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Abstract

Proper protein arginine methylation by protein arginine methyltransferase

1 (PRMT1) is critical for maintaining cellular health, while dysregulation is

often associated with disease. How the activity of PRMT1 is regulated is there-

fore paramount, but is not clearly understood. Several studies have observed

higher order oligomeric species of PRMT1, but it is unclear if these exist at

physiological concentrations and there is confusion in the literature about how

oligomerization affects activity. We therefore sought to determine which oligo-

meric species of PRMT1 are physiologically relevant, and quantitatively corre-

late activity with specific oligomer forms. Through quantitative western

blotting, we determined that concentrations of PRMT1 available in a variety of

human cell lines are in the sub-micromolar to low micromolar range. Isother-

mal spectral shift binding data were modeled to a monomer/dimer/tetramer

equilibrium with an EC50 for tetramer dissociation of �20 nM. A combination

of sedimentation velocity and Native polyacrylamide gel electrophoresis experi-

ments directly confirmed that the major oligomeric species of PRMT1 at physi-

ological concentrations would be dimers and tetramers. Surprisingly, the

methyltransferase activity of a dimeric PRMT1 variant is similar to wild type,

tetrameric PRMT1 with some purified substrates, but dimer and tetramer

forms of PRMT1 show differences in catalytic efficiencies and substrate speci-

ficity for other substrates. Our results define an oligomerization paradigm for

PRMT1, show that the biophysical characteristics of PRMT1 are poised to sup-

port a monomer/dimer/tetramer equilibrium in vivo, and suggest that the olig-

omeric state of PRMT1 could be used to regulate substrate specificity.
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1 | INTRODUCTION

Protein arginine methylation is a predominant posttrans-
lational modification in eukaryotic cells, with methyla-
tion occurring on 0.5%–4% of arginine residues in the
mammalian proteome (Boffa et al., 1977; Bulau
et al., 2006; Esse et al., 2014; Maron et al., 2021; Paik &
Kim, 2006; Zhang et al., 2021). Arginine methylation is
catalyzed by a family of protein arginine N-
methyltransferases (PRMTs), which add one or two
methyl groups to the guanidino nitrogen of arginine resi-
dues in targeted proteins using S-adenosyl-L-methionine
(AdoMet) as a methyl donor. The PRMT family consists
of nine members that are classified into three types
(type I, II, or III), which are defined by whether the
enzymes form monomethylated, asymmetric dimethy-
lated, or symmetric dimethylated arginyl products
(Morales et al., 2016; Tewary et al., 2019; Thiebaut
et al., 2021). Protein arginine methylation of histone and
non-histone proteins is important in a wide range of cel-
lular processes including the regulation of DNA tran-
scription, DNA damage repair, RNA processing and
translation, and protein stability; aberrant arginine meth-
ylation is implicated in cardiovascular, neuromuscular,
neurodegenerative, lung and cancer disease states (Al-
Hamashi et al., 2020; Jarrold & Davies, 2019; Lorton &
Shechter, 2019; Shen et al., 2024; Thiebaut et al., 2021;
Xu & Richard, 2021), prompting a concerted effort to
develop PRMT inhibitors (Dong et al., 2022; Hwang
et al., 2021; Jarrold & Davies, 2019; Li et al., 2019; Shen
et al., 2024).

PRMT1, a type I enzyme, is the predominant isoform
in mammalian cells accounting for �85% of total protein
arginine methylation (Tang et al., 2000). Knockout of
PRMT1 in mice results in embryo lethality (Pawlak
et al., 2000) while altered PRMT1 protein expression has
been reported in various types of cancer, including lung,
breast, bladder, and pancreatic cancers (Feng et al., 2023;
Filipovi�c et al., 2019; He et al., 2020; Song et al., 2020;
Wang et al., 2019; Yoshimatsu et al., 2011), as well as in
idiopathic pulmonary fibroses (Lambers et al., 2019;
Zakrzewicz et al., 2014; Zakrzewicz et al., 2015) and
asthma (Park et al., 2021; Sun et al., 2017). The catalytic
core of PRMT1 contains a Rossman fold that binds the
cofactor AdoMet, a beta-barrel that is thought to be
involved in substrate binding (Schapira & Ferreira de
Freitas, 2014), and a dimerization arm. Crystallographic

structures reveal PRMT1 adopts a homo-dimeric state
with a characteristic head-to-tail architecture, which is
facilitated through the dimerization arm (Zhang &
Cheng, 2003). Multiple studies have demonstrated that
naturally occurring mutations (Price et al., 2021), engi-
neered mutations or removal of the dimerization arm
impairs dimer formation as well as catalytic activity (Lee
et al., 2007; Patounas et al., 2018; Weiss et al., 2000;
Zhang et al., 2000; Zhang & Cheng, 2003). These findings
emphasize the crucial role dimerization plays in proper
PRMT1 function.

Interestingly, numerous reports have observed
higher-order PRMT1 oligomers using size-exclusion chro-
matography, analytical ultracentrifugation (AUC), light
scattering methods, and chemical crosslinking; all of
which suggest assemblies larger than dimers can exist
(Cheng et al., 2011; Feng et al., 2011; Lee et al., 2015;
Morales et al., 2015; Toma-Fukai et al., 2016; Troffer-
Charlier et al., 2007; Zhang et al., 2000). Additionally, a
kinetic study showed that the kcat of PRMT1 increases in
a concentration-dependent manner (Feng et al., 2011),
but a direct correlation to specific oligomeric species was
not made. Moreover, it is unclear if higher-order oligo-
merization occurs at physiological conditions, and
despite accumulating evidence that oligomerization may
affect activity, a systematic study of the relationship
between PRMT1 oligomeric state and methyltransferase
activity has never been conducted. In this study, we
sought to clarify how oligomerization of PRMT1 proceeds
under physiological concentrations, and correlate specific
methyltransferase activity with specific oligomers.

Using concentrations of PRMT1 in single human cells
determined by quantitative Western analysis and litera-
ture values, we defined a window of physiologically rele-
vant PRMT1 concentrations for cultured human cells in
the low nanomolar to �3 μM range. Isothermal spectral
shift analysis was used to study oligomerization within
that protein concentration window, identifying a model
in which PRMT1 exists as monomers, dimers, and tetra-
mers. AUC, Native polyacrylamide gel electrophoresis
(PAGE), and PRMT1 mutants displaying different oligo-
meric states were used to confirm the oligomerization
model and to probe the importance of the disordered
PRMT1 N-terminus in oligomerization and the effect of
active site mutations on oligomerization. A kinetic study
correlated specific oligomers with methyltransferase
activity. Our results show that the predominant
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oligomeric species of WT PRMT1 expected in cells are
monomers, dimers, and tetramers. Our results suggest
that while dimeric PRMT1 is active with many of the sub-
strates tested, changes in the catalytic efficiency between
dimers and tetramers with some substrates, and differen-
tial methylation of some substrates by PRMT1 dimers
and tetramers could influence the methylarginine
proteome.

2 | RESULTS

2.1 | Physiological concentrations of
hPRMT1

In order to understand which PRMT1 oligomeric species
are physiologically relevant, it is important to identify the
concentration of PRMT1 in individual cells. A previous
study used guanidium hydrochloride solubilization and
mass spectrometry identification to assess the concentra-
tion of PRMT1 in a single HeLa cell at 756 nM (Hein
et al., 2015). Although PRMT1 protein expression appears
ubiquitous across different types of tissues, quantitative
differences in RNA expression and qualitative differences
in protein expression have been noted (Anon Human
Protein Atlas, n.d.). In order to determine how concentra-
tions of PRMT1 varied over a set of human cell lines we
conducted quantitative western blotting of RIPA-
solubilized proteins to determine the endogenous con-
centration of human PRMT1 in four mammalian cell
lines. We chose human lung carcinoma cells (A549) due
to previous research that identified lung tissue as a major
source of asymmetric dimethylarginine, one of the down-
stream products of PRMT1 (Bulau et al., 2007). Addition-
ally, we included rhabdomyosarcoma (RD) and human
cervix carcinoma cells (HeLa) in our analysis since
PRMT1 has been shown to be highly involved in their
cell differentiation and cell-cycle regulation, respectively
(Gao et al., 2010; Goulet et al., 2007). The use of HeLa
cells in the western analysis allows for a comparison to
previously reported results (Hein et al., 2015). Human
embryonic kidney (HEK 293T17) cells were included in
the analysis because of their popularity in transfection
experiments. Triplicate samples of cell lysates were pre-
pared and immunoblotted alongside recombinant WT
PRMT1 standards (Figure S1a). Goulet et al. have previ-
ously reported that alternative splicing of the human
PRMT1 primary transcript can produce up to seven dis-
tinct PRMT1 isoforms that differ at the N-terminus
(Goulet et al., 2007). Although the seven variants are
expressed differently between human tissues, isoforms 1–
3 constitute the majority of PRMT1 in cells and are pre-
sent in all tissues they tested. Two antibodies which rec-
ognize all splice variants at either the carboxy-terminus

epitope (Cell Signaling 2453) or the N-terminus (Cell Sig-
naling 2449) and which have previously been validated in
a collection of cell lines (Dashti et al., 2023; Liu
et al., 2023; Yao et al., 2021; Zhu et al., 2022) were used
for PRMT1 detection. A standard curve created using
recombinant PRMT1 allows for a correlation between
band intensities and the amount of PRMT1 in the cell
samples which, along with cell type specific estimates of
cellular volume, was used to calculate cellular concentra-
tions for the selected cell lines (Figure S1). We deter-
mined the physiological concentrations of PRMT1 in a
single cell to be 180 ± 31 nM in RD, 94 ± 51 nM in HEK
293, 49 ± 16 nM in HeLa, and 220 ± 130 nM in A549
(Figure S1). Our data indicate that PRMT1 expression is
uniquely regulated in different cultured cell types with
concentrations of RIPA-soluble PRMT1 being submicro-
molar. Keeping in mind the different solubilization
agents and our results with different cell lines, as well as
a general 3-fold range in tissue-specific protein expres-
sion (Anon Human Protein Atlas, n.d.; Kim et al., 2014;
Uhlén et al., 2015), a generous range of low nM to 3 μM
of PRMT1 was targeted as a proposed physiological
range.

2.2 | Modeling PRMT1 oligomerization

In order to understand how PRMT1 might oligomerize
over physiological protein concentrations, we performed
isothermal spectral shift analysis to probe self-
association. Spectral shift studies show an EC50 for WT
PRMT1 at 17.9 ± 5.0 nM (Figure 1a) that could represent
a monomer–dimer, dimer–tetramer, or a monomer–
dimer–tetramer equilibrium. Bujalowski and Lohman
(1991) reported on using the transition breadth of bind-
ing isotherms to distinguish between monomer–dimer
(theoretical breadth of 2.86) and monomer–tetramer
transitions (theoretical breadth of 1.59), and how the
transition breadth can report on the maximum relative
population of dimer intermediates. Using this diagnostic
(Figure S2), the PRMT1 isotherm shows a breadth of 1.9,
which would be most consistent with a monomer–
tetramer transition with a maximum of �20% of the pro-
tein populating dimer intermediates (Figure 1b). These
data suggest that monomeric, dimeric, and tetrameric
forms of PRMT1 could exist at cellular protein
concentrations.

2.3 | Low micromolar concentrations of
PRMT1 exist as tetramers in solution

The binding data are consistent with a monomer-
to-tetramer equilibrium with dimeric intermediates.
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However, larger oligomers (e.g., octamers) have also been
observed in gel filtration, AUC, cross-linking and small-
angle x-ray scattering (SAXS)-based studies (Feng
et al., 2011; Mateus et al., 2013; Morales et al., 2015;
Toma-Fukai et al., 2016). We therefore sought to directly
confirm which oligomeric species of PRMT1 exist in solu-
tion at physiological PRMT1 protein concentrations.

For determining the oligomeric state in solution, we
performed sedimentation velocity (SV) experiments by
AUC. Samples were run either with or without the reduc-
ing agent dithiothreitol (DTT) to assess if the formation
of oligomers is influenced by reversible oxidative damage
(Morales et al., 2015) or disulfide formation (Zhang &
Cheng, 2003). At a protein concentration of 3 μM, WT
PRMT1 showed a major peak with a sedimentation coef-
ficient of 8.80 ± 0.090 Svedberg (S) (Figure 2, left). The
sedimentation coefficient corresponds to a molar mass of
176 kDa which is most consistent with a tetrameric spe-
cies of PRMT1 (each monomer is 43.5 kDa). The SV pro-
file of WT also showed a very small peak around
sedimentation coefficient 2.6 S. It is possible that this is
PRMT1 that has undergone cysteine oxidization to sulfi-
nic or sulfonic acid (both of which are unable to be
reduced by DTT) and cannot oligomerize. Consistent
with this hypothesis, the presence of a reducing agent
had no effect on the oligomerization of WT PRMT1.
Additionally, a redox-insensitive PRMT1 construct where
all 8 surface cysteine residues have been mutated to ser-
ine residues (Octamut) (Morales et al., 2015) did not
show the monomeric species (Figure 2, right). Finally,
the redox-insensitive PRMT1 construct still forms tetra-
mers indicates that disulfides are not used to form the tet-
ramer. Together the data show that PRMT1 is
predominantly a tetramer in solution at 3 μM.

Although AUC is the gold standard for determining
species distribution in a solution while additionally sup-
porting molecular weight assignment for each detected

FIGURE 1 Binding study to monitor PRMT1 oligomerization.

(a) The binding isotherm for wild type (WT) PRMT1 (blue) fits to

an EC50 of 17.9 ± 5.0 nM. (b) The oligomerization model for

PRMT1 at cellular protein concentrations.

FIGURE 2 Analytical ultracentrifugation studies show a predominant tetrameric species for low micromolar concentrations of PRMT1.

Sedimentation velocity (SV) distribution (C(S) vs. S) plots for PRMT1 (left) and a redox-insensitive PRMT1 (Octamut) (right). Sedimentation

profiles with (solid blue) and without (dotted black) 2 mM dithiothreitol (DTT). All SV experiments were run in triplicate at 3 μM protein

concentration. Residuals of data plotted against radial location in the cell are located below sedimentation profiles. WT, wild type.

4 of 18 ROSSI ET AL.



species (Edwards et al., 2020), the AUC instrument used
has an optical detection limit preventing analysis of sam-
ples with lower protein concentrations. Therefore, to
extend our findings to PRMT1 concentrations that are
more physiologically relevant, we wanted to implement
Native PAGE to analyze the oligomeric state of PRMT1.
However, because proteins do not migrate solely based
on molecular weight in Native PAGE, we needed to be
able to validate the identity of the observed bands. To this
end, we sought to identify oligomeric PRMT1 standards
for the monomeric, dimeric, and tetrameric species.

2.4 | Oligomeric state PRMT1 standards

Toma-Fukai et al. (2016) created a construct of PRMT8
containing three mutations at the tetramer interface pre-
dicted to be involved in oligomerization and showed by
size-exclusion chromatography (SEC)-SAXS and AUC
and that the mutations caused complete dissociation of
PRMT8 into a dimer; analogous mutations in PRMT1
also yielded a dimer. Based on these previous studies we
created a PRMT1 tetramer interface mutant (TIM)
(Y262A/Y304A/L341A) (Figure 3a) to act as our dimer
standard. We rationalized that we could also use a
PRMT1 construct harboring three mutations in the dimer
interface (W197L/Y202N/M206V) (Figure 3a), which we
most recently characterized as a monomer (Price
et al., 2021). To confirm the oligomeric species of all three
PRMT1 constructs at 3 μM, we conducted SV experi-
ments. The sedimentation coefficients for the predomi-
nant peaks are 2.25S, 3.60S, and 7.08S, corresponding to
monomer, dimer, and tetramer (Figure 3b). Using these
oligomeric PRMT1 standards characterized by AUC at
3 μM, we could then confirm the oligomeric state of the
constructs in Native PAGE. For example, WT-PRMT1
(tetramer) was visible by both oriole staining and western
blotting and migrated as a tetramer at concentrations
from 3 μM to 750 nM (Figure 3c).

2.5 | Oligomeric state of PRMT1 at
submicromolar concentrations

Using the validated PRMT1 oligomeric state standards
and Native PAGE with western detection, we evaluated
the oligomeric state of PRMT1 at concentrations ranging
from 12 to 750 nM. Our results show that the majority of
PRMT1 at nearly all concentrations tested exists as a tet-
ramer, with a small amount present as dimer (Figure 4a).
The data indicate that in vitro, PRMT1 dimers and tetra-
mers exist at physiological protein concentrations.

The presence of tetrameric PRMT1 at concentrations
below 100 nM was a surprise, given that Thomas et al.

(2010) used an m-citrine/m-cerulean PRMT1 pair and
fluorescence resonance energy transfer (FRET) to deter-
mine a Kd for dimerization of PRMT1 of �100 nM. In the
FRET study, the observed FRET signal was modeled to
dimeric, trimeric, and tetrameric species, with the
observed signal most consistent with a dimeric species. If
the fluorophores were too far apart in the tetrameric
complex, it is possible that the observed energy transfer
efficiencies would mimic a dimeric model. The
N-terminus is not resolved in many PRMT crystal struc-
tures, making it unclear where exactly it resides in solu-
tion. In order to understand our results in the context of
the FRET study, we determined the oligomeric state
of m-citrine PRMT1 by AUC (Figure 4b) and Native
PAGE (Figure 4c). At 3 μM, the m-citrine PRMT1 is a tet-
ramer, not a dimer. Even at lower concentrations, the tet-
rameric species is visible in Native PAGE (Figures 4c and
S3). Overall the data show that PRMT1 predominantly
forms tetramers in solution at low micromolar protein
concentrations.

2.6 | The disordered N-terminus of
PRMT1 is not necessary for tetramer
formation

Differential RNA splicing of PRMT1 can lead to PRMT1
proteins that differ in the length of the disordered
N-terminus. Additionally, a previous study suggested that
the N-terminus of the yeast form of PRMT1 (Hmt1) is
involved in regulating the oligomeric state of the enzyme
(Messier et al., 2013). To determine if the length of the
disordered N-terminus of PRMT1 affects oligomerization
we characterized two N-terminal truncations of PRMT1
(S14, which lacks the first 13 amino acids and E27, which
lacks the first 26 amino acids) by Native PAGE. As shown
in Figure 5, the truncated PRMT1 constructs migrated
similarly to full length PRMT1, wherein the predominant
species at 500 nΜ is still a tetramer. These results show
that at physiological concentrations of PRMT1, the disor-
dered N-terminus is not necessary for tetramer
formation.

2.7 | Oligomeric state of PRMT1
loss-of-activity variant at physiological
concentrations

Two constructs that are commonly used to express inac-
tive PRMT1 in mammalian cell culture experiments both
harbor triple mutations in the AdoMet binding site; the
SGT construct involves a triple Ala substitution at resi-
dues 69–71 (Balint et al., 2005) and the VLD construct
harbors a triple Ala substitution at residues 63–65 (Wada
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et al., 2002). Notes in the literature suggest these variants
are poorly expressed in mammalian cells (Herrmann &
Fackelmayer, 2009), and are observed to be highly

enriched in the nucleus compared with WT
(Herrmann & Fackelmayer, 2009). Although these sets of
mutations are not directly in the dimer interface, we

FIGURE 3 Design and evaluation of PRMT1 oligomeric state standards. (a) Modeled tetrameric unit of PRMT1 created from the

octamer structure of PRMT8 (PDB ID 5DST). A dimeric PRMT1 was created using Y262A, Y304A, and L341A mutations. Monomeric

PRMT1 was created using W197L Y202N, and M206V mutations. (b) Sedimentation velocity distribution of the various PRMT1 constructs

(3 μM) by analytical ultracentrifugation (AUC). Residuals plotted against radial location in the cell are below the sedimentation velocity

profiles. The sedimentation coefficients for the predominant peaks are 2.25S, 3.60S, and 7.08S, corresponding to monomer, dimer and

tetramer. Note, protein samples shown in this figure were dialyzed in buffer containing glycerol which altered the sedimentation coefficient

of wild-type (WT) protein compared with what was observed in Figure 2. (c) Various concentrations of WT-PRMT1 were run on Native

polyacrylamide gel electrophoresis (PAGE). Proteins were detected using either Oriole fluorescent stain or western blotting.
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questioned whether a collapse of the area due to the
smaller residue substitution or the absence of the threo-
nine residue which is near the dimer interface may alter
oligomerization. The oligomeric state of SGT PRMT1 was
monitored using Native PAGE (Figure 6a). Compared
with the WT protein, a significant amount of the SGT
PRMT1 protein migrates as a monomeric species. As an
alternative, we expressed the previously characterized
H293A variant of PRMT1 which shows a 256-fold loss in
catalytic efficiency (Rust et al., 2011) and we combined
this mutation with the loss of the active site glutamate
E153, which shows a 190-fold loss in catalytic efficiency
(Rust et al., 2011), creating the H293A/E153A
(HE) double variant of PRMT1. Both the H293A and the
HE constructs expressed well in bacterial cells, purified
similarly to wild-type (WT) enzyme, and migrated in
Native PAGE as tetramers at physiological concentrations
(Figure 6b). We also confirmed that the HE variant was
inactive (Figure S4). Our results show that the SGT triple
mutation (and perhaps the VLD triple mutation) affect
the ability of PRMT1 to form either dimers/tetramers,
suggesting that any PRMT1-dependent scaffolding (Lei
et al., 2009) that requires the oligomers would also be
impaired with this specific variant as well as the cellular
location (Herrmann & Fackelmayer, 2009). Our data sug-
gest the HE variant of PRMT1 may be a better construct
to use in mammalian studies that require the use of a
methyltransferase inactive variant of PRMT1. Overall, the
data show that mutations outside of the dimer and tetra-
mer interface can influence oligomerization of PRMT1
and should be considered as part of mutational analysis.

FIGURE 4 Native polyacrylamide gel electrophoresis (PAGE)

analysis shows tetrameric and dimeric PRMT1 predominate in vitro

at physiological concentrations. (a) Immunoblot of wild-type

(WT) PRMT1 run on a 4%–20% Native PAGE at concentrations

ranging from 12 to 750 nM. The PRMT1 constructs tetramer

interface mutant (TIM, 262A/Y304A/L341A, dimer) and dimer

interface mutant (DIM, W197L/Y202N/M206V, monomer) were

included as oligomer protein standards. (b) Sedimentation velocity

distribution of m-citrine PRMT1 (5 μM) by analytical

ultracentrifugation. Residuals plotted against radial location in the

cell are below the Sedimentation velocity (SV) profile. The

sedimentation coefficient for the predominant peak is 12.07

± 0.08 S, corresponding to 335 kDa (theoretical tetramer 285 kDa).

(c) Native PAGE of m-citrine PRMT1 as a function of protein

concentration with western blot detection. Oligomer identity is

labeled M (monomer) and T (tetramer).

FIGURE 5 The disordered N-terminus of PRMT1 is not

necessary for tetramer formation. The redoxinsensitive full length

PRMT1 (Octamut) and truncated versions (S14 and E27) were run

on Native polyacrylamide gel electrophoresis to assess oligomer

formation using western blot detection. Oligomer identity is labeled

M (monomer), D (dimer), and T (tetramer). Quantification of

tetramer (blue) and monomer (gray) band intensity is shown in the

bar graph. WT, wild type.
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2.8 | Methyltransferase activity of
dimeric and tetrameric species of PRMT1

Our data show that different PRMT1 oligomeric forms,
up to and including tetrameric PRMT1, could be present
in cells. To better understand how oligomeric state affects
activity, we measured methyltransferase activity of WT
PRMT1 (tetramer) and the mutant dimeric PRMT1
(TIM). To minimize effects unrelated to oligomerization,
we created an additional dimeric variant of PRMT1
(TIM2) using three entirely different mutations at the tet-
ramer interface (Figure S5). Activity of WT and the TIM
dimer were assayed at 100 nM using saturating concen-
trations of R3 peptide as a substrate (Figure 7a). Interest-
ingly, WT (tetramer) and the TIM dimer display activity
with this fibrillarin-based peptide substrate, as well as
with the protein substrate hnRNPK (Figure 7b). This was
a surprising result since Toma-Fukai et al. (2016) noted
that dimeric PRMT1 (TIM) was inactive with GST-EWS
(RGG3) as a substrate. In order to clarify the discrepancy,
we assayed both WT (tetramer) and TIM (dimer) PRMT1
using GST-EWS (RGG3) as a substrate. With the EWS
substrate, we observed activity with both the tetrameric
and the dimeric PRMT1 (Figure 7c). One explanation as
to why we obtained contradictory results may reside in
different assay conditions and the stability of the dimeric
PRMT1. Previously the dimeric PRMT1 mutant was
assayed over an hour-long incubation with GST-EWS
(RGG3) as a substrate using a gel assay (Toma-Fukai
et al., 2016). On the other hand, the current study
employed a more sensitive assay requiring <10 min to
yield a linear rate (Hevel & Price, 2020; Suh-Lailam &
Hevel, 2010). This suggests that stability may be different
between the dimer and tetramer forms of PRMT1, but
clearly shows that dimeric PRMT1 is a functional
methyltransferase.

Contrary to previous reports (Toma-Fukai
et al., 2016), our studies clearly show that both the tetra-
meric and dimeric forms of PRMT1 are active. Although
both AUC and Native PAGE show that the tetramer
interface mutants (TIM and TIM2) of PRMT1 behave as
dimeric proteins in solution, we cannot exclude the possi-
bility that the TIM mutants form tetramers in the pres-
ence of peptide or protein substrates, or that the
tetrameric species dissociates to a dimer in the presence
of substrate. To address this possibility, we questioned if
we could capture the PRMT1 oligomers bound to sub-
strate through glutaraldehyde crosslinking. Figure 8
shows that with an H4 peptide substrate, a high-
molecular weight cross-linked species is observed in reac-
tions containing WT tetrameric PRMT1, that is barely
visible when the dimeric PRMT1 variant is used. The
data indicate that the dimeric PRMT1 and monomeric
variants can bind peptide substrates and that the pres-
ence of peptide substrate does not induce tetramer
formation.

2.9 | Activity as a function of
equilibrating oligomeric PRMT1 species

In order to understand how activity is regulated as a
function of a specific oligomeric state, we determined the
kcat,app of both WT PRMT1 and a TIM2 as a function of
protein concentration (Figure 9) with the H421 peptide
as a substrate, and correlated this with our model of olig-
omerization (Figure 1b). Our results with WT PRMT1
look similar to those of Feng et al., albeit kcat,app saturates
at lower protein concentration in our study. The concen-
tration of WT PRMT1 promoting the half maximal
kcat,app is 10 ± 1 nM. Based on the EC50,tetramerization of
�18 nM measured in Figure 1a, the change in kcat is

FIGURE 6 PRMT1 oligomerization can be affected by active site mutations. Native polyacrylamide gel electrophoresis analysis with

western blot detection of (a) inactive SGT PRMT1 and (b) the impaired H293A PRMT1 and inactive H293A/E153A. Oligomer identity is

labeled M (monomer), D (dimer), and T (tetramer). The vertical line represents where the blot was cut. In (c), band intensity of the tetramer

(blue) and the monomer (gray) species were quantified. **p < 0.01, one-way analysis of variance.
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consistent with a monomer/dimer/tetramer transition
wherein both dimer and tetramer have full or near full
activity with H421 peptide and monomer is inactive. The
tetramer interface variant (TIM2) kinetic data fits to a
simple hyperbolic curve with an EC50 of 44.3 ± 8.0 nM,
which agrees well with the Kd,dimerization of �48 nM mea-
sured by isothermal spectral shift (Figure S6).

2.10 | Oligomerization affects catalysis
in a substrate-dependent manner

Although the H421 peptide was methylated equally well
by the tetrameric and dimeric forms of PRMT1, the initial
data suggested that some substrates may be differentially
methylated by one oligomer versus the other. In order to

test if the tetrameric and dimeric forms of PRMT1 have
different catalytic specificities, we further characterized
both WT (tetramer) PRMT1 and TIM2 (dimer) PRMT1
with the protein substrate hnRNPA1 (Figure 10a). The
apparent kcat/Km values for tetramer and dimer were
0.14 ± 0.04 and 0.24 ± 0.03 min�1 μM�1, respectively.
These data suggest that changes in the oligomeric state of
PRMT1 could impact how well specific substrates are
methylated.

In most cases, the dimeric variant of PRMT1 demon-
strated equal or more activity than the WT tetrameric
version of PRMT1 for the substrates we tested. However,
we hypothesized that there may be some substrates that
are preferentially methylated by the tetramer. We noted a
study in the literature (Lee et al., 2015) that created a chi-
meric PRMT8 construct by swapping out a small

FIGURE 7 Methylation activity assays of wild-type (WT) PRMT1 (tetramer), tetramer interface mutant (TIM) PRMT1 (dimer), and

dimer interface mutant (DIM, monomer). Methyltransferase activity of 100 nM WT PRMT1 (blue closed circles, solid line), TIM-PRMT1

(open orange circles, dashed line), or DIM (green circles) using 2 μM AdoMet and (a) 200 μM R3 peptide, (b) 4 μM hnRNPK protein,

(c) 4 μM GST-EWS substrates.

FIGURE 8 Cross-linking of peptide

substrate to wild-type (WT) PRMT1 (tetramer),

tetramer interface mutant (TIM)2 PRMT1

(dimer), and dimer interface mutant (DIM)

PRMT1 (monomer). The biotinylated H421

peptide substrate was crosslinked to WT, TIM2,

or DIM PRMT1 using glutaraldehyde and

samples were separated using sodium dodecyl

sulfate-polyacrylamide gel electrophoresis and

transferred to polyvinylidene difluoride. The blot

was probed for biotin using StrepTactin-HRP.

Protein standards (STDS) were imaged

colorimetrically.
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section of the β-barrel with the same section from yeast
PRMT1 (Hmt1). The protein substrate NIFK was methyl-
ated by PRMT8 (and PRMT1), but not the chimeric
PRMT8. When we examined the AUC profiles for WT
and chimeric PRMT8 (performed at 6–9 μM), the pre-
dominant peak in the profile is a tetramer, but the chime-
ric protein also exhibits species consistent with dimer
and/or monomer. Mapped onto the PRMT1 structure
(Figure S7), the small swap included a loop in the tetra-
mer interface. This suggested to us that the PRMT8 chi-
meric swap could have altered the Kd for tetramerization
in the chimeric PRMT8 variant and at concentrations
used to measure methyltransferase activity, perhaps the
chimeric variant was a dimer in the kinetic assay. Based
on this we used both WT PRMT1 and dimeric TIM and
TIM2 PRMT1 to try and methylate NIFK. As Figure 10b
shows, only the tetrameric WT PRMT1 could methylate
NIFK. Our data show that the oligomeric state of PRMT1
can affect the catalytic efficiency of PRMT1 as well as
substrate selection.

3 | DISCUSSION

3.1 | Physiologically relevant PRMT1
oligomers

Given the nM dissociation constant for PRMT1 and the
nanomolar to low micromolar concentrations of PRMT1
in cells, it would seem that the dimeric and tetrameric
forms of PRMT1 will predominate in many cell types.

Cells expressing very low amounts of PRMT1 (Su
et al., 2019) might be expected to harbor inactive, mono-
meric PRMT1; however, even small changes in protein
expression in these cells would “turn on” methyltransfer-
ase activity of PRMT1 by promoting dimerization. Several
studies have noted upregulation of PRMT1 protein
expression under a variety of conditions (Jia et al., 2023;
Liu et al., 2016; Park et al., 2021). A survey of the data
suggests perhaps a 3-fold increase in PRMT1 concentra-
tion may be feasible, bringing the concentration to an
estimated 9 μM where additional oligomers may be pre-
sent. Indeed, the fit for the lower portion of the binding
isotherm for WT PRMT1 suggests that there could be
another species above 4 μM that we could not capture
due to limits of protein solubility in the experiment.
However, one must also consider that the guanidinium
hydrochloride solubilization method captures mobile and

FIGURE 9 Kinetic characterization of wild type (WT) and

tetramer interface mutant (TIM)2 PRMT1 with H421 as a substrate.

kcat,app of WT PRMT1 (blue) and the TIM2 PRMT1 construct

(orange) as a function of PRMT1 protein substrate concentration.

Activity was measured using 20 μM H421 peptide substrate in the

presence of 10 μM AdoMet at 30�C.

FIGURE 10 Oligomeric state of PRMT1 can affect the catalytic

efficiency of PRMT1 as well as substrate selection. (a) Activity of

wild-type (WT) PRMT1 (closed blue circles, solid line) and the

tetramer interface mutant (TIM)2 PRMT1 construct (open orange

circles, dashed line) as a function of hnRNPA1 protein substrate

concentration. (b) Activity of tetrameric WT PRMT1 (closed blue

circles, solid line) and the dimeric PRMT1 constructs (TIM2, open

orange circles, TIM, closed black circles, dashed lines) as a function

of time using 4 μM NIFK protein as a substrate.
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immobilized fractions of PRMT1 (Maxwell et al., 2003).
Given that the RIPA-solubilization method resulted in
lower PRMT1 protein concentrations, it suggests that, at
least in HeLa cells, a portion of the PRMT1 is tied up in
immobilized fractions and would not be available as part
of the equilibrating pool. Additionally, interaction of
PRMT1 with partner proteins (substrates and regulators)
and AdoMet or AdoHcy (Thomas et al., 2010; Toma-
Fukai et al., 2016; Zhou et al., 2015) in vivo would also
have the potential to perturb the oligomerization
equilibrium.

In addition to PRMT1 protein concentration and pro-
tein interactions, naturally occurring mutations and post-
translational modifications could affect the oligomeric
state of PRMT1 in cells. A review of the COSMIC data-
base (Anon cancer.sanger.ac.uk/cosmic, n.d.; Tate
et al., 2019) identified several mutations that exist in or
near the tetramer interface (Figure S8), and our lab previ-
ously characterized naturally occurring dimer interface
mutants (DIM) that behave as monomers in solution
(Price et al., 2021). In addition to single-site mutants,
splice variants lacking exons 8/9 that encode the dimer-
ization arm have been identified that likely do not form
dimeric species (Adamopoulos et al., 2019; Patounas
et al., 2018). Importantly, in at least one case the variant
correlates with cellular malignancy (Patounas et al.,
2018). Likewise, mass spectrometry studies (Hornbeck
et al., 2015) of PRMT1 have revealed several sites of
lysine ubiquitinylation, acetylation, and succinylation
that may be expected to alter oligomerization of PRMT1
(Figure S9). Collectively the data show that monomer,
dimers and tetramers are relevant at cellular PRMT1
concentrations.

3.2 | Consequences of PRMT1
oligomerization

The PRMT field has widely agreed that most PRMTs must
at least form a dimer to perform catalysis (Patounas
et al., 2018; Price et al., 2021; Zhang & Cheng, 2003; Zhou
et al., 2015). The results presented in this study are consis-
tent with monomeric PRMT1 being inactive. What has
become confusing is whether or not the dimer is sufficient
for activity and what if anything happens after dimer for-
mation under physiological conditions. Our results clearly
show that dimeric PRMT1 displays methyltransferase
activity, indicating that the dimer is indeed the minimal
unit necessary for methyltransferase activity. This means
that studies done at very low concentrations of PRMT1
(below the Kd) could demonstrate low to no activity; this
is a potential explanation for why the dimeric variant of

PRMT1 was previously characterized as inactive (Toma-
Fukai et al., 2016). Alternatively, the dimer of PRMT1
may be less stable than the tetrameric form.

With some substrates such as the R3 peptide and the
H421 peptide, the activity of the dimeric and tetrameric
PRMT1 is nearly identical. Coupled with the binding iso-
therms and AUC studies, our data are consistent with
explaining the protein-dependent increase in kcat
observed by Feng et al. (2011). with the H421 peptide as
due to the dimerization of PRMT1, with tetramerization
having no further effect on kcat. On the other hand, the
efficiency of methylating other substrates, such as
hnRNPA1 and particularly NIFK, is different between
the dimer and tetramer forms of PRMT1. We note that
the dimeric PRMT1 species were created using a mutated
surface that could also be important for substrate bind-
ing; however, the fact that neither mutant (where the
mutations exist on different portions of the protomer,
Figure S5) could methylate NIFK makes this alternate
explanation less likely. This suggests that altering the
ratio of dimeric and tetrameric forms of PRMT1 in vivo
could alter which proteins are more readily methylated.

The ability of proteins to form higher-order oligomers
can induce allosteric behavior on the protein
(Frieden, 2019). Indeed, allostery in PRMT1 has been
investigated by Zhou et al. (2015), but should be reinves-
tigated in the context of the new PRMT1 oligomerization
paradigm. Having oligomeric PRMT1 standards to prop-
erly assign the oligomeric state of the mutants and an
ability to assess this at the same concentrations used to
measure methyltransferase activity is necessary in order
to deconvolute if a residue is solely involved in oligomeri-
zation or has additional roles in catalysis.

The presence of both dimeric and tetrameric PRMT1
also presents the potential to control interactions of other
proteins with PRMT1. Heterooligomerization of PRMTs
is gaining interest as a common regulatory mechanism
for controlling activity and substrate selection of the
PRMTs (Cao et al., 2023; Chen et al., 2023; Herrmann
et al., 2009; Hobble & Schaner Tooley, 2024; Lee
et al., 2005; Liu et al., 2022; Pak et al., 2011; Rowley
et al., 2023). However, it is unclear if heterooligomeriza-
tion occurs between dimers composed of the same iso-
form or tetramers of heterodimers. As protein–protein
interaction inhibitors that impair oligomer formation
have been documented (Singh, 2018), understanding how
PRMT heterooligomers form represents a new avenue to
explore therapeutic targeting. In addition to intrafamily
interactions, different oligomers of PRMT1 may preferen-
tially bind known regulators or be preferentially modified
by enzymes (Hartley & Lu, 2020) or differentially affect
scaffolding.
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4 | CONCLUSIONS

We have defined an oligomerization paradigm for
PRMT1 and show that the biophysical characteristics of
PRMT1 are poised to support a monomer/dimer/tetramer
equilibrium in vivo. We further show that the oligomeric
state of PRMT1 can affect the catalytic efficiency of
PRMT1 as well as substrate selection.

5 | MATERIALS AND METHODS

5.1 | Reagents

[3H-methyl] S-adenosyl-methionine (AdoMet) (83.1 Ci/
mmol) was bought from Perkin Elmer, and nonra-
dioactive AdoMet was bought from Sigma as a chlo-
ride salt (≥80%, from yeast). ABclonal synthesized the
R3 peptide (Acetyl-GGRGGFGGRGGFGGRGGFGGK,
biotin conjugated to C-terminal lysine) and the H421
peptide (Acetyl-SGRGKGGKGLGKGGAKRHRKVGGK,
biotin conjugated to C-terminal lysine). ZipTip®C4/C18

pipette tips were acquired from Millipore and TGX
gels were purchased from Bio-Rad. The pGEX-1 vector
encoding Ewing Sarcoma RGG3 (EWS-RGG3) was
obtained from Dr. Toma-Fukai (Nara Institute of Sci-
ence and Technology).

5.2 | Plasmid generation

Generation of the WT His6-ratPRMT1 (PRMT1) plas-
mid was previously described (Morales et al., 2015).
The rat PRMT1 DNA sequence was humanized to the
human isoform 3 variant 1 of PRMT1 (UnitProt ID:
Q99873-3) by encoding a single amino acid substitu-
tion H161Y. The PRMT1 constructs W197L/Y202N/
M206V (DIM), and Y262A/Y304A/L341A (TIM) each
in a pET28b vector containing a His6-tag and tobacco
etch virus (TEV) cleavage site were synthesized by
General Biosystems. The PRMT1 construct H64A/
R66A/H278A (TIM2) was cloned into a pET28b vector
also containing a His6-tag and TEV cleavage site and
was synthesized by Twist Biosciences. The plasmids
encoding the H293A and E153A/H293A (HE) PRMT1
constructs were made through site-directed mutagene-
sis using the pet28b/ His6-humanized WT PRMT1
plasmid as a template. The plasmid encoding the
SGT79AAA PRMT1 was synthesized by Genscript as
an N-terminal Strep fusion and inserted into pET28b
at the NcoI and XhoI sites. The plasmid encoding
NIFK (Uniprot ID Q9BYG3) (Pan et al., 2015) was
synthesized by Genscript.

5.3 | Expression and purification of
recombinant proteins

Escherichia coli BL21 (DE3) cells containing the His6-TEV-
WT PRMT1 plasmid were grown in Luria Broth at 37�C,
induced at OD600 0.6–0.8 with 0.2 mM IPTG, and grown
an additional 24 h at 25�C. Cell pellets were resuspended
in a 1:3 cell mass-to-buffer ratio using Lysis buffer A
(50 mM sodium phosphate, 5 mM imidazole, 1 mM ethyle-
nediaminetetraacetic acid (EDTA), 1 mM DTT, pH 7.6).
Cells were lysed by sonication and the lysate was clarified
by centrifugation. The supernatant was treated with 5%
(w/v) solution of 60,000 Mn Branched polyethylenimine
(PEI) (ACROS Organics) dropwise to precipitate nucleic
acids, incubated 5–10 min, then re-clarified through centri-
fugation. The soluble fraction was incubated with loose Ni-
NTA resin (GoldBio) with constant agitation for 2–3 h at
4�C. The bulk of impurities were removed by batch wash-
ing the resin extensively with Wash Buffer (50 mM sodium
phosphate, 1 mM DTT, 0.25 mM EDTA pH 7.6 20 mM
imidazole). WT PRMT1 was eluted from the resin using an
imidazole gradient. Elution fractions containing WT pro-
tein were pooled and dialyzed overnight in 50 mM sodium
phosphate, 5% glycerol, 2 mM EDTA, 2 mM DTT pH 7.6.
Proteins were concentrated in a 30,000 molecular weight
cutoff spin concentrator to ≥3 mg/mL, beaded in liquid
nitrogen, and stored at �80�C. Expression and purification
of the H293A and HE mutants were similar to that for WT
PRMT1. Expression and purification of TIM-PRMT1 and
TIM2-PRMT1 was identical to WT-PRMT1 except an addi-
tional HiTrap Q HP column (Cytiva) was used after Nickel
for both constructs and TIM2 was induced with 0.5 mM
IPTG. The DIM construct purification was reported previ-
ously (Price et al., 2021). The plasmid encoding fluores-
cently tagged mcit-PRMT1 was a kind gift from Dr. Adam
Frankel (University of British Columbia). The mcit-PRMT1
protein was expressed and purified similarly to the litera-
ture (Thomas et al., 2010) with the following modifications.
Cells were induced with 0.5 mM IPTG at 16�C overnight.
Cells were resuspended in lysis buffer (50 mM Hepes-KOH
pH 7.6, 1 M NH4Cl, 20 mM imidazole, 1 mM phenyl-
methanesulfonyl fluoride, 1 mM DTT, 0.1% Tween-20 and
Pierce Protease Inhibitor cocktail). The mcit-PRMT1 pro-
tein was purified using HisTrap and gel filtration chroma-
tography (Thomas et al., 2010) and stored in 50 mM
Hepes-KOH pH 7.6, 2 mM EDTA, 1 mM DTT and
200 mM NaCl. Protein purity was assessed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE; Figure S10) and protein concentrations were deter-
mined spectrally using the predicted extinction coefficient
for each construct.

Expression and purifications of GST-EWS-RGG3
(a 113 amino acid portion of the EWS protein) (Uniprot
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ID Q01844; Takahama et al., 2011), and hnRNPK
(Uniprot ID P61978; Moritz et al., 2014), and NIFK (Pan
et al., 2015) were performed as described previously. The
hnRNPA1 protein was expressed and purified as
described (Kooshapur et al., 2018) with the following
modifications: a 5% PEI treatment step was performed as
above, prior to binding the Ni-NTA resin, to lower the
amount of nucleic acids bound to the protein. The His
tag was not cleaved from the protein.

Plasmid encoding SGT79AAA PRMT1 was trans-
formed into BL21 (DE3) cells, which were grown in Luria
Broth at 37�C, induced at OD600 1.6–1.8 with 0.2 mM
IPTG, and grown an additional 24 h at 16�C. Cells were
resuspended in 50 mM sodium phosphate (pH 7.6),
2 mM EDTA, 2 mM DTT, sonicated, and the cell lysate
was clarified through centrifugation. Supernatant for
SGT was loaded onto a StrepTactin XT 4Flow High-
Capacity column and washed with 50 mM sodium phos-
phate (pH 7.6), 2 mM EDTA, 2 mM DTT, 50 mM
D-Biotin, and eluted using 50 mM NaPO4 (pH 7.6), 2 mM
EDTA, 2 mM DTT, 100 mM D-Biotin. Fractions contain-
ing SGT SGT79AAA were used directly from the column
in Native PAGE experiments.

5.4 | Preparing mammalian soluble cell
lysates

Mammalian cell lines RD and HEK 293 T/17 were main-
tained in Dulbecco's Modified Eagle Medium (DMEM)
with 10% fetal bovine serum (FBS) (VWR) while HeLa
Ohio and A549 cells were grown in MEM 10% FBS (VWR).
Cells were incubated at 37�C in the presence of 5% CO2.
For harvest, cells were detached with 5% w/v Trypsin
(Hyclone) before being counted with a hemocytometer to
determine total cell count per flask. Cell cultures were pel-
leted by centrifugation at 823�g at 4�C for 10 min and cul-
ture media was carefully removed from the cell pellet.
Pellets were frozen with liquid nitrogen and immediately
stored at �80�C. Cells were thawed on ice and resuspended
in a 1:3 ratio of cell pellet to RIPA buffer (between 60 and
150 μL RIPA) with a protease inhibitor cocktail (Pierce
PIA32955), then lysed by freeze–thaw in liquid nitrogen.
Benzonase nuclease was added to the cell lysate for DNA
degradation and centrifuged at 21,000�g for 45 min at 4�C.
Total protein concentration of the supernatant was deter-
mined using a DC protein assay (Bio-Rad).

5.5 | Quantitative immunoblotting

Western blot analyses were performed using three biolog-
ical replicates of mammalian cell lysates with recombi-
nant WT His-PRMT1 standards. Two different PRMT1

antibodies were used, one specific to the amino-terminus
(Cell Signaling 2449) that recognizes the three major
splice variants of PRMT1, and one specific to the
carboxy-terminus that recognizes all splice variants (Cell
Signaling 2453). Blots were incubated overnight at 4�C
with either PRMT1 rabbit α-N-terminus or α-C-terminus
polyclonal antibody with constant agitation. Blots were
washed twice with Tris-buffered saline with 0.1% Tween
20 (TTBS) and incubated for 1 h at 25�C with mouse
α-rabbit-horse radish peroxidase (HRP) conjugated sec-
ondary antibody (Cell Signaling 7074). Before imaging,
blots were washed thoroughly six times with TTBS.
Amersham ECL Prime western substrate (GE Healthcare
2232) was used for imaging. western blot band intensity
was quantified with ImageLab 5.1 software, and PRMT1
standard band intensities were plotted as a function of
protein input and fit with a linear curve. In order to
quantify endogenous PRMT1 concentrations, we found
that HeLa cells have an average volume of �3000 μm
(Bulau et al., 2006), and A549 cells have a volume of
1670 μm (Bulau et al., 2006;Jiang et al., 2010; Milo, 2013).
HEK 293 T17 cells were previously determined to be rela-
tively spherical in shape and have an approximate radius
of 6.95 μm. Using the equation for finding the volume of
a sphere we calculated a cell volume of 1406.19 μm3 for a
HEK 293 T17 cell (Mateus et al., 2013). We could not find
an estimate for the average volume of an RD cell in the
literature, so images of RD cells were compared with
HeLa and HEK293T17 cells (images from ATCC) and it
was determined that RD cell volume appears to be
between that of HeLa and HEK 293 T17, so the approxi-
mated RD cell volume is 2200 μm3. The total volume of
cell lysate was found by multiplying the volume of a sin-
gle cell by the number of cells in the pellet and added to
the amount of RIPA buffer used for resuspending the pel-
let as shown below, where V refers to volume.

TotalV lysate μLð Þ¼ Vone cell μLð Þ�#cells in pellet½ �
þVRIPA buffer μLð Þ

ð1Þ

Using the western blot standard curve, the amount of
PRMT1 in the mammalian gel sample was found in
nanograms of PRMT1 per microliter of sample loaded
and converted to nanomolar concentration of PRMT1 in
the gel. We accounted for the dilution in preparing the
SDS sample as shown:

PRMT1½ �cell lysate nMð Þ

¼ PRMT1½ �gel sample nMð Þ� totalVSDS sample μLð Þ
volume of lysate used for SDS sample μLð Þ :

ð2Þ
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The concentration of PRMT1 in a single mammalian
cell was found using the equation below by taking the
total volume of lysate (Equation 1) multiplied by
the nanomolar concentration of the lysate (Equation 2)
divided by the combined internal volume of mammalian
cells.

PRMT1½ �in onemammalian cell nMð Þ
¼ totalV lysate μLð Þ� PRMT1½ � in lysate nMð Þ

combinedVof cells in pellet μLð Þ :
ð3Þ

5.6 | SV experiments and data analysis

SV experiments were performed in a Beckman Proteome-
Lab XL-I analytical ultracentrifuge equipped with scan-
ning optics using an 8-hole rotor, 12 mm carbon-filled
epoxy double-sector centerpieces, and quartz windows.
Proteins to be analyzed were dialyzed in 50 mM sodium
phosphate, 2 mM EDTA, ±2 mM DTT, pH 7.6 overnight
at 4�C unless stated otherwise. Calculated molecular
weights of proteins analyzed were as follows:
WTPRMT1 at 43.54 kDa, DIM PRMT1 at 43.38 kDa, TIM
and TIM2 PRMT1 at 43.31 kDa. Protein samples (3–
7 μM) were prepared in the same buffer used for dialysis
and filtered with a 0.22 μm filter prior to loading into the
cell. Prepared cells were placed in the 8-hole rotor, and
temperature equilibrated at 20�C while resting under vac-
uum in the rotor chamber. SV scans were carried out at a
rotor speed of 40,000 rpm while recording absorbance at
280 nm. Compete sedimentation was confirmed by fol-
lowing the absorbance of each scan (Figure S9). Buffer
density, viscosity, protein partial specific volumes were
calculated using the software Sednterp (Lebowitz
et al., 2002). All SV data analysis was performed using
the program Sedfit (Schuck, 2000). Differential
sedimentation coefficient distributions were calculated
by least-squares boundary modeling of SV data using the
continuous distribution c(s) Lamm equation model.

5.7 | Native PAGE

PRMT1 samples were prepared containing 12–750 nM
protein in 50 mM sodium phosphate, 1 mM DTT, 1 mM
EDTA, and 5% glycerol at pH 7.6. DIM PRMT1 (W197L/
Y202N/M206V) and TIM PRMT1 (Y262A/Y304A/L341A)
were included as protein standards for monomeric and
dimeric PRMT1, respectively. Samples were mixed
and allowed to incubate at 25�C for 15 min then run on a
4%–20% TGX Mini-PROTEAN Precast Protein Gel at
100 V for 10 h at 4�C. We noted that the TIM and TIM2

(dimeric mutants) migrate as a combination of mono-
mers and dimers at concentrations used in Native PAGE,
suggesting that the conditions perturb the equilibrium
but can nonetheless be used to identify where the mono-
meric and dimeric species migrate. The loss of activity
variant SGT was desalted in a Zeba spin column (Thermo
Fisher) prior to loading. For both gels, proteins were
transferred to polyvinylidene difluoride (PVDF) and ana-
lyzed using the same methods described for
immunoblotting.

5.8 | Methyltransferase assays of PRMT1
activity

Discontinuous methylation assays were performed as
described previously (Hevel & Price, 2020; Su
et al., 2019). Reactions contained 100 nM enzyme, 2 μM
AdoMet (1 μM [H (Bulau et al., 2006)]AdoMet), 0.38 μM
BSA, 10 nM MTAN (50-methylthioadenosine/S-
adenosylhomocysteine nucleosidase), and 1 mM DTT in
50 mM sodium phosphate pH 7.6. Activity was measured
at 37�C and initiated with 200 μM R3 peptide or 4 μM
protein substrate. At different time points, 5 μL samples
of the reaction were quenched in 6 μL of 8 M guanidi-
nium hydrochloride. Samples were processed with Zip-
TipC18 pipette tips (Millipore) for removal of unreacted
[H3]AdoMet and recovery of the radiolabeled product.
Radiolabeled product produced for each time point was
quantified by a liquid scintillation counter.

In order to quantify methyltransferase activity over a
broad range of enzyme concentrations, 20 μL reactions
containing 50 mM Hepes (pH 8.0), 20 μM H4-21 peptide,
10 μM AdoMet (2 μM [H3]AdoMet and 8 μM unlabeled
AdoMet), 1 mM DTT, varied BSA to keep the total pro-
tein concentration at 0.48 μM were pre-incubated for
1 min at 30�C, and then were initiated with WT PRMT1
or TIM2 at concentrations ranging from �3 to �300 nM.
The unreacted [CH3 H3]-methylated product was sepa-
rated from unreacted [H3]AdoMet using ZipTipsC18 as
described above. Rates were collected under linear condi-
tions (e.g., 20 min for 3 nM enzyme, 4 min for 300 nM
enzyme). The methyltransferase activity between a
freshly diluted enzyme sample and a sample that had
been pre-diluted and incubated for 30 min was identical,
suggesting that oligomer equilibrium at the low enzyme
concentrations was reached before the enzyme reaction
was initiated.

Alternatively, the full kinetic characterization of
hnRNPA1 protein and the measurement of NIFK methyl-
ation was accomplished using the commercially available
MTase-Glo kit from Promega. Briefly, reactions contained
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20 mM Tris–HCl (pH 8.0), 50 mM NaCl, 3 mM MgCl2,
1 mM EDTA, 1 mM DTT, 0.1 mg/mL BSA, hnRNPA1 (0–
4 μM), and 10 μM AdoMet. Reactions for hnRNPA1
methylation were initiated with 100 nM enzyme and pro-
ceeded at 37�C. The methylation of 4 μM NIFK was initi-
ated with 1 μM enzyme and used 50 μM AdoMet.
Reaction timepoints were taken and quenched in 0.5%
TFA. Timepoints were chosen in the linear range of the
reaction. The MTase Glo reagent and MTase Glo Detec-
tion reagents were added to each reaction and S-adeno-
syl-L-homocysteine (AdoHcy) standards following the
manufacturer's protocol. Luminescence was detected
with a BioTek luminometer; relative luminescence was
converted to AdoHcy using a AdoHcy standard curve.

5.9 | Cross-linking PRMT1 constructs

PRMT1 constructs (WT and TIM2) were desalted using
Zeba Micro Spin Desalting columns (Thermo Fisher).
Samples were prepared with 0.5 μM enzyme in 50 mM
Na2HPO4 (pH 7.6) along with H421 biotinylated peptide
(0.25–0.5 μM). Samples were incubated at room tempera-
ture for 10 min before adding a final concentration of
0.025% glutaraldehyde (Sigma). Cross-linking controls
were treated identically to samples, except water was
added in place of glutaraldehyde. Cross-linking reactions
were incubated for 10 min at 25�C before quenching with
1 M Tris–HCl (pH 7.5). 4� SDS-PAGE sample buffer was
added to cross-linked samples before heating samples at
100�C for 5 min. Samples were run on a 4%–20% Mini-
Protean TGX gel at 100 V. Gels were transferred to PVDF
membrane and subjected to western blotting. The mem-
brane was probed with 1:5000 precision protein
StrepTactin-HRP (Bio-Rad) in 5% BSA in 1� TTBS.

5.10 | Binding affinity determination by
isothermal spectral shift

Purified PRMT1 or TIM2 PRMT1 was labeled using
Second Generation NHS-Red (NanoTemper) according
to the manufacturer's suggested instructions. Sixteen
two-fold serial dilutions of unlabeled PRMT1 starting
from 3.25 μM were prepared in 50 mM Na2HPO4

(pH 8.0), 1 mM DTT, and 1 mM EDTA. 20 nM of
labeled PRMT was added to each of the dilutions,
mixed thoroughly, and incubated for 15 min at room
temperature to reach equilibrium. Samples were ana-
lyzed by Spectral Shift using a Monolith X device
(NanoTemper). Data points (n = 4) were fitted with
MO. Control v2 software (NanoTemper) using the Kd

model equation as follows:

f cð Þ¼ Unboundþ Bound�Unboundð Þ

�
cþ ctargetþKd�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cþ ctargetþKd
� �2�4 c ctarget

q

2ctarget
,

where f(c) is the fraction bound at a given ligand concen-
tration c; Unbound is the signal of the target alone;
Bound is the signal of the complex; Kd is the dissociation
constant; and ctarget is the final concentration of target in
the assay.
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