L, Coomassie blue protein staining. [14C]BSA and a protein ladder were used in lanes 1 and
10 in all gels as a radiolabeled protein marker and a protein MW ladder, respectively. [14C]BSA, [14C]-labeled bovine serum albumin; [14C]SAM, SAM-
(methyl-14C); MW, molecular weight; PRMT, protein arginine methyltransferase.

Histone arginine methylation
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Figure 10. Arginine methylation by PRMT1 and PRMT5/MEP50 in the
presence of low to high salt (NaCl) concentrations. Reactions were held
for 1 h at 30 �C with 0.05 μM PRMT1 or PRMT5/MEP50, 5 μM [14C]SAM, and
1 μM of substrate. The final NaCl concentration for reactions with PRMT1
was 12, 100, and 200 mM. The final NaCl concentration for reactions with
PRMT5/MEP50 was 15, 100, and 200 mM. Lanes 5 and 9 are the experi-
mental controls to show normal activity of PRMT1 and PRMT/MEP50,
measured at 13 and 17 mM of NaCl, respectively. A, phosphor image of
radiolabeled proteins after 72 h in the dark. B, Coomassie blue protein
staining. [14C]BSA and a protein ladder were used in lanes 1 and 10 as a
radiolabeled protein marker and a protein MW reference, respectively. [14C]
BSA, [14C]-labeled bovine serum albumin; [14C]SAM, SAM-(methyl-14C); MW,
molecular weight; PRMT, protein arginine methyltransferase.

Figure 11. Arginine methylation by PRMT1 and PRMT5/MEP50 in tetra-
acetylated H4 mononucleosome. Reactions were held for 30 min at 30 �C
with 0.05 μM PRMT1 or PRMT5/MEP50, 5 μM [14C]SAM, and 1 μM of sub-
strate. A, phosphor image of radiolabeled proteins after 72 h in the dark. B,
Coomassie blue protein staining. [14C]BSA and a protein ladder were used in
lanes 1 and 8 as a radiolabeled protein marker and a protein MW reference,
respectively. [14C]BSA, [14C]-labeled bovine serum albumin; [14C]SAM, SAM-
(methyl-14C); MW, molecular weight; PRMT, protein arginine
methyltransferase.
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could regulate PRMT3 catalysis (49). The N-terminal region of
PRMT3 may serve an important role for substrate engagement
of the histone substrates. It has been previously reported for
rat recombinant PRMT3 that the N-terminal acidic amino
acid–rich domain (1–194) containing the zinc finger motif
(48–69) is important for substrate specificity (60), and our
truncated PRMT3 is missing the zinc finger domain (48–71
human). We determined whether the N-terminal region of
PRMT3 is important for substrate recognition of different
histone substrates. Overall, truncated and full-length PRMT3
demonstrated the same preferences for the individual histones
H2A and H4. However, the level of histone octamer methyl-
ation was much higher in the presence of the full-length
PRMT3 than the truncated PRMT3 (Fig. 3). This validates
that the N-terminal region is indeed important for substrate
engagement. Also, our results are consistent with another
study that demonstrates FLAG-hemagglutinin-tagged PRMT3
heavily labels histone H4 within the octamer (42). While
PRMT3 is often found localized to the cytoplasm (60, 67),
there may be cases that result in PRMT3 translocation to the
nucleus as observed with the treatment of human embryonic
kidney 293 cells with palmitic acid (77). Hence, there may be
other physiological contexts for PRMT3 to methylate nuclear
histones that have yet to be discovered.

Both PRMT5 and PRMT5/MEP50 methylated H2A and H4
in the pure protein form. A particular notion is that the
methylation activity of PRMT5/MEP50 (but not PRMT5
10 J. Biol. Chem. (2021) 297(4) 101123
alone) was much higher on H2A than H4 (Figs. S5 and S6),
coinciding well with previous results (51, 65). This would
support that MEP50 strongly affects the substrate specificity of
PRMT5. Interestingly, even though PRMT5 is type II, it shares
the same substrate preference for H4 in the histone octamer as
type I enzymes PRMT1, PRMT3, PRMT6, PRMT7, and
PRMT8. Also, the fact that PRMT5 does not appear to
methylate the mononucleosome is consistent with previous
observations (51, 65). PRMT5 was previously shown unable to
methylate recombinant mononucleosomes unless DNase I is
present (65). Thus, substrate contexts strongly affect arginine
methylation activity of PRMT5. Yet, one report showed that
PRMT5 can methylate histone nucleosomes extracted from
K562 cells (30). Also, some studies reported that PRMT5
methylates histone H3 (32, 33, 40, 65, 78). In our study, we
observed only a very weak band of radiolabeled H3.3 by
PRMT5/MEP50, and the absence of MEP50 abolished this
faint methylation (Fig. 5A and Fig. S5). These differences may
be explained by differences in exposure time, reaction condi-
tions, and/or the presence of PTMs on the histones that might
stimulate PRMT5 activity (e.g., H4K5ac promotes H4R3
methylation by PRMT5) (49, 51, 52).

We observed that PRMT6 shows weak automethylation, and
this is consistent with previous reports (67, 68). Slightly
different than other reports, we observed that human recom-
binant PRMT6 methylated three histones: H2A, H3.3, and H4,
with relatively close intensities. Yet, the arginine methylation



Table 1
Summary of arginine methylation of histones, octamer, and mononucleosomes by PRMTs

PRMT enzyme H2A H2B H3.3 H4 Octamer Recombinant mononucleosome HeLa mononucleosome

PRMT1 ++ — — + H4 > H2A — —
Truncated PRMT3 ++ — — + — — —
PRMT3 ++ — — + H4 — —
CARM1 ++ ++ +++ + H3.3 — —
PRMT5 ++ — — + H4 — —
PRMT5/MEP50 ++ — — + H4 — —
PRMT6 + — + + H4 > H2A, H3.3 — —
PRMT7 ++ + — + H4 — —
PRMT8 +++ — + ++ H4 — —

Plus signs (+ low, +++ high) indicate relative substrate preference among the individual histones.
(—) indicates that arginine methylation was not observed.

Histone arginine methylation
by PRMT6 was dominantly on histone H4 in the histone
octamer, which was also observed by Casadio et al. (42).
Others have found that human recombinant PRMT6 methyl-
ated H3 and H2A > H4 > H2B, and PRMT6 demonstrates
substrate preference for H4 and H3 in the bulk histones (36).
Methylation of H3 is expected as it was previously shown that
PRMT6 is the major enzyme for H3R2me2a formation (35),
and PRMT6 also methylates H3R42 (42). The slight differences
in results may be owing to the source of the histones, since
others used histones extracted from calf thymus while Casadio
et al. (36) and we used recombinant human histones.
Consistently though, we and others did not observe arginine
methylation of nucleosomes by PRMT6.
Figure 12. Arginine methylation of H4 protein by PRMT1 and PRMT5/
MEP50 in the presence and absence of recombinant mono-
nucleosomes. Reactions were held for 30 min at 30 �C with 0.05 μM PRMT1
or PRMT5/MEP50, 5 μM [14C]SAM, and 1 μM of nucleosome or reaction
buffer. A, phosphor image of radiolabeled proteins after 72 h in the dark. B,
Coomassie blue protein staining. Lane 1 was used as a protein MW refer-
ence. [14C]BSA, [14C]-labeled bovine serum albumin; [14C]SAM, SAM-(meth-
yl-14C); MW, molecular weight; PRMT, protein arginine methyltransferase.
Based on the study of amino acid analysis of the methylated
histones by PRMT7 by Feng et al. (45), they observed that
PRMT7 methylates H2B > H3.3, H2A > H4 in a 20-h reac-
tion. In this study, we observed that PRMT7 strongly meth-
ylated H2A, H2B, and H4. Both H4 and H2B contain the RXR
motif (R17 and R19 in H4; R29, R31, and R33 in H2B) that is
favored by PRMT7, which resonates that they are good sub-
strates of PRMT7. This is particularly demonstrated in a recent
study showing that the H2B (23–37) peptide was the strongest
substrate of PRMT7 compared with a panel of H3 and H4
peptides (79). Lack of H2B methylation in the histone octamer
indicates that the RXR motif of H2B was inaccessible to
PRMT7 in the octamer context. Although histone H3
methylation by PRMT7 was reported previously (45), we only
observed a very faint band of H3.3 methylation, barely above
the background level (Fig. 7). The difference in results may be
attributed to the fact that we used recombinant human
PRMT7, whereas the previous study used mouse recombinant
PRMT7. The sequence identity between human and mouse
PRMT7 is about 85% (UniProt alignment of Q9NVM4 and
Q922X9). A comparative study between the two recombinant
proteins would be needed to confirm this difference in sub-
strate preference among species. Furthermore, Szewczyk et al.
(79) found that sequence extension on the carboxyl end hin-
ders the methylation of the N-terminal H3 peptide, which may
explain why the methylation of the full-length H3 protein by
PRMT7 is very weak.

PRMT8 shares the highest sequence identity with PRMT1
(80%) among the PRMT family members (66). Yet unlike
PRMT1, we observed that PRMT8 appears to methylate H3.3
in addition to H2A and H4, though at less intensity. While
PRMT8 is anchored to the plasma membrane because of its
N-terminal myristoylation, a few reports describe cases in
which endogenous PRMT8 or PRMT8 isoforms are localized
to the nucleus (80, 81). We used recombinant human
PRMT8 (variant 1 isoform 1, residues 1–394) with the N-
terminal Gly, which is subject to myristoylation in vivo (20).
It would be interesting to see if the other PRMT8 isoforms
exhibit a similar substrate preference with histones as
compared with the canonical PRMT8. Moreover, future
studies would be warranted to examine how arginine
methylation in different histones alters when the PRMT8
isoforms are knocked down or knocked out in mammalian
cells.
J. Biol. Chem. (2021) 297(4) 101123 11
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Acetylation of lysine residues in the H4 N-terminal histone
tail is expected to neutralize the positive charges, reduce its
interaction with the nucleosomal DNA, and increase its
exposure to histone-modifying enzymes. Yet, we did not
observe any arginine methylation of the tetra-acetylated nu-
cleosomes by PRMT1 or PRMT5. On one hand, the results are
in agreement with what we would expect for PRMT1 given
that a peptide with H4K5ac, H4K8ac, H4K12ac, and H4K16ac
is a very poor substrate for PRMT1 (52). However, on the
other hand, no methylation by PRMT5 of the hyperacetylated
mononucleosome is discordant with the previous observation
that a H4 peptide with K5ac, K8ac, K12ac, and K16ac is a
better substrate of PRMT5 than the H4 peptide (18). Appar-
ently, additional factors play modulatory roles in mediating
PRMT5 interaction with the nucleosome substrate. In terms of
effects of nucleosome acetylation on histone arginine
methylation, Xu et al. (82) showed that acetylated nucleosome
by p300 is a better substrate of CARM1.

The inability of the PRMTs in methylating nucleosomes
deserves much mechanistic investigation. We examined the
surface potential of PRMT1 and found that the inner ring
region of the homodimer where the active site and the
entrance of the arginyl peptide reside is highly acidic (i.e.,
negatively charged) (Fig. 13). With regard to the substrate, the
nucleosome possesses a huge negative potential mainly owing
to the bound DNA; conversely, the histone octamer core is
abundantly cationic. We propose that PRMT–substrate
interaction is significantly primed by the attractive electro-
static contacts between the acidic surface of PRMTs and the
alkaline surface of their substrates, and under this interactive
context, specific bindings come into play to fine tune indi-
vidual arginine site specificity (Fig. S14). The electrostatic
repulsion between the highly negatively charged nucleosome
and the negatively charged substrate-binding patch in PRMTs
is the most plausible cause for our observation of no methyl-
ation activity on the nucleosome. The scenario reverses when
the histone octamer comes into contact with PRMTs: the
electrostatic attraction primes the proximity between the
substrate and the enzyme, which subsequently allows the
substrate arginine site to orient toward the PRMT active site.
Figure 13. Charge–charge interaction is important for the substrate rec
adaptive Poisson–Boltzmann solver and ramped from red to blue (anionic to
shown in transparency and the buried SAH molecules shown as black spheres. T
A substrate peptide sequence from the superimposed CARM1 structure (PDB
peptide. B, surface potential of histone nucleosome (PDB ID: 1KX5). C, the su
associated arginine methyltransferase 1; PRMT, protein arginine methyltransfe
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Furthermore, we found that the nucleosome not only is an
inert substrate of PRMT1 and PRMT5 but also the presence of
nucleosome also inhibits their activity for free H4 methylation.
Previously, we have found that the presence of DNA fragments
in the reaction buffer inhibits PRMT1 activity for H4
methylation as well (52). It can be envisioned that the nega-
tively charged DNA macromolecule acts as an acidic cloud
that shields the arginine substrate out of recognition by
PRMTs. Analogously, the H4 peptide can be bound by certain
anionic small-molecule ligands, and the binding consequently
shields the substrate arginine site from recognition and
methylation by PRMT1 (83–85). Consistent with our study,
Ho et al. (51) showed that PRMT5 has an acidic patch nearby
the active site, which repulses the negatively charged nucleo-
some to approach. Hence, unwrapping the DNA from the
nucleosome to expose certain areas of the histone fold do-
mains could lead to permissive arginine methylation. Indeed,
Burgos et al. (65) found that PRMT5/MEP50 is able to
methylate the nucleosome after the DNA digestion by DNase I.
Our electrostatic priming model is further supported by the
observation that phosphorylation of residues near the arginine
sites in histones introduces negative charges to the substrates
and abolishes their methylation by PRMTs (13, 53). Alto-
gether, it appears to be a common theme that the alkaline
histone substrates are shielded by negatively charged bio-
molecules (e.g., DNA and small molecules), which prevents the
histones from being recognized and modified by the PRMT
enzymes.

Arginine methylation marks in the nucleosomal histones are
widely observed. Our results showing that the recombinant or
extracted nucleosomes are not a working substrate of PRMTs
raise a profound biological question of how histone arginine
methylation is introduced inside the cell. One possibility could
be that the core histones are arginine methylated prior to their
assembly onto chromatin DNAs. In this regard, arginine
methylation may play other roles in regulating histone prop-
erties such as cytosol–nucleus transport and histone–
chaperone interaction. Indeed, PRMT5/MEP50 is found to
almost exclusively reside in the cytoplasm of embryonic stem
cells where it selectively methylates cytosolic H2A (31). Also,
ognition by PRMTs. Electrostatic surface potentials are calculated by the
cationic). A, surface potential of PRMT1 (Protein Data Bank [PBD]: 6NT2) is
he sulfur atom from SAH is shown as yellow sphere to indicate the active site.
ID: 5DWQ) is shown as a green cartoon to indicate the entry of the arginyl
rface potential of octamer (PDB: 1KX5 without DNA). CARM1, coactivator-
rase.
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PRMT7 is predominantly cytosolic (79), and PRMT8 is asso-
ciated with the plasma membrane (20), both of which are
capable of histone methylation. A particular notion is that,
despite belonging to the same class I methyltransferase family
with PRMTs, the histone H3 methyltransferase DOT1L
methylates nucleosomes as a substrate but not isolated histone
H3 protein or peptide (86, 87). The DOT1L catalytic domain
contains multiple anchors that dock DOT1L on the surface of
nucleosomes, including a lysine-rich region that binds nucle-
osomal DNA, and DNA binding stimulates its H3K79
methylation activity (88, 89). In contrast, no PRMTs appear to
possess any DNA-binding domains. This raises another pos-
sibility that additional protein partners are required for
PRMTs to access and methylate the nucleosome. Especially,
transcriptional factors may bind and recruit PRMTs to specific
gene loci, thereby enabling their activity of nucleosome
methylation. Under this scenario, it is conceivable that such
“recruiter” proteins may transiently unwrap the DNA of the
nucleosome to expose the N-terminal tails or even the globular
domain of the core histones for arginine methylation by
PRMTs. Extracting PRMT complexes from their nascent
environment would be needed to test this hypothesis. One
study shows that the transcriptional repressor Blimp1 recruits
PRMT5 to methylate arginine 3 on histone H4 and/or H2A
tails at the Dhx38 locus (29); however, it is unknown if the
Blimp1–PRMT5 complex is capable of methylating nucleo-
somes. Moreover, it is not clear what kinds of PTMs on the
histones in the nucleosome are capable of promoting arginine
methylation of nucleosomes by the PRMT family members.
Although we did not find any positive effect of H4 tetra-
acetylation on PRMT1 and PRMT5 activity in nucleosomes,
a previous study showed that nucleosome acetylation by the
promiscuous lysine acetyltransferase p300 greatly activates
nucleosome methylation by CARM1 (82). Albeit costly,
detailed effects of PTMs could be elucidated by screening a
large panel of nucleosomes containing various PTMs against
individual PRMT members. Overall, dissecting the dynamic
mechanisms that enable PRMT-catalyzed arginine methylation
of the nucleosomal histones is of essential importance for
understanding PRMT function in epigenetic regulation.

In conclusion, we sought to determine how the substrate
context regulates histone arginine methylation by the PRMT
family members. Our work demonstrated that PRMT1,
PRMT3, PRMT4, PRMT5, PRMT6, PRMT7, and PRMT8 are
capable of methylating at least two histones individually, yet
most of the PRMTs display a preference for one histone
substrate in the context of the human recombinant histone
octamer: PRMT1, PRMT3, PRMT5, PRMT6, PRMT7, and
PRMT8 preferred to methylate histone H4 in the histone
octamer, and only PRMT4 preferred to methylate H3 in the
histone octamer. All the PRMTs examined in this study did
not methylate human mononucleosomes, either the recon-
stituted or the one extracted from HeLa cell nuclear lysates.
Even with tetra-acetylated mononucleosomes, we did not
observe any arginine methylation by PRMTs. Further investi-
gation is warranted to better understand structural mecha-
nisms that dictate the substrate preference in PRMT
biochemistry. Overall, this work corroborates the divergence
in substrate preference among individual PRMT members, and
highlights the importance of the substrate context for
impacting arginine methylation in PRMT biology.

Experimental procedures

Chemical reagents

PMSF, kanamycin, ampicillin, and IPTG were purchased
from Gold Biotechnology. The N-α-Fmoc–protected amino
acids were purchased from Novabiochem, Chem-Impex In-
ternational, Inc, or ChemPep, Inc. SAM-(methyl-14C), abbre-
viated as [14C]SAM, was purchased from PerkinElmer. All
other chemical reagents were purchased from Fisher Scientific,
Oakwood Chemicals, Acros Organics, Sigma–Aldrich, Alfa
Aesar, BDH, Research Products International Corp, Macron
Fine Chemicals, Bio-Rad, EpiCypher, Inc, or J. T. Baker.

Protein expression and purification

Human recombinant His-tag PRMT1 (residues 11–353,
pET28b(+) vector), His-tag truncated PRMT3 (residues
211–531, pET28a-LIC vector), His-tag PRMT3 (residues
1–544, pReceiver-B01 vector), His-tag PRMT6 (residues
1–375, pET28a vector), and His-tag PRMT8 (residues 1–394,
pET100 vector) were expressed from Escherichia coli and
purified by immobilized metal (nickel) chelation chromatog-
raphy as previously described (49). Human recombinant His-
tag PRMT5 was coexpressed with His-tag MEP50 using the
Bac-to-Bac baculovirus expression system (Invitrogen, Life
Technologies) as previously described (53). Human recombi-
nant FLAG-tag (N-term) PRMT4/CARM1 was purchased
from Millipore (catalog no.: 14-1048, lot no. 3164605, 585
amino acids, 63.46 kDa). Human recombinant His-tag PRMT7
(residues 2–692) was purchased from Reaction Biology (cata-
log no. HMT-21-382, lot no. 2135). Full-length human re-
combinant PRMT5 alone (without MEP50) was purchased
from Reaction Biology (catalog no. HMT-21-172, lot no. 1451).
Human recombinant full-length histones H2A (catalog no.
M2502S), H2B (catalog no. M2505S), H3.3 (catalog no.
M2507S), and H4 (catalog no. M2504S) were purchased from
New England Biolabs. The following items were purchased
from EpiCypher, including human recombinant histone H3.3
octamer (catalog no. 16-8012, lot no. 18253001), H3.3 mon-
onucleosomes (catalog no. 16-0012, lot no. 17218003), HeLa
nucleosomes (catalog no. 16-0002, lot no. 18082012), and the
H4 tetra-acetyl nucleosome (catalog no. 16-0313, lot no.
18124001) and its control mononucleosomes (catalog no. 16-
0009, lot no. 19344014-01).

Peptide synthesis

Peptides Ac-H4(1–20) (sequence Ac-SGRGKGG
KGLGKGGAKRHRK-OH), Ac-H2A(1–21) (sequence Ac-
SGRGKQGGKARAKAKTRSSRA-OH), and Ac-H3(1–20)
(sequence Ac-ARTKQTARKSTGGKAPRKQL-OH) were
synthesized using Fmoc solid-phase peptide synthesis and
purified as previously described (49). Peptide concentrations
for Ac-H2A(1–21) and Ac-H3(1–20) were determined by
J. Biol. Chem. (2021) 297(4) 101123 13



Histone arginine methylation
weight. The concentration of Ac-H4(1–20) was determined
with 1H NMR using 2,2-dimethyl-2-silapentane-5-sulfonate
sodium salt as an internal standard as previously described
(49). See Supporting information (Fig. S15) for 1H NMR
spectra and concentration adjustment factor.

Radioactive methylation (gel-based) assay

Peptides, histones, nucleosomes, and PRMTs were kept on
ice and diluted in reaction buffer (50 mM Hepes, pH 8, 10 mM
NaCl, 0.5 mM EDTA, and 0.5 mM DTT) to prepare working
solutions. About 6 μl of [14C]SAM was combined with 6 μl of
peptide, 6 μl of an equimolar amount of histone, or 6 μl of
reaction buffer before initiating the reaction with 18 μl of
PRMT. The final concentrations of each component in the
reactions were 1 μM of peptide/histone, 5 μM of [14C]SAM,
and 0.05, 0.5, or 0.2 μM of PRMT. Reactions proceeded for
30 min at 30 �C, unless noted otherwise, and quenched with
6 μl of 6× Tris–tricine gel loading buffer (200 mM Tris–HCl,
pH 6.8, 40% glycerol, 14% SDS, 300 mM DTT, and 0.06%
Coomassie blue) and pulse vortexed. All samples are heated for
10 min at 95 �C. About 30 μl of reaction sample was loaded
into each well of a 16% SDS-PAGE gel. To vary the NaCl
concentrations, a separate reaction buffer was prepared at
different NaCl concentrations (851 mM–1.87 M NaCl) and
diluted with the mononucleosomes or histones prior to adding
radiolabeled SAM and initiating the reaction with PRMTs. We
took into consideration the NaCl from the stock solutions of
histones and mononucleosomes, PRMT storage buffers, and
reaction buffer. As a molecular weight reference, 7 μl of the
Precision Plus Protein Dual Color Standard (Bio-Rad; catalog
no. 161-0374) was added to lane 10. Proteins were resolved
with 100 V for 10 min followed by 140 V for 75 min in a Tris–
tricine running buffer (100 mM Tris, 100 mM tricine, and 0.1%
SDS). Gels were soaked in Coomassie staining solution (10%
acetic acid, 45% methanol, 3% glycerol, 41.5% water, and 0.5%
Coomassie blue) for 20 min and then soaked in destaining
solution (10% acetic acid, 45% methanol, 3% glycerol, and 42%
water) for 40 min. Gels were dried in a Bio-Rad Gel Dryer
(model 583) under vacuum for 2 h on gradient mode at 70 �C.
An Amersham Biosciences phosphor screen was exposed to the
dried gels in the dark for 72 h before scanning the screens with
a GE Storm 865 Phosphor Imager. Gels that did not stain well
during the initial 1 h process of staining and destaining were
rehydrated after the phosphorimaging to restain the proteins.

Data availability

The authors confirm that the data supporting the findings of
this study are available within the article and its supporting
information.
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information.
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