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Protein arginine methylation is a widespread post-translational modification (PTM) in eukaryotic cells.
This chemical modification in proteins functionally modulates diverse cellular processes from signal
transduction, gene expression, and DNA damage repair to RNA splicing. The chemistry of arginine
methylation entails the transfer of the methyl group from S-adenosyl-L-methionine (AdoMet, SAM) onto
a guanidino nitrogen atom of an arginine residue of a target protein. This reaction is catalyzed by about
10 members of protein arginine methyltransferases (PRMTs). With impacts on a variety of cellular
processes, aberrant expression and activity of PRMTs have been shown in many disease conditions.
Particularly in oncology, PRMTs are commonly overexpressed in many cancerous tissues and positively
correlated with tumor initiation, development and progression. As such, targeting PRMTs is increasingly
recognized as an appealing therapeutic strategy for new drug discovery. In the past decade, a great deal
of research efforts has been invested in illuminating PRMT functions in diseases and developing
chemical probes for the mechanistic study of PRMTs in biological systems. In this review, we provide a
brief developmental history of arginine methylation along with some key updates in arginine methylation
research, with a particular emphasis on the chemical aspects of arginine methylation. We highlight the

Received 12th February 2023,
Accepted 28th July 2023

DOI: 10.1039/d3cb00018d
research endeavors for the development and application of chemical approaches and chemical tools for

Open Access Article. Published on 28 July 2023. Downloaded on 1/18/2026 1:30:14 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-chembio

1. Protein methylation

Post-translational modifications (PTMs) of proteins represent a
fundamental molecular mechanism for the modulation of
physicochemical properties and biological functions of cellular
proteins, ranging from stability to conformation, localization,
enzymatic activity, and biomolecular interactions. So far, more
than 400 different types of PTM markers have been identified
in eukaryotic cells.”” Based on an analysis of the dbPTM
database,” methylation, mainly arginine methylation and lysine
methylation, is listed as the fifth most frequent and ubiquitous
PTM marker, following phosphorylation, acetylation, ubiquiti-
nation, and succinylation. Examination of the PhosphoSite
database demonstrates that protein methylation occurs widely
in the human proteome.® Especially, arginine is the most
frequently methylated residue in human proteins as compared
to other methylated residues, including lysine, histidine,
cysteine, glutamine, glutamate, and aspartate.**° In the Phos-
phoSite database, more than 11 000 arginine methylation sites
are reported, with a ranging distribution across 4207 human
proteins; in comparison, 5212 lysine methylation sites are
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the study of functions of PRMTs and arginine methylation in regulating biology and disease.

found across 2814 proteins (Fig. 1). These numbers were
recently expanded in an updated study by Shechter and cow-
orkers to 15 386 methylarginine sites amongst 5255 proteins."*
Almost certainly, these studies do not represent the full scope
of arginine and lysine methylation in the human proteome as
we would anticipate that more methylated substrates and sites
will be uncovered and added to the PTM databases from future
proteomic screenings.

Methylation of arginine and lysine residues on proteins
exists in different stoichiometric states which are distinguished
by the number of methyl groups covalently attached to the side
chain amine of lysine or the side chain guanidine of arginine.
The methylation of the e-amino group of lysine residues can
exist in three states: monomethyllysine (MMK), dimethyllysine
(DMK), or trimethyllysine (TMK). Methylation of arginine
residues can exist as N°-monomethylarginine (MMA, Rme1)
or dimethylarginine (DMA, Rme2). In the DMA states, the two
methyl groups can be bonded either to the same terminal
wo-nitrogen of the guanidino group or to each of the two ®-
nitrogens, resulting in either asymmetric N°NS-dimethyl-
arginine (ADMA, Rme2a) or symmetric N N’'S-dimethylarginine
(SDMA, Rme?2s), respectively. Investigation of proteomic profiling
studies shows that the numbers of monomethylarginine sites are
much greater than dimethylarginine sites (e.g., 9500 MMA sites
compared to 1565 DMA sites in the PhosphoSite database,
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Fig. 1 A survey of protein methylation, acetylation, and phosphorylation
data in the PhosphoSite database. For lysine methylation, a total of 2814
methylated proteins containing 5212 methylation sites are curated, and the
numbers of identified monomethyllysine, dimethyllysine and trimethylly-
sine sites are 4273, 533, and 333, respectively (data procured April 19,
2021)). For arginine methylation, a total of 4207 methylated proteins
containing 11153 methylation sites are curated, and the numbers of
identified monomethylarginine and dimethylarginine sites are 9500 and
1565, respectively. For protein acetylation, predominant acetylation sites
are on lysine residues, with a small number of acetylations occurring on
serine and threonine residues. Protein phosphorylation occurs mostly on
serine residues, followed by threonine and tyrosine residues. The numbers
of identified phosphorylation sites are much larger than those of methyla-
tion and acetylation; one reason accounting for this issue could be that
protein phosphorylation is much more extensively studied than the other
PTMs.

Fig. 1).>""* Similarly, the numbers of lysine methylation sites
follows the order of monomethyllysine > dimethyllysine >
trimethyllysine (e.g., 4273 MMK sites, 533 DMK sites, and 333
TMK sites in the PhosphoSite database).>® Existence of such a
large number of monomethylarginine and monomethyllysine
residues can be a reflection of the relatively low processivity of
protein arginine N-methyltransferases (PRMTs) and protein lysine
N-methyltransferases (PKMTs)."”*® At first glance, an interpreta-
tion of this phenotype can be that monomethylated arginine or
lysine residues serve as an intermediate along the production path
toward the formation of di- or tri-methylated residues. Neverthe-
less, studies also have shown that monomethylated states can exist
as independent entities and may possess distinctive roles in
protein regulation. A well-known example of functional differences
between methylation states is that monomethyllysine 4 of histone
H3 (H3K4mel) is often associated with enhancers in chromatin
while H3K4me3 is correlated with active promoters.>*® Also,
unimodal H3K4mel centered on translational start sites is a
characteristic feature of the poised epigenetic state in embryonic
stem cells and germ cells.>* For arginine methylation, a recent
study shows that MMA proteins have ontological characteristics
distinct from ADMA and SDMA proteins.""

Notably, the site diversity of a PTM in proteins can be
different from its occurring abundance. This is practically
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witnessed in the case of arginine methylation. As afore-
mentioned and supported by numerous MS-based proteomic
screening studies, a much larger number of MMA sites are
mapped out as compared to ADMA and SDMA sites in cellular
proteins.»®%'>?? On the other hand, the global abundance of
MMA, ADMA, and SDMA in cells and tissues seem to be
divergent from their methylation site diversity. The traditional
measurement of the abundance of methylated arginines in
proteins is based on spectrometric quantitation of indivi-
dual amino acid peaks eluted from liquid chromatographic
separation of digested proteins acquired either chemically or
enzymatically. In an early study by Allfrey and coworkers,
chromatographic analysis of amino acid hydrolysates showed
that ADMA is the main methylated arginine derivative found in
non-histone nuclear proteins in rat liver, while MMA is present
only in trace amounts.” Using protein hydrolysis and high-
performance liquid chromatography, Bulau et al. found that
0.6-0.7% of total arginine residues in mouse heart and kidney
protein hydrolysates are methylated, with ADMA being the
dominant form (83% of total methylated residues) and SDMA
occurring minorly (17% of total methylated residues, while
MMA abundance was low and not detected.”® In that study,
crude kidney extracts were shown to exhibit a significantly
higher level of free ADMA and SDMA (0.037 nmol mg™ " and
0.033 nmol mg ' protein, respectively), supporting that the
kidney may be the main route for clearance of free ADMA and
SDMA from the body.>* Chromatographic analysis by Clarke
and coworkers showed that 0.45% of the total arginine residues
in the proteins isolated from MEF cells are methylated, with
an abundance distribution of 0.012% MMA, 0.4% ADMA, and
0.034% SDMA.*> Recently, nuclear magnetic resonance spectro-
scopy was applied to determine the global abundance of
arginine methylation, proclaimed having a better accuracy than
antibody enrichment and mass spectrometry.® Testing of nine
human cell lines showed that ADMA was the dominant methy-
larginine species in proteins (1-3.4% of total arginine resi-
dues), while SDMA/MMA levels were significantly lower: ~10%
of ADMA. Maron et al."' used direct-injection mass spectro-
metry with the high-resolution Orbitrap Fusion Lumos to
characterize the relative abundances of Rme2s and Rme2a. With
that method, they found that Rme2a residues were approximately
20x higher than Rme2s in A549 lung adenocarcinoma cells and
that Rme2s residues were ~25% of the total Rme2 in the Xenopus
cell-free egg extract. Altogether, the cellular ADMA abundance is
higher than that of SDMA and MMA.

The difference between the diversity and the abundance of
methylarginine implies that although a large number of mono-
methylated arginine (MMA) sites are found to exist in cellular
proteins by MS/MS mapping, their abundance level likely is
quite low as compared to ADMA. This is supported by the
overall low abundance of MMA observed in the chromato-
graphic analysis of protein hydrolysates. Regardless of the
global methylation abundance, we also emphasize the need
for quantitative studies for measuring the abundance ratios of
different arginine methylation states in specifically methylated
proteins. This is necessary and essential as differentially
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methylated states of individual proteins can be quite divergent
from the global abundance ratios and may also vary according
to cellular contexts. For example, in myelin basic protein
(MBP), 2% of arginine residues are MMA and 1.5% are SDMA,
while ADMA is not detectable.”®*” From the perspective of
metabolic effects, the high abundance of ADMA residues in
proteins seems to be in good alignment with the long observed
physiological effect of the end products of protein arginine
methylation: it is the free ADMA molecule (not MMA or SDMA)
that is abundant in plasma and acts as a major regulator of NO
synthesis and endothelial functions.>®*°

2. Protein arginine methyltransferases
(PRMTs)

Although it seems to be commonplace today that arginine
methylation is one of the most prominent PTMs and is func-
tionally important for eukaryotic organisms, the field has taken
many years to get into shape. A particular delay is that it took
more than 30 years for scientists to discover the genes that
encode protein arginine methyltransferases since the initial
discovery of protein arginine methylation in the 1960s. The
methylation of the guanidinium group of arginine residues in
proteins was first recognized in 1967 by Paik and Kim who
studied the methylation of calf thymus nuclear histones using
radioactive S-adenosyl-.-methionine (AdoMet, SAM) that was
labeled with C-14 on the methyl group to be transferred:
'4C-SAM. Following acidic hydrolysis, paper chromatography,
and radioactive ninhydrin detection, two unknown methylated
amino acid peaks near arginine were found.* A year later, Paik
and Kim determined that one of the methylated amino acid
peaks near arginine in calf thymus nuclear histones was MMA
(evidenced by observed *C-methylurea).*" In that paper, Paik
and Kim also partially purified an enzyme from the calf thymus
named “protein methylase I’ that was capable of methylating
histones. Friedman et al.>*> in 1969 observed methylated argi-
nines from acid-hydrolyzed proteins in the nuclei of rat liver
cells, and Nakajima et al*® in 1971 isolated and identified
NS-monomethyl, N°NS-dimethyl- and N°N°-dimethyl-
arginines from the protein hydrolysates of bovine brains, which
provides direct evidence for the existence of arginine methyla-
tion in vivo. Ever since the discovery of arginine methylation,
scientists have been fervently looking for the enzymes that
catalyze arginine methylation.>* For example, Kim and cow-
orkers have partially purified two arginine methyltransferases
from calf brain: one with particular substrate specificity for
histones, and the other for myelin basic protein.*® The histone-
specific arginine methyltransferase was found later to methy-
late the heterogeneous nuclear ribonucleoprotein particle
(hnRNP) protein A1, producing both MMA and ADMA.*®
However, prior to 1996, the molecular identities of the protein
arginine methyltransferases were not established, and no genes
encoding for arginine methyltransferases had been found.?”

A breakthrough in the arginine methylation field occurred
in 1996 when the groups of Clarke and Herschman identified
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and cloned the first protein arginine methyltransferase gene in
rats that was named PRMT1.*® In this paper, the authors found
that the immediate early gene product TIS21/BTG1 interacts
with PRMT1 and enhances its methyltransferase activity, which
provided the first example of PRMT activity regulation. Later
on, Clarke and coworkers showed that PRMT1 contributed to
the majority of arginine methylation in mammalian cells.*®
At about the same time as mammalian PRMT1 discovery in
1996, the first PRMT enzyme in the yeast Saccharomyces cerevi-
siae was discovered independently by the groups of Clarke and
Herschman®” and by the Silver group,’® which was named
RMT1 or Hmt1p by the authors. RMT1/Hmt1p is homologously
similar to mammalian PRMT1 and has a strong activity in
methylating the poly(A) + -RNA-binding proteins hnRNAP A1l
and Npl3p. Interestingly, yeast Hmt1p/RMT1 is not essential for
normal cell growth, but cells missing Hmt1p and also bearing
mutations in the mRNA-binding proteins Npl3p or Cbp80p can
no longer survive.*!

Through sequence homology search followed by biochem-
ical activity validation, nine PRMT members have been discov-
ered consecutively to exist in mammalian cells, all of which
belong to the class I of SAM-dependent methyltransferases and
bind SAM with a characteristic Rossmann fold.***” Based on
their end-methylation products, PRMT1, -2, -3, -4, -6, and -8 are
grouped into type I enzymes that catalyze methylation of
arginine residue to produce MMA and can further methylate
MMA to produce ADMA (Fig. 2).3%*4*8752 pPRMT4 is also known
as coactivator-associated arginine methyltransferase 1 (CARM1).
PRMT5 and PRMT9 are grouped into type II enzymes that produce
MMA and SDMA.>*">> PRMT? is grouped as a type III enzyme that
only catalyzes the conversion of an arginine residue to MMA.>*>”

Among the nine PRMT members, PRMT1 makes a dominant
contribution to the arginine methylation levels in eukaryotic
cells.”*® In a Ratl cell lysate model, immunodepletion of
PRMT1 almost completely abolishes total protein methylation
signals.®® Knockout of the PRMT1 gene in MEF cells leads to a
52-58% loss of the normal steady-state levels of ADMA.>>>°
Treatment of A549 cells with the PRMT1 inhibitor MS023
reduced the ADMA level by ~50%, as examined by western
blotting."* Protein extracts from spleens of mice showed a 78-86%
reduction in ADMA after MS023 treatment."* Another study using
NMR quantification revealed that MS023 reduced the ADMA level
in HeLa cells by 68%.>° In agreement with the predominant role of
PRMT1 in mammalian cells, a study in Saccharomyces cerevisiae
showed that Hmt1p accounts for 89% of ADMA and 66% of MMA
in proteins, demonstrating its predominant role for arginine
methylation in yeasts.”” NMR analysis of methylarginines in
S. cerevisiae showed that deletion of Hmtlp nearly completely
abolishes ADMA and MMA levels (SDMA is undetectable in that
study).?® Taking into account the leading contribution of PRMT1
in arginine methylation which is more abundant than all the other
types of protein methylations, we may draw the conclusion
that PRMT1 is the dominant methyltransferase for total protein
methylations in eukaryotic organisms.

PRMTS5 accounts for the vast majority of the type-II arginine
methylase activity and knockout of PRMT5 in MEF cells

RSC Chem. Biol., 2023, 4, 647-669 | 649
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Fig. 2 Arginine methylation reaction. The PRMT proteins are generally classified into three types according to their catalyzed methylarginine products:

MMA, ADMA, and SDMA.

abolished ~ 95% of SDMA signals.®® In A549 cells, inhibition of
PRMTS5 with inhibitor GSK591 abolished SDMA signals down to
below the threshold of detection.”* An NMR study showed that
GSK591 reduces the SDMA and MMA levels in HeLa cells by
72%.*¢ In comparison to PRMTS5, the other type-Il member
PRMT9 only plays a very minor role in SDMA formation.*
In MEF cells, PRMT? is only responsible for a small percentage
of SDMA production (~5%), including the methylation of the
splicing factor SF3B2 (SAP145).%>%°

Except for the nine classical PRMT members, two other
proteins are reported of possessing arginine methylation activ-
ity. NADH:ubiquinone oxidoreductase complex assembly factor
7 (NDUFAF7, Q7L592) was found to symmetrically dimethylate
a highly conserved Arg-85 in NADH: ubiquinone oxidoreductase

core subunit S2 (NDUFS2), which is a subunit of mitochondrial
complex 1.°"~%* Methylation of Arg-85 in NDUFS2 results in the
release of NDUFAF7 and promotes the protein-protein inter-
action with NDUFS7 for pre-assembly of active complex 1.°>
Superimposition of the PRMTS5 crystal structure with mitochon-
drial dysfunction protein A (MidA), an ortholog of NDUFAF7 in
Dictyostelium discoideum, revealed certain structural similarities
and identified conserved residues for SAH binding.** We super-
posed the AlphaFold structure of NDUFAF7 with the human
PRMTS5 structure (PDB ID: 5FA5) and observed good overlap in
the Rossmann fold domain (Fig. 3). Docking of SAH into the
NDUFAF?7 structure showed interactions of the purine ring with
F217, the ribose portion with E156, as well as hydrogen bond-
ing interactions of the carboxylate with T89 and the ammonium

Fig. 3 Structural analysis of NDUFAF7 and Mettl23. (a) Structural overlay of PRMT5 (PDB ID: 5FA5, green) with NDUFAF7 (AlphaFold, red). The crystal
structure ligands MTA (purple) and arginine (orange) demonstrate the active site. (b) Docked pose of arginine (orange) and SAH (purple) within NDUFAF7
active site. (c) Structural overlay of PRMT1 (PDB ID: 6NT2, green) with Mettl23 (AlphaFold, red). The crystal structure ligand, SAH (purple), determines the
active site. (d) Docked poses of a tripeptide containing arginine (green), MMA (orange), and SAH (purple) within the active site of Mettl23.
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group with G124. We also docked a prototypical arginine residue
(Ac-R-NHMe) into NDUFAF7. Within the arginine-binding pocket,
the guanidino group was observed to form interactions with E216,
D219, and D330, with E216 and D219 taking the form of a pseudo-
double-E loop typically present in PRMTs. The guanidino group
also formed a pi-cation interaction with F87. This interaction is an
important structural feature as NDUFAF7 has been reported to
have the same type-II activity as PRMT5, which contains a con-
served phenylalanine residue in the arginine binding pocket that
has been shown to be important for the selectivity of SDMA over
ADMA formation.*®

METTL23 is a class I methyltransferase member that was
reported to catalyze the asymmetric dimethylation of histone H3
Arg-17 (H3R17me2a) in mouse oocytes.®® METTL23-catalyzed
H3R17me2a was demonstrated to support histone H3 deposition
and DNA demethylation for paternal reprogramming. The protein
alignment of PRMT1-8 with METTL23 reveals some sequence
similarities in the methyltransferase core.®® However, METTL23
(Q86XA0) is only 199 amino acids long, which is much shorter
than the catalytic domain of typical PRMTs (~310 residues).
Therefore, it is doubtful whether METTL23 possesses authentic
enzymatic activity of an arginine methyltransferase. We modeled
the AlphaFold structure of METTL23 using PRMT1 (PDB ID:
6NT2). A good overlap is clearly seen within the Rossmann fold
domain of PRMT1 (Fig. 3). With a size two-thirds of typical type-I
PRMTs, METTL23 lacks the B-barrel domain. Docking of SAH into
the Mettl23 structure adopts a pose similar to SAH in the PRMT1
crystal structure. Upon first glance at the pocket, no double-E loop
motif is observed. We docked a tripeptide derived from H3, Ac-
APR-NHMe, into the structure of METTL23. Interestingly, the
arginine residue does dock with a suitable orientation within the
pocket; however, rather than interacting with two acidic residues,
the guanidino group interacts with D101 and is also sandwiched
between W4 and F104 to form pi-cation interactions. Investigation
of the predicted arginine binding pose and protein surface also
provides some insight into how this enzyme may produce ADMA
over SDMA. The pocket itself around the guanidino group is
asymmetrical, with more space closer to the sulfur of SAH and
less space approaching D101. When bound, the guanidino group
appears to be closely associated with D101 through ionic inter-
action, with the nitrogen to be methylated pointing towards SAH
with a distance of approximately 4 A. After methylation, the steric
bulk of the methylated terminal nitrogen has increased; therefore,
the monomethylated arginine substrate would bind to METTL23
in such a way that the less bulky terminal nitrogen is pointed
towards D101 (away from SAM) to place the bulkier terminal
nitrogen into the more open portion of the pocket (towards
SAM). It will be interesting to see how substrate specificity and
protein-protein interactions of METTL23 are achieved.

3. Biological functions of arginine
methylation

Given the large abundance and widespread nature of arginine
methylation in the eukaryotic proteome, it is unsurprising that

© 2023 The Author(s). Published by the Royal Society of Chemistry
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PRMTs and arginine methylation regulate diverse biological
processes. Knockout of PRMT1 or PRMT5 was proved to be fatal
in new mice, demonstrating that these genes are essential for
the organism’s development. Quite a few comprehensive review
articles have been dedicated to discussing the regulatory func-
tions of PRMTs in normal cellular physiology and in disease
processes, and readers are referred to these articles for detailed
coverage.®”””’° This article is geared more toward providing
an account of chemical approaches and tools in the study of
arginine methylation and thus does not tend to discuss the
biological functions of arginine methylation.

A striking feature of arginine methylation is that the major-
ity of arginine methylated substrates are nucleic acid-binding
proteins and thereby are involved in RNA or DNA-participated
processes.”® This feature somehow is expected because the
arginine side chain is nitrogen-rich and positively charged,
which is an ideal functional group for interaction with nucleic
acids that contain phosphate and heteroatomic purines and
pyrimidines. Indeed, arginine residues are abundantly enriched in
nucleic acid-binding proteins.®

Accumulating amounts of preclinical and clinical evidence
points out the intimate connection of PRMTs with multiple
human disease states, especially cancer.*>*'®* Generally,
PRMT expression and arginine methylation are upregulated
in cancer, the reason for which is unknown. We notice that one
round of arginine methylation releases one proton ion (Fig. 2),
indicating that increased PRMT expression and activity could
provide a proton source to acidify the intracellular milieu.
Proton-forming biochemical reactions have been proposed as
a molecular mechanism to counteract excessive alkaline stress
in tumorous cells and chronic inflammation. Therefore, upre-
gulation of arginine methylation may play a functional role
in maintaining cellular acid-base homeostasis.®® Future stu-
dies are warranted to address this hypothesis.

4. Biochemical assays of arginine
methylation

To address PRMT functions in physiology and pathology, many
efforts have been made to develop versatile or specific assay
tools for PRMTs.**®® The study of arginine methylation
depends on sensitive and quantitative assays for PRMT activity
detection and quantitation. The investigation of arginine
methylation in protein samples extracted from lysed cells or
animal tissues mainly is achieved by western blotting, total MS,
or MS/MS analysis of digested peptides. On the other hand,
in vitro assays of measuring the enzymatic activities of purified
PRMT proteins can be designed with greater diversity and
flexibility. These assays are important for characterizing the
activities of different forms of PRMTs and for quantitatively
testing and screening PRMT inhibitors. We highlight herein the
reported biochemical assays for PRMT activity measurement
(Fig. 4).

A number of biochemical assays have been designed for
PRMTs and other methyltransferases (Fig. 4).°°*® The radiometric
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Fig. 4 Different forms of biochemical assays for PRMT activity measurement.

assays represent a gold standard for quantitating in vitro methyl-
transferase activities of PRMTs owing to their superior sensitivity
and protocol straightforwardness.”® The principle is that PRMTs
transfer the radioisotope-labeled methyl group from [*H}-SAM or
["*C]-SAM to their peptide or protein substrates, and methylated
products are detected based on their incorporated radiation
amounts. The common protocol is that reaction mixtures are
resolved on an SDS-PAGE gel and then methylated proteins/
peptide products are visualized and quantitated using fluorogra-
phy or phosphorimaging.'®% Albeit having the advantage of
visualization and sensitivity, the gel imaging assay takes over-
night or longer for films to be adequately sensitized for image
production.

For the detection of methylated substrates using liquid
scintillation counting, different approaches have been devel-
oped to separate the products from unreacted SAM in the
reaction mixture. Glass fiber or phosphocellulose filter paper
is commonly used for affinity isolation of positively-charged
peptides, for example, histones or RGG-rich peptides.'%*'°7~12°
These materials are quite cheap and have large surface areas
suited for bulk peptide binding. The Hevel group developed a
pipette chromatography method (ZipTip assay) for peptide
product isolation which has the advantage of easy operation
and fast assay speed and is particularly useful for analyzing
small volumes of reaction.’*" To circumvent the washing step
in radiometric assays for throughput improvement, an ideal
method is the scintillation proximity assay (SPA) in which
scintillation signals are generated from the micrometer proxi-
mity of biotinylated substrates to streptavidin-coated scintillant
microsphere beads (either FlashPlates or streptavidin-coated
microscopic beads).'*>'**"** SAM molecules in the bulk

652 | RSC Chem. Biol., 2023, 4, 647-669

solution do not need to be removed because they fall out of
the SPA distance and do not produce any scintillation signals.

Immunosorbent assays are widely used for detection and
quantitation of protein arginine methylation. The quality of the
methylarginine-specific antibodies has to be ensured. A typical
format of these assays is the enzyme-linked immunosorbent
assay (ELISA),"°%'*%'3 in which methylated substrates are
adsorbed onto microplate wells and incubated with a primary
antibody that is further probed with horseradish peroxidase
(HRP)-labeled secondary antibody. After washing out the
unbound antibodies, chemiluminescence is developed from
the HRP. The dissociation-enhanced lanthanide fluorescence
immunoassay (DELFIA)'*"'3¢7138 ig similar to the ELISA, except
that the antibody is labeled with a lanthanide probe instead of
HRP. The lanthanide dissociates from the antibody by the
addition of an enhancement cocktail and exhibits amplified
fluorescence when excited at 340 nm. The lanthanide fluoro-
phore features a large Stokes shift, a long decay time and a
narrow emission spectrum, which together minimizes the
interference of background fluorescence. Other assay methods
involving lanthanide labels are homogeneous (no-wash) tech-
nologies that include time-resolved fluorescence resonance
energy transfer (TR-FRET)"??*> and AlphaLISA."**'** In the
TR-FRET assay, energy is transferred from the donor europium
chelate to the acceptor fluorophore within the FRET distance
(~10 nm). For AlphaLISA, donor beads convert ambient oxygen
to singlet oxygen when excited at 680 nm, which can diffuse
about 200 nm in solution. Then, the europium in the acceptor
bead within this range receives energy and emits fluorescence.

In addition to the direct detection of methylated proteins/
peptides, the production of SAH or the consumption of SAM
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provides a means for methylation measurement. Graves et al.***
employed anti-SAH antibodies and fluorescein-SAH conjugate
tracers to measure SAH generated as a result of methyltrans-
ferase activity. The produced SAH competes with the tracer in
the antibody/tracer complex. The release of the tracer results in
a decrease in fluorescence polarization. The antibody had more
than a 150-fold preference for binding SAH relative to SAM.
The limit of detection was approximately 5 nM (0.15 pmol)
SAH in the presence of 3 pM SAM. Time- and enzyme-
concentration-dependent decreases in fluorescence polariza-
tion were observed in the catechol-O-methyltransferase (COMT)
assay. In principle, this method is applicable to PRMT activity
measurement.

Detection of SAM and SAH can be achieved by riboswitches
(RNA aptamers) that selectively bind to SAM or SAH and
discriminate against each other.'*>'*® The Hammond group
developed a series of RNA aptamers that selectively bind SAH
and trigger fluorescence biosensing.'*” Its use in enzyme
activity measurement was demonstrated for DNA and protein
methyltransferases. Scientists at BellBrook Labs have devel-
oped an AptaFluor™ SAH methyltransferase TR-FRET assay that
is based on RNA aptamer binding of SAH. The riboswitch binds
SAH with nanomolar affinity and exquisite selectivity. They split
the riboswitch into two halves: one half is labeled with a
terbium chelate and the other with DyLight™ 650. SAH binding
induces the assembly of a trimeric complex which generates a
TR-FRET signal. This mix-and-read assay is robust, sensitive,
histone acetyltransferase (HAT) compatible, and could be
applied to different methyltransferases.

Quite a few assays have also been developed to detect the
side product SAH through enzyme-coupled reactions. Such
enzyme-driven coupling assays attempt to convert SAH into
derivatives possessing colorimetric, fluorescence, or lumines-
cence properties. In the SAH hydrolase (SAHH)-coupled assay,
SAH is hydrolyzed into adenosine and homocysteine, the latter
of which subsequently reacts with the fluorogenic probes
ThioGlo or CPM, generating blue fluorescence.'*®'37'%° Scien-
tists at BellBrook Labs used adenosine kinase to generate AMP
from adenosine, and the formed AMP is detected by a compe-
titive fluorescence polarization immunoassay.'>"*>*

In another approach, SAH is converted into adenine by SAH/
5’-methylthioadenosine nucleosidase (SAHN/MTAN) and then
to hypoxanthine by adenine deaminase (ADA). The methylation
process is monitored by the absorbance difference of adenine
and hypoxanthine at 265 nm.">® G-Biosciences further devel-
oped an assay kit (Cat. # 786-430) that introduces Xanthine
oxidase converting hypoxanthine into urate and hydrogen per-
oxide (H,0,), the latter of which is spectroscopically measured
at 510 nm with the colorimetric reagent 3,5-dichloro-2-hydroxy-
benzenesulfonic acid (DHBS). Luo and coworkers implemented
a biochemical strategy by adding coupling enzymes that con-
vert adenine to AMP to ATP so that luciferase-linked biolumi-
nescence can be generated.'>® The luciferase coupling assay is
featured for its ultra-sensitivity and quantitative linear response
to SAH. The same assay format was also designed for charac-
terizing DNA methyltransferases."®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The Shechter group has developed a simple coupling assay
for SAH measurement using the SAH-deaminase TM0936."°
This enzyme converts SAH to S-inosyl-.-homocysteine (SIH), the
process of which can be monitored by absorbance at 263 nm.
The utility of TM0936 for several methyltransferases including
PRMTs was demonstrated in 96-well plate format with excellent
high-throughput performance. Furthermore, the authors sub-
stituted SAM with 8-aza-SAM as the methyl donor. Both 8-aza-
SAM and 8-aza-SAH are fluorescent at 360 nm, but the end
product 8-aza-SIH upon the action of TM0936 is a poor fluor-
ophore. Thus, the loss of fluorescence emission at 360 nm was
a quantitative indicator of the methyltransferase reaction.
Compared to other coupling methylation assays, this method
only utilizes a single coupling substance and thus is experi-
mentally more straightforward.

There are other types of assay approaches that are important
for elucidating protein arginine methylation on specific sub-
strates or in the proteomic scope. The classic method of amino
acid hydrolysis and the subsequent analysis of methylated
amino acids using different chromatography approaches play
a critical role in analyzing types and levels of arginine methyla-
tion in different protein and peptide samples.’® Furthermore,
mass spectrometry techniques (MS and MS/MS) have become
more and more sensitive and accurate and find significant use
in distinguishing and quantifying MMA, SDMA, and ADMA
markers in cellular proteins.">”

In addition to the above-mentioned methods for studying
steady-state reactions of arginine methylation, a few biochem-
ical probes and assays were designed to investigate the pre-
steady state of arginine methylation. PRMT1 is reported to
methylate glycine and arginine-rich (GAR) motifs and histone
H4 at the R3 site."®® Based on this, the Zheng laboratory
designed and synthesized fluorescent probes for PRMT1 using
a fluorescently labeled GAR-rich peptide (R4-FL) and a labeled
H4 peptide.'® These fluorescent peptides are used as chemical
probes to examine the substrate binding and methyltransferase
activity of PRMT1. In their work, fluorescein was selected as a
reporter group because it has long absorption and emission
wavelengths and its photophysical properties are sensitive to
the local micro-environment. Both fluorescence intensity and
anisotropy can be used to measure the binding of R4-FL and
H4-FL with PRMT1. These two probes are effective in measur-
ing the association constants of PRMT1 with its nascent
substrates through competitive binding assays and were shown
to effectively manifest enzyme-substrate interactions. Of parti-
cular interest is that the fluorescence intensity of R4-FL or
H4-FL is sensitive to the progression of their binding with and
methylation by PRMT1, supporting that it is a useful fluores-
cent probe to investigate the transient kinetic mechanism of
PRMT catalysis. Indeed, based on the stopped-flow fluores-
cence data, the authors concluded that PRMT1 catalyzes H4
methylation via a multiple-step process including an ultra-fast
substrate-binding step, then a modestly fast formation of the
ternary PRMT1 complex, and the methyl transfer is the rate-
limiting step for arginine methylation.'®® Later on, they com-
bined the stopped-flow data of H4-FL fluorescence and intrinsic
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tryptophan fluorescence of PRMT1 and were able to generate a
transient kinetic model of PRMT1 catalysis.'® Further, they
applied the stopped-flow fluorescence approach as a homoge-
neous, continuous assay for PRMT1 inhibitor detection and
characterization.'®" Except for quantitatively determining the
potency (ICso) of PRMT1 inhibitors, the approach also distin-
guishes between different modes of inhibition: i.e., cofactor-
competitive, substrate-competitive, and mixed-type.

5. Small molecule covalent PRMT
inhibitors

The pathological significance of PRMTs has stimulated growing
enthusiasm for designing and screening chemical inhibitors to
target individual PRMT members for therapeutic development.
A number of small-molecule, reversible organic inhibitors have
been developed to target PRMTSs, and there are several extensive
reviews published discussing the attributes and uses of PRMT
inhibitors.”"”%?%1%2 Readers are referred to these references for
more information. It is necessary to highlight that PRMT
inhibitors not only have therapeutic potential, but also have
significant value to basic research in PRMT biology: potent,
selective, cell-active compounds with well-defined mechanisms
of action are powerful chemical genetic tools to investigate
biological roles and mechanisms of individual PRMT enzymes.

Reported PRMT inhibitors can be classified into SAM
competitive,'®® substrate competitive, and allosteric inhibitors,
based on the binding mode of these compounds. So far, there is
no clear evidence of which type of PRMT inhibitors will have
more preferential benefit as disease therapeutics. Taking into
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account the micromolar to millimolar concentrations of SAM
inside cells and the submicromolar potency of SAM and SAH in
PRMT binding, nascent PRMT proteins in cells likely exist in
SAM- or SAH-bound forms. In this regard, inhibitors that have
substrate competitive and SAM uncompetitive nature may have
a mechanistic advantage to prohibit PRMT activity because they
bind to SAM/SAH complexed PRMT forms directly. On the other
hand, SAM-competitive inhibitors may have to compete with
endogenous SAM and SAH for PRMT binding, and thus their
potencies could be influenced by SAM/SAH concentration var-
iations under varying biological contexts. Allosteric inhibitors
of PRMTs may have the advantage of targeting both free PRMT
forms and SAM/SAH bound forms.

Apart from the mainstay reversible binding inhibitors, cova-
lent ligands have been made for PRMT inhibition. An early
example of such inhibitors was investigated by Dillon et al. in
2012.'%* The discovery was made through a competitive activity-
based protein profiling (ABPP) assay,'®® whereby a reactive
cysteine residue C101 close to the SAM-binding pocket of
PRMT1 was selected to be the target residue for covalent bond
formation.'®® The assay utilized an activity-based fluorescence
polarization approach with an AlexaFluor-maleimide probe
(maleimide-AF488) as a reporter for targeting PRMT1 and a
C101A mutant was used as a control. The authors found that a
significantly stronger signal was observed with the wild-type
PRMT1 compared with the C101A mutant after incubating with
the probe. Screening of 16 000 compounds was conducted and
yielded two inhibitors: CID 5380390 and CID 2818500 (Fig. 5).
Both inhibitors contain a nitroalkene moiety that was believed
to serve as an electrophile to react with Cys101 that is only
conserved in PRMT1 and PRMTS. A full mechanism of action

N \
HO.5  on N - /N
H
9 MS117
(PRMT5) (PRMT6)
OH
N §
(0] o (0] \N/ N \
D A~
O H “ N
MS4322 S
(PRMT5)

\ E84
(PRMT1)

Fig. 5 Chemical probes of PRMTs with different properties. (a) Covalent inhibitors designed for PRMTs. Red color highlights reactive groups for covalent

reaction with PRMTs. (b) A degrader of PRMT5 containing PRMT5 ligand
fluorescent compounds that inhibit PRMTs.
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(blue), linker (purple), and VHL E3 Ligase ligand (red). (c) Long-wavelength
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study and full biochemical characterization of these compounds
has not yet been done; however, due to their small size, it is
possible that they could serve as a scaffold for the future devel-
opment of more specific covalent PRMT1 inhibitors.

The approach of utilizing a reactive cysteine residue is
common in covalent inhibitor design and is not unique to
PRMT1 design. Within PRMTS5, there is also a reactive cysteine
close to the SAM pocket (C449) near the N® amino group on the
purine ring. This residue is unique to PRMT5, whereas in other
PRMTs, the homologous residue is a serine. Lin et al. envi-
sioned this as a unique opportunity to develop covalent inhi-
bitors of PRMT5.'®” In their approach, the authors designed an
analog based on the previously developed LLY-283 as a starting
point. A derivative containing a hemiaminal cyclized between
N' and N°® of the adenine ring (compound 9, Fig. 5) was
synthesized. This hemiaminal was believed to open to provide
an aldehyde under physiological conditions that would then be
able to react with C449. Both the hemiaminal and the free
aldehyde were assessed in biochemical tests and showed com-
parable ICs, values of 11 nM and 19.5 nM, respectively.'®”
In addition, the k¢ rate was measured for the hemiaminal in
both wild-type and C449S mutant, with the wild-type having a
significantly slower off-rate. Typically, ICs, values are good
measurements for reversible inhibition; however, the potency
of a covalent inhibitor is time-dependent. Thus, potency is
better understood for irreversible inhibition through measure-
ment of kinac/Ki, where kinace is the rate constant of enzyme
inactivation and K; is the inhibitory constant. For the described
compound, kinace/K; was found to be 1.2 x 10° M~ ! min™.
Additionally, the authors co-crystallized the free aldehyde with
PRMT5:MEP50 (PDB ID: 6K1S) which showed C449 at a dis-
tance within a bond length of the molecule. Interestingly, the
authors reported that based on the associated dihedral angles
between the covalent inhibitor and C449, elimination had also
occurred, which resulted in a trans double bond between the
sulfur of C449 and N° of the adenine ring.

Lately, a covalent inhibitor of PRMT6 was developed by Shen
et al.'®® This compound (MS117) was designed as an analog of
the previously described compound MS023. PRMT6 contains a
unique cysteine residue (C50) that was identified to be acces-
sible via substitution of the phenyl ring of MS023. The authors
designed MS117 by replacing the para-isopropoxy substituent
of the phenyl ring with a meta-acrylamide to serve as the
electrophile for the covalent linkage.'®® Biochemical analysis
provided an ICs, value of MS117 to be 18 nM with a kjyac/K:
value of 8.3 x 10* M~ s™". The covalent bond formation was
confirmed by mass-spectrometry and a crystal structure was
obtained (PDB ID: 6P7I) that established a covalent bond
between C50 and the acrylamide group. MS117 showed mod-
erate selectivity for PRMT6 against other type-I PRMTs. In cells,
it was found to significantly reduce levels of asymmetrically
demethylated H3R2, a marker produced by PRMT6 alone, while
only having moderate effects on other markers produced by
PRMT1, -3, and -4 without having significant cellular toxicity
in MCF-7, PNT2, and HEK293T cells. By comparing the low
selectivity of MS023 and the higher selectivity of MS117 for

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Review

PRMT6 among type-I PRMT isoforms, the introduction of a
target-specific covalency speaks for a doable strategy for engen-
dering selectivity enhancement for nonselective reversible
inhibitors.

6. PRMT degraders

With the growing popularity of proteolysis-targeting chimeras
(PROTACS), it stands to reason that PRMTs would eventually
be targeted with the PROTAC strategy. The first set of PRMT
degraders that include MS4322 (Fig. 5) was developed by Shen
et al. in 2020."*° This PROTAC molecule was designed by
linking the known PRMT5 inhibitor EPZ015666 to the von
Hippel-Lindau E3 ligase (VHL) ligand with the goal of ubiqui-
tinating and ultimately degrading intracellular levels of
PRMTS5. Indeed, MS4322 was demonstrated to reduce cellular
levels of PRMT5 and in turn SDMA levels in proteins in a
PRMT5-, VHL E3 ligase-, and proteasome-dependent manner in
five different cancer cell lines after treatment. The compound
also exhibited a reduction in proliferation of these cell lines.
MS4322 represents a new targeting strategy for PRMTs and has
opened the door for future development of other PROTACs to
study the cellular effects of PRMT degradation. The pharmaco-
logical significance of PROTAC probes and their distinction
from standard PRMT inhibitors await to be fully investigated in
cellular and preclinical models.

7. PRMT imaging probes

Fluorescent probes that alter fluorescence intensity upon bind-
ing with a target enzyme are excellent probes to image its
expression level and distribution in cells and tissues. In 2012,
we studied a series of trimethine cyanine derivatives containing
indolium, benz[elindolium, or benz[c,d]indolium heterocyclic
moieties and evaluated their inhibition for the enzymatic
activity of PRMT1."7° The compound MHI-21 demonstrated
an inhibitory effect on PRMT1 with an ICs, value of 4.1 uM
(Fig. 5(c)). The steady-state enzymatic measurements demon-
strated that MHI-21 is a noncompetitive inhibitor with regard
to both H4 and SAM substrates. This compound was found to
cross the plasma membrane and cause chromatin dysfunction
in HeLa cells. Of uniqueness, MHI-21 has the marked feature of
carbocyanine compounds with its spectral absorption and
fluorescence emission in the near-infrared region. Measured
in methanol, MHI-21 has its absorption maximum at 758 nm
and its emission maximum at 774 nm. This optical property
was explored for the microscopic imaging of PRMT1 in cells.
Treatment of HeLa cells with MHI-21 led to bright near-infrared
fluorescence imaging of HeLa cells as observed under confocal
microscopy using a 633 nm laser for fluorescence excitation
and a 715 to 785 nm long pass for emission. The compound
was found to be highly concentrated around- and in the
nucleus, with a weak level in the cytoplasmic vesicles.

Later, we studied more cyanine compounds as PRMT inhibi-
tors."””" Among them, a pentamethine compound E-84 (Fig. 5(c))
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showed inhibition of PRMT1 with the potency in the low micro-
molar level and certain degrees of specificity for PRMT1 over
CARM1, PRMT5, and PRMTS ranging from 6- to 25-fold. Mole-
cular docking suggested that E-84 acts by partially occupying the
cofactor binding site and blocking the proximity of the cofactor
and substrate arginine. E-84 is not only a potent PRMT1 inhi-
bitor but a strong tool to label PRMT1."7? E84 fluoresces brightly
when it binds to PRMT1 and excitation with a red laser. Based on
this spectral property, we used E-84 as an optical probe to study
PRMT1-regulated functions in living cells."”> We found that the
293T cells transfected with plasmids expressing either isoforms
of PRMT1 (V1 or V2) have approximately sevenfold higher
fluorescence signals than the 293T cells transfected with the
vector plasmid. Therefore, fluorescence intensity was correlated
with the PRMT1 expression level. There were no apparent
negative effects on proliferation of labeled cells under a low
concentration of E-84. Interestingly, using E-84, we were able to
identify and sort two populations of PRMT1 expression out of
the long-term hematopoietic stem cells (LT-HSCs). The two
populations of cells displayed little difference in the proliferation
rate. However, PRMT1-low LSK cells were able to repopulate
peripheral blood with multiple lineages, whereas the PRMT1-low

View Article Online

RSC Chemical Biology

LSK cells failed to reconstitute multilineages. Thus, E84 is a
useful molecular tool to probe the role of PRMT1 in hematopoi-
esis and leukemogenesis. Developing E84 and other fluorogenic
probes to label PRMTs provides a convenient approach superior
to antibodies for studying cell epigenetic status and differentia-
tion state changes induced by PRMTSs.

8. Peptide- and peptoid-based
chemical probes

PRMTs can recoghize and methylate peptides as efficiently as
full-length proteins. Therefore, short peptide substrates are an
excellent starting point for the design of specific chemical
probes to study PRMTs. This is important because the use of
SAM-analogs and other small molecule inhibitors for targeting
PRMTs could be compromised by the off-target issue.”® The
Thompson group was among the first to explore peptide-based
chemical scaffolds for PRMT inhibition. In 2011, they reported
a histone H4 tail peptide bearing a chloroacetamidine moiety
named C21 that acts as an irreversible PRMT1 inhibitor
(Fig. 6(a))."”>"7* The chloroacetamidine warhead is structurally

a) C21 § b) B-C21 o g) Peptide 1
(PRMT) ™ (PRMT1) N (PRMT4)
m NH w ° B
AcHN-FanmpGAI—N._JL ~PAAP—NH,
e Q S OH
H H NH H
N N Y . H
Y se—N ~GKGGKGLGKGGAKRHRKV N )é \/\)LN/\/\/\I(\SG_N K CGKLOKOAKRURKY J/
0 [¢} H\—s H 0 H 5 HN
cl A HNSNH
c) F-C21 OH HNﬁ) h) Peptide 2
PRMT1
( ) 5 O " (PRMT4) v L
0
H . R N<
HO Q O s H " AcNH—PAApr\:)LN/PPFSTM NHy TN \\\N
¢ N)J\N/\A/\[]/N\SG—N N~ GKGGKGLGKGGAKRHRKY : H §
4 H H o H 9 J/ NH,
c HN
HN HN™SNH
NH NH
\ ¥
- HoN
d) PI-16yne o v L o, )
(PRMT1) H N
HN—HKHA-N ~ GGKGLGKGGAK ho =) R e
oo k\j\\(” ’ ¥
N o
i NHz NH, NH, NH. o
e) Peptoid H4-16 2 HN\/«
(PRMT1) T
SISV I s HeE ULE WS PN
N N N N N N N N
D G I S i i G I e I G T (I G U o
H ) /H ) o 0 o o 0 o in={
NH
OH
NH, i) AH237
S (PRMT4/5) s
f) Peptoid P2 NH, NH, NH, K(g‘ R
(PRMT1) ho LAy
'PDPU PP PO PSP Y PUS:! .
N N N N N N N N NN
LG S i G 1 S 1 Sl 1 S i G
\ 0 /H 0 0 0 0 0 0 0
OH
CI\ANH NH,

Fig. 6 Peptide and peptoid probes of PRMTs. (a) C21 peptide which contains the chloracetamidine moiety synthesized by Obianyo (b) B-C21 displays a
biotin conjugated onto C21. (c) F-C21 is C21 peptide with fluorescein bound to the N-terminal tail. (d) Pl-16yne peptide probe for PRMT1 labeling.
(e) Peptoid H4-16 was among the several peptoids by Mann and coworkers that demonstrated the potential of peptoid inhibitors. (f) Peptoid P2 by
DuBose displayed the improvement of the peptoid inhibitors through the chloracetamidine moiety. (g) and (h) Peptides 1 and 2 were among a few
peptide-adenosine probes that established the potential of these bisubstrate inhibitors. (i) AH237 synthesized by Al-Hamashi was a bisubstrate inhibitor

that had the best ICsq value among the other peptide-adenosine probes.
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similar to the guanidino group of the arginine residue and
could covalently bond with a nucleophilic group like the sulfur
in the cysteine side chain. It was proposed that the C21 probe
targets Cys101 of PRMT1, which is only conserved in PRMT1
and PRMTS. Taking advantage that C21 irreversibly inactivates
PRMT1, the Thompson group further implemented the probe
for activity-based protein profiling by conjugating C21 with
reporter tags such as biotin (Fig. 6(b), B-C21) or fluorescein
(Fig. 6(c), F-C21). Although F-C21 labeled recombinant PRMT1,
the fluorescent probe could not detect cellular PRMT1 due to
low levels of active protein. B-C21 showed higher sensitivity and
detected as little as 25 ng of PRMT1 and isolated PRMT1 from
cell extracts. Using the probe, they found that the activity of
PRMT1 is negatively regulated spatially and temporally by
estrogen.'”? Consistent with the property of chloroacetamidine-
H4 probes, the Knuckley group later made and tested a
chloroacetamidine-containing unnatural peptide with an alkyne
group on one end (PI-16yne, Fig. 6(d)), and in vitro assays showed
that PI-16yne selectively inhibited and labeled PRMT1 over
PRMTS5 at concentrsations <25 uM.'”>

Though the peptide probes show amenable selectivity, their
utility is limited due to their susceptibility to proteolysis. Adopting
peptide mimetic structures such as peptoids can circumvent this
issue to a degree. The structural difference between peptoids and
peptides is that the side chain of peptoids is located on the
nitrogen of the amide backbone rather than on the a-carbon in
natural amino acids, thus making peptoids more resistant against
proteolysis."”® For this reason, Knuckley and coworkers explored
histone H4 peptoid structures as an alternative probe design. The
initial design includes several peptoid analogs of the histone H4
tail which all showed weak inhibitor activities against PRMT1 with
IC5 values in the high micromolar range. Nevertheless, the H4-16
peptoid (Fig. 6(e)) clearly exhibits a certain degree of selectivity
towards PRMT1 over PRMT5."”” To improve the potency, the
chloroacetamidine warhead that had been used in previous
studies was conjugated onto the peptoid. This substituent greatly
improves the ICs, as well as its selectivity much like in the
previous study.'”® Notably, the positive charge at the N-terminus
of the H4 sequence provides additional binding stabilization
and inhibition that was drawn from the ICs, value of different
peptoids. Further tests showed that the H4 peptoid-chloro-
acetamidine compound (peptide P2, Fig. 6(f)) causes apoptosis
and autophagy in cancerous cells while leaving healthy cells
relatively unharmed. However, the mechanism by which the
inhibitor discriminates between cancerous cells and healthy cells
was not delineated. This would suggest that there is still much to
be discovered with regard to peptoid-based probes but exemplifies
a great promise in optimizing peptoids for use as selective probes
for various PRMT isozymes.

9. Peptide-adenosine bisubstrate
chemical probes

Linking the substrate peptide sequence and a portion of the
SAM structure generates potential bisubstrate inhibitors of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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PRMTs. Such compounds with bivalent binding modes may
have enhanced potency over peptide inhibitors or SAM analogs
alone. In 2016, van Haren and coworkers developed a peptide
that mimics the transition state formed between substrates
during methyltransferase catalysis.'”® This probe consists of a
peptide fragment (peptides 1 and 2, Fig. 6(g), (h)) from the
poly A-binding protein, a highly targeted protein for CARM1
methylation, in which alkyl adenosine was conjugated to the
guanidine of arginine on the peptide. The probes were found to
inhibit CARM1 in sub-micromolar concentrations and were
used by the group in the structural investigation of CARM1.
In an effort to improve upon these probes, Huang and cow-
orkers used shorter tripeptides that were then conjugated to
adenosine.'®® The best inhibitor, AH237 (Fig. 6(i)), reported by
the group achieved an ICs, value of 2.8 nM for CARM1 as
compared to an ICs, value of 5.9 uM for the major type I enzyme
PRMT1. AH237 showed its strongest potency for PRMT5, with
an ICs, value of 0.42 nM. It remains intriguing to see how these
bisubstrate probes perform in cellular tests.

10. Cofactor-based PRMT probes

SAM is the major methyl donor and plays an essential role in
biological methylation reactions. These methylation reactions
are catalyzed by methyltransferases. To date, several efforts
have been made to develop SAM analogs with SAM’s methyl
moiety replaced by other alkyl substituents as a chemical probe
to investigate the methylation reactions. For example, 5'-(dia-
minobutyric acid)-N-iodoethyl-5’-deoxyadenosine ammonium
hydrochloride (AAI) was developed as a synthetic cofactor for
SAM-dependent DNA methyltransferases (Fig. 7(a)).'®" Inspired
by this, Thompson and coworkers reported the first use of AAI
as an alternative cosubstrate of PRMT1 and identified that AAI
can be used to generate methyltransferase inhibitors. An azir-
idinium ion is a key intermediate in this reaction process. After
reacting with an arginine 3 residue on the histone H4 peptide, a
bisubstrate adduct is generated which serves as an inhibitor of
PRMT1. In principle, when appropriate AAI modifications were
applied such as alkyne or azide functionalization, the ability of a
PRMT to catalyze the transfer of AAI to the substrate peptide could
be used to identify PRMT substrates and provide potent and
selective inhibitors for other SAM-dependent methyltransferases.

The copper-catalyzed azide-alkyne cycloaddition (CuAAC)
has been a highlight of click chemistry since its inception by
Sharpless and Meldal in 2002."%>'%% This reaction entails the
cyclization of a terminal alkyne and an azide to form a 1,4-
disubstuted 1,2,3-triazole promoted by a Cu(i) catalyst. The
reaction is highly chemospecific and is tolerable in aqueous
media. Such high specificity and the ability to be conducted in
water has in turn opened the door to a wide degree of
biorthogonal approaches ultimately leading to both Sharpless
and Meldal, as well as Bertozzi for her work in biorthogonal
click chemistry, sharing the 2022 Nobel Prize in Chemistry.
With such a useful nature, it is no surprise that probes utilizing
click chemistry have been developed towards PRMTs.
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Fig. 7 (a) Conjugation reaction of AAIl with the target arginine residue in the substrate; (b) structure of AdoEnYn; (c) structure of 4-propargyloxy-but-2-

enyl SAM (Pob-SAM); (d) structure of propargylic Se-adenosyl-L-selenomethionine (ProSeAM, SeAdoYn).

In PRMT catalysis, the sulfonium of SAM acts as a methyl
donor during the methylation reaction. It is simple to hypothe-
size that chemical modification of the methyl group of SAM to
different alkyl groups (e.g. a propargyl group) could potentially
generate different alkyl donors through enzymatic reaction.
The first modified SAM-analogs developed were sulfonium-f-
sp/sp>-alkyl SAM analogs toward native protein methyltrans-
ferases (PMTs) as cofactor surrogates in 2010 by the Weinhold
group.'®* In their report, they designed the SAM-based cofactor
5'{(S)}(3S)-3-amino-3-carboxypropyl|(E)-pent-2-en-4-ynylsulfonio]-
5’-deoxyadenosine (AdoEnYn) by replacing the methyl group of
SAM with a pent-2-en-4-ynyl side chain (Fig. 7(b)). They explained
that the double bond can compensate unfavorable steric effects
within the Sy2-like transition state by conjugative stabilization,
making the structure more stable.'®* The terminal alkyne is used
for further modifications through bioorthogonal CuAAC click
chemistry. They found that this probe is active for the mammalian
ASH2-MLL complex and can be applied to identify novel MTase
substrates and define the methylated proteome through conjunc-
tion with protein arrays.'®* However, other PMTs cannot accept
this probe due to steric hindrance by the pent-2-en-4-ynyl side
chain.®”"® To expand the capability of SAM analogs as
chemical biology probes to label target PMTs, a set of internal
alkene-containing SAM analogs were synthesized by Luo’s
group and evaluated with several recombinant PMTs (Fig. 7(c))."*°
These bulkier SAM analogs were found to be poor co-substrates
for the wild-type PMTs; nevertheless, alkyl transfer activity was
gained for a G9a Y1154A mutant that relieved some steric
hindrances."®®

In 2011, Binda and coworkers reduced the size of the side
chain by using propargyl-SAM as a cofactor that was accepted
by H3K9 lysine methyltransferase SETDB1. The propargyl
moiety was observed to be transferred to an isolated H3
substrate; however, the propargyl-SAM probe is unstable at
physiological pH and will decompose via an allene intermedi-
ate. Other methyltransferases tested by this assay including
PRMT1 are unable to accept the probe in in vitro assays. Taking
this observed limitation into context, this probe has been
limited to use as a relatively specific reagent for the study of
SETDB1.'*”
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To address the stability issue, the Luo and Weinhold group
developed a SAM surrogate, propargylic Se-adenosyl-L-seleno-
methionine (ProSeAM, SeAdoYn) by replacing the sulfur of
propargyl SAM with selenium (Fig. 7(d))."**'®® This method
could strongly enhance the stability of the propargylic cofactor
caused by the reduction of the acidity of the methylene adjacent
to the center. Due to the less steric hindrance in the active site
and the stronger activation of the cofactor surrogate, ProSeAM
can be utilized by multiple native PMTs. The Weinhold group
found that it was active toward G9a, Set 7/9, and PRMT1, but in
the Luo’s work, they found only G9a, but not Set7/9 and PRMT1
are active toward ProSeAM. They reasoned that these differ-
ences may be due to the sensitive antibody-coupled horseradish
peroxidase assay used under Weinhold’s conditions.

The Luo’s laboratory then aimed at developing SAM analog
cofactors that are inert toward native PRMTs but can be
recognized by engineered PRMTs. They developed a “bump
and hole” strategy to analyze the process of methylation
reaction.’®”®! Vig this strategy, they reported 4-propargyloxy-
but-2-enyl SAM (Pob-SAM) that showed binding with a PRMT1
Y39F-M48G double mutant and was successfully able to label
H4 in vitro. Labeling of protein substrates was also achieved in
HEK293T cells that expressed the mutated PRMT1.®” Given the
sequence homology among type-I PRMTs, it might be possible
to apply the same mutations for other PRMT members in order
to generate their respective bioorthogonal probes.

While ProSeAM is a promiscuous binder of methyltrans-
ferases, it has been utilized in the development of inhibitors.
Using an azide-containing biotin, the Sodeoka group per-
formed a CuAAC reaction with propargylated substrates from
cell lysate. Together with the SILAC technique, they were able
to identify an inhibitor based on the structure of chaetocin
(a lysine methyltransferase inhibitor) that selectively inhibits
non-histone methylation."”>'%* Further analysis showed an
enrichment of protein substrates that align with PRMT1 and
upon further testing, it was observed that the compound
functions as a modest PRMT1 inhibitor with an ICs, value of
71.7 uM."*'*3 While further medicinal chemistry modifica-
tions to the structure could produce a more selective inhibitor,
this work does highlight the utility of ProSeAM in analyzing
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the methylome and identifying PRMT substrates and potential
inhibitors.

11. Photoaffinity probes

Most strategies for chemical probe design involve non-covalent
interactions. In the design and use of photoaffinity labeling,
a covalent bond can be formed between the probe and the
protein of interest using only light as a trigger. For methyl-
transferases, it has been observed that UV irradiation is able to
initiate chemical cross-linking of [*H]-SAM with its binding
proteins thus providing initial evidence to demonstrate the
methyltransferase activity of an enzyme in question; this has
also been applied to PRMTs.**'***% The mechanism behind
SAM crosslinking was first proposed in 1984 by Yu.'” In that
work, Yu describes the crosslinking of SAM to catechol
O-methyltransferase (COMT) and reports that the entire SAM
molecule is attached to the enzyme rather than just a single
methyl group. A study reported by Takata in 1992 found SAM
linked to a tyrosine residue in rat guanidinoacetate methyl-
transferase (rGAMT); however, they stated that the residue type
may not matter in terms of crosslinking and that the reactive
site may only need to be a good radical acceptor.'”® Van Loon
postulated that the crosslinking is derived from two possibili-
ties; a radical pathway that proceeds through the formation of a
radical at the C8 position of the purine ring that reacts with the
closest radical acceptor (Fig. 8(a)), or the less likely pathway
that SAM is instead not photoactivated and reacts with a
photoactivated residue within the binding pocket.’*® In 2017,
Bera and coworkers published their work through which some
semblance of initiation of the reaction mechanism could be
theorized."® From their study, a radical is most likely to be
formed at the C8 position of purine rings due to retention

OH OH o
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of the aromaticity of the 6-membered ring. When they per-
formed reactions with adenine they highlight that while the
2-substituted product is lower energy than the 8-substituted
product, the transition state of the C8 substitution is much
lower energy than the C2 substituted transition state in both
the gas phase and the condensed phase.'®’

As a part of the development of photochemical probes, one
strategy is the utilization of capture compound mass spectro-
metry (CCMS) as a tool to investigate the protein-ligand inter-
actions in medicinal chemistry.*®® A capture compound
contains three main groups: a selectivity function for specific
and reversible binding to target protein(s), a photoreactive
group that upon irradiation with UV light will form a covalent
linkage to a group in close proximity (i.e. the target protein),
and a sorting function to isolate the covalently captured pro-
teins. Ideally, the photoreactive groups require low-intensity UV
wavelengths to initiate crosslinking reactions thereby resulting
in minimal damage to the structure of the nucleic acid and/or
the protein. Because of its a good binding affinity and chemical
stability, SAH is often used as a selectivity function in photo-
affinity probes to capture SAM-dependent MTases.>" A SAH-
based photolabeling probe was designed by the Weinhold
group (Fig. 8(b)).>°> SAH was modified by using linkers at either
the N6 or C8 position of the purine ring that contained
different photo-crosslinking groups (azide or diazirinine), ter-
minating in a biotin group as a sorting function. In their
experiments, the probes were successfully applied to the isola-
tion of the DNA MTase M. Taql and subsequent determination
of the dissociation constant (Kp) for MTase-cofactor complexes.
Currently, photoaffinity probes have been primarily developed
for DNA methyltransferases and most recently lysine methyl-
transferases, leaving an obvious gap in the field of arginine
methyltransferases.”®® In 2016, analogs of this design were
further generated by the Cravatt group where alterations were

RA
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HO\‘H\/\S\/\EJ‘NWNHZ
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Fig. 8 Photoaffinity probes for PRMT labeling. (a) Generalized proposed reaction mechanism whereby UV irradiation of SAM produces an excited radical
cation state on the purine ring. This radical cation will subsequently react with a radical acceptor (RA) within a SAM-binding protein to form a covalent
linkage between SAM and the protein. (b) SAH-based capture compounds developed by the Weinhold group targeting M. Taql. (c) 8-Azido-5'-

(diaminobutyric acid)-N-iodoethyl-5’-deoxyadenosine.
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made to either the photoaffinity group and/or the reporter in
an effort to chemically profile the human proteome-wide
methyltransferases.>** Using the compounds, the authors were
able to identify at least 40 known or predicted methyltrans-
ferases with high confidence indicated by consistent enrich-
ment across multiple experiments. PRMT1, -3, -4, and -6 were
all a part of the high-confidence group. PRMT5 and PRMTS
were also observed; however, their enrichments were less con-
sistent across experiments and were thus deemed a moderate
confidence target. These differences in enrichment are possibly
due to binding affinity variations of the probe to individual
PRMT members. Conceivably, more extensive modifications to
these probes could be a viable method of tuning their selectivity
for different members of the family.

In 2011, Mai reported an azide-bearing SAM analog, 8-azido-
5’-(diaminobutyric acid)-N-iodoethyl-5’-deoxyadenosine which
serves as a biochemical tool to identify sites and substrates of
the methylation reaction (Fig. 8(c)).>°® This probe was designed
as a nitrogen mustard that at physiological pH would cyclize to
form a reactive aziridinium. This aziridinium would then be
brought into close proximity to the substrate arginine via both
molecules binding to the associated PRMT. This will allow for
the guanidino group to attack the aziridinium resulting in a
covalently linked substrate to the SAM analog. The associated
azido group was linked to a biotin group in a later work from
the same group via click chemistry, effectively producing a
means of labeling the substrates in an enzyme-dependent
fashion.”*® In principle, the utility of this compound may not
be just for substrate identification, but also could be able
to photoactively label SAM-dependent methyltransferases.
In particular, it has been previously shown that the 8-azido-
adenine moiety can be irradiated with light to generate
a reactive nitrene that would subsequently form a covalent
linkage to bound enzyme.?*”>%

12. Arginine analogs for site-specific
installation of methylarginine marks

In studying how specific arginine methylation type and location
affect intracellular processes, a particular interest is in the
recognition of methylated arginine residues by reader or
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effector protein modalities. Using solid-phase peptide synth-
esis, it is convenient to introduce MMA, ADMA, and SDMA
residues in peptides and apply them to study how methylargi-
nines are recognized by proteins downstream of the methyla-
tion. However, this strategy is not applicable for studying
methylarginine-protein interactions in vivo. In biological sam-
ples, it is difficult to control the level and degree of methylation
at a specific arginine residue as a PRMT often produces both
MMA and ADMA/SDMA at more than one residue on the
substrate. Therefore, it is technically challenging to assess
how one particular mark on a given protein alters the binding
of another protein. To overcome this problem, Le and cow-
orkers designed a series of arginine analogs to install specific
methylarginine marks in a site-specific manner (Fig. 9).>*
These analogs were designed using an amidine functional
group to mimic the guanidino group of arginine that would be
linked to a protein containing an arginine to cysteine mutation
(in this case, recombinant Xenopus H4R3C and H3R2C). The
amidine functional group was synthesized in two steps starting
from either 3-hydroxypropionitrile (in the case of MMA and
ADMA) or 3-hydroxy-N-methylpropanamide (in the case of
SDMA). Subsequent halogenation and elimination afforded
a,B-unsaturated methylated amidines which easily underwent
conjugate addition with the free cysteine residues of the
recombinant proteins. The authors utilized the effector protein
TDRD3 (a protein known to recognize H4R3Me2a) along with
arginine analog-modified peptides as a proof of concept study.
Using isothermal calorimetry (ITC), a 15-mer peptide of H4
showed an ~1.6-fold increase in binding affinity for TDRD3
when it contained an ADMA mark at R3 as opposed to
unmethylated arginine. This was further supported in a fluores-
cence polarization assay using Hise-MBP-TDRD3 and a
tetramethylrhodamine-tagged peptide. Competitive peptides
were added to antagonize the fluorescence, and the H4R3Me2a
peptide was observed to show the most potency with the
arginine analog (H4R3C-ADMAA) demonstrated comparable
activity. The unmethylated H4R3 and its associated analog
displayed no affinity for TDRD3 in this assay. Lastly, the
authors were able to modify histone proteins with the arginine
analogs and were able to reconstitute nucleosomes containing
these marks. This opens the door to the potential of utilizing
these analogs in the assessment of the functionality of the
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Fig. 9

Incorporation of methylarginine mimics into proteins. After a site-specific mutation of an arginine residue to cysteine, a target protein is then

reacted with an acrylamidine analog to generate the methylarginine analog. R1 = R2 = R3 = H (Arg); R1 = Me, R2 = R3 = H (MMA); R1 = H, R2 = R3 = Me

(ADMA); R1 = R2 = Me, R3 = H (SDMA).
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methylarginines pertaining to protein-protein interactions as a
whole, rather than peptide-protein interactions.>"’

While cysteine-directed strategies like what is described
above are a great avenue for accessing a protein with a singular
modification, the use of protein semisynthesis has opened
the door to the generation of full-length histones bearing
multiple modifications. The semisynthetic method utilizes
either synthetic protein fragments alone (native chemical
ligation) or in conjunction with recombinant protein frag-
ments (expressed protein ligation) whereby a fragment con-
taining a C-terminal thioester reacts with an N-terminal
cysteine to produce a native peptide bond.’**'® Whereas there
is a lack of cysteine residues in histones, the advent of
chemical desulfurization has greatly improved ligation tech-
niques in the semisynthesis of proteins. Further, sulfur-
containing derivatives of amino acids can be utilized to direct
the ligation of modified residues at sites adjacent to residues
other than just cysteine.>'°

13. Molecular reporters that recognize
methylated arginines

Early work on the study of arginine and lysine recognition
stems from the investigation of pi-cation interactions. Ngola
and coworkers found that adding anions onto the aromatic
structures found on cyclophanes induces a dipole moment
that increases its affinity towards cations (Fig. 10(a)).*"'
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Gamal-Eldin and Macartney later found that such interactions
could be achieved without aromaticity. In their investigation,
cucurbit[n]uril could recognize arginine and lysine, where the
compound had a higher affinity towards trimethyllysine over lysine
and a slight preference for SOMA over ADMA (Fig. 10(b)).>"* Rather
than pi-cation interactions, the authors suggested that the mecha-
nism for the compound’s affinity for the residues was through
hydrophobic and van der Waals interactions.

Further study on these reporters is resourced on dynamic
combinatorial chemistry in which molecules act as building
blocks for a probe. These compounds would be placed in a
solution and allowed to react with each other reversibly and
form an equilibrium of various products. Upon the introduc-
tion of the target molecule, the equilibrium of the products
begins to favor a final compound that interacts with the target
molecule and is stabilized by it. The result is the discovery of a
polymer that has a strong affinity for the target.>'* The Waters
group took advantage of this technique to screen for synthetic
receptors that would mimic protein binding pockets for
dimethylated arginine. In using various methylated states of
arginine and lysine as a target molecule, the authors described
a synthetic receptor, A,D, which displays specificity for
ADMA over SDMA (Fig. 10(c)).>"* It was suggested that the size
difference between ADMA and SDMA may play a role in this
specificity as the pocket may only be able to accommodate one
methyliminium group. This synthetic receptor, however, did
not show any selectivity with regard to trimethyllysine. The
group furthered this investigation with two more synthetic

b) Cucurbit[7]uril

Fig. 10 Synthetic receptors for methylarginine recognition. (a) Cyclophanes used by Dougherty’s group led to the discovery that anionic substituents
would increase an aromatic structure’s affinity to cations. (b) Cucurbit[7]uril demonstrated that aromaticity was not required for molecular reporters of
arginine and lysine. (c) The Waters group used dynamic combinatorial chemistry to discover new molecular reporters for methylated states of arginine.
A2D was found to have selective interactions with ADMA. (d) and (e) The Waters group improved their synthetic receptors with synthesizing ENG, and
N,G,. ENG; had specificity for dimethylated arginine over trimethylated lysine but could not distinguish between SDMA and ADMA. N,G,, however, was
able to selectively interact with ADMA rather than SDMA or trimethylated lysine.
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receptors found through dynamic combinatorial chemistry,
ENG, and N,G, (Fig. 10(d) and (e)).”'® ENG, seems to prefer
dimethylarginine over dimethyllysine but offers no selectivity
between SDMA and ADMA. For N,G,, only ADMA has an affinity
towards the synthetic receptor. It was believed that the higher
desolvation cost of SDMA discourages its binding while tri-
methyllysine is excluded due to steric hindrance as the pocket
promotes the binding of planar molecules such as the guani-
dino group found on arginine side chains.**® Mullins and
coworkers used these synthetic receptors to develop a protocol
to interrogate methylation states of lysine and arginine. They
created a dynamic combinatorial library consisting of subunits
of the previously discovered synthetic receptors and allowed the
solution to equilibrate before adding in a modified target
peptide. In the presence of the altered peptide, the subunits
will form a known product that has an affinity for the modifica-
tions and will then be found in higher abundance in the
solution when compared to the solution without the target
peptide. This difference can be observed through HPLC to
determine the modification present on the peptide as the
synthetic receptor has previously been tested for its affinity
towards designated modifications.>"’

The described molecular reporters represent a start in dis-
criminating between various modifications of lysine and argi-
nine. While the main challenge being tackled revolves around
the specificity of the reporters, other issues still remain to be
resolved. With the exception of cucurbit[n]uril, the presence of
multiple carboxylic groups on the reporters may discourage cell
permeability, limiting these reporters to in vitro assays. Another
limitation concerning the reporters is that of the disulfide bond
found in A,D, ENG,, and N,G,. Although these compounds seem
promising in terms of their selectivity, the disulfide bond proves
to be fragile under reductive intracellular environments, further
limiting their use for cellular assays.
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14. Arginine selective probes

In the study of protein structure and interaction, a commonly
met issue is how to investigate the properties of key pockets,
such as enzyme active sites. Residue-specific labeling of target
proteins has been a valuable tool to solve this issue. The big
challenge of arginine-specific labeling is how to control exact
reaction sites, especially overcoming competitive reactions with
lysine residues that are more abundant and reactive.

Glycation is an important nonenzymatic modification of
proteins. In this process, the nucleophilic amino group of
arginine or lysine reacts with carbonyl groups of the sugar to
form a Schiff base product by the Maillard reaction. Based on
the process of glycation, several chemical probes have been
developed by using these dicarbonyl moieties to allow possible
arginine-specific conjugation. Methylglyoxal (MGO) belongs to
a family of a-oxo aldehydes and has been observed to partici-
pate in glycation to form stable modifications known as
advanced glycation end products (AGEs) (Fig. 11(a)).>"®
of its capability to react with arginine and lysine, it has been
studied for its use as chemical probes, although this has not
been a fruitful endeavor as MGO-based chemical probes have
been found to be nonselective in their activity as well as their
lack of fluorescence.”*’

A direct probe involving MGO was synthesized by the
Johannsen group in which an alkyne was conjugated onto
MGO (i.e. alkMG, Fig. 11(f)).2>**! This allowed for the enrich-
ment of proteins that have been modified by MGO through
CUuAAC addition of biotin azide.*”" The probe can permeate cell
membranes and modify proteins sensitive to a-oxoaldehydes.
A relevant technique developed by Ray et al. is the use of an
aniline analog as a probe for MGO-based AGEs (Fig. 11(e)). The
group thought to discern the level of glycation in histones given
that histones are in high abundance and have long half-lives.***

Because
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Fig. 11 Arginine targeting probes. (a) The generic reaction between the arginine guanidino group and the dicarbonyl group. (b) APG probe. (c) CGTDP in
which neutral red acted as a polarity-sensitive fluorophore. (d) Mbo as a probe for histone glycation. (e) Ray and coworker targeted the Schiff base formed
in the glycation of arginine and used m-APA to react with this intermediate to probe modified residues. (f) alkMG took advantage of arginine glycation and
was then visualized through CuAAC addition with either biotin azide or TAMRA azide. (g) CHD-azide underwent the click reaction with biotin-PEG4-

alkyne for enrichment and identification of arginine modified proteins.
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Aniline was found to react with the Schiff base formed as a
result of the reaction between glyoxals and arginine or lysine
before the cyclization of the AGEs. The alkyne conjugated onto
the aniline probe allowed for labeling and visualization of the
probe through click chemistry with TAMRA azide or enrich-
ment with biotin azide (Fig. 11(b)).>** However, this probe was
found to be more sensitive to glyoxal rather than MGO.
To address this challenge and specifically target MGO, Spiegel
and coworkers developed a fluorescent probe that would
conjugate with MGO over other dicarbonyls.”** The probe,
MBo (Fig. 11(d)), is based on a scaffold that was originally
used in biochemical assays involving nitric oxide. However,
the authors found that the shorter half-life of nitric oxide
would not interfere with the probe’s ability to detect
MGO modifications. Such investigations led to the discovery
that glycation of histones was found mainly in histone H3
and that the effect of glycation caused improperly formed
chromatin.”*®

Cyclohexane-1,2-dione as a common dicarbonyl reagent is
an effective compound to track the reactive arginine residues
in proteins. In 2018, Chowdhury and coworkers developed
an arginine-selective probe, cyclohexanedione-azide (CHD-
Azide), for identification and enrichment of reactive arginine
residues in proteins (Fig. 11(g)).>*® Click chemistry and the
biotin-avidin affinity chromatography were used to enrich
labeled peptides. This probe was tested by using several
standard peptides with arginine residues at different posi-
tions in the sequence. Two selective arginine residues, Arg-39
and Arg-33, were identified as the most reactive arginine
residues present in RNase A.

Phenylglyoxal and p-hydroxyphenylglyoxal have been used as
common o-dicarbonyl reagents to selectively modify arginine
residues. Based on phenylglyoxal, a polarity-sensitive fluores-
cent probe, 3-(4-chloro-6-p-glyoxal-phenoxy-1,3,5-triazinylamino)-
7-(dimethylamino)-2-methylphenazine (CGTDP) was developed by
Ma’s group (Fig. 11(c)).”*” In this work, the authors conjugated
a phenylglyoxal group with a neutral red moiety. With an
analytical long-wavelength characteristic and sensitive emis-
sion shift, Neutral red is an excellent polarity-sensitive fluoro-
phore. This probe was applied to detect the polarity and
conformational changes of the active site of creatine kinase.
Dawson developed a class of arginine-specific reagents by using
a commercially available reagent, the p-azidophenylglyoxal
(APG) molecule (Fig. 11(b)).”*® Therein, the phenylglyoxal group
of APG can target arginine residues and subsequently be
reacted with alkynyl fluorophores such as Biotin-PEG4-alkyne
and DBCO-TAMRA reagents with CuAAC chemistry. Given that
methylation alters the chemical reactivity of the guanidino
group of arginine residues, reactive dicarbonyl reagents have
the potential to distinguish arginine residues in different
methylation states. There may be future work possible with
the concept of MGO-based probes as it was suggested that
dimethylated arginine may not be reactive with MGO.>*° This
offers an opportunity for further development of dicarbonyl
based probes to examine the arginine methylation activity of
proteins by PRMTs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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15. Summary

The field of protein methylation, especially arginine and lysine
methylation, has boomed significantly since mid-1990s. The
major driving force for such a big advancement is the increased
recognition of the physiological and pathological significance
of protein methylation in biology and disease as well as the
advancement of modern genetic and molecular technologies
that enable its functional investigations.* Since the discovery
of the first PRMT gene, PRMTs have been demonstrated to be
essential cellular enzymes that play important regulatory roles
in diverse biological pathways. Evidence of the causative rela-
tionship between PRMT deregulation and disease pathogenesis
is amounting. In this account, we have discussed different
kinds of chemical methods and probes designed to interrogate
PRMT mechanisms and analyze the processes regulated by
arginine methylation. These chemical biology tools have
affected many aspects of protein methylation research and
empowered our functional investigation of PRMT biology.
Research in the PRMT field is constantly evolving. Chal-
lenges and opportunities are both present. To elicit more open
discussion, we list a few questions that we regard deserve
substantive studies henceforth. First, an interesting observa-
tion is that lysine methylation has gained much greater atten-
tion than arginine methylation in the area of histone
modification and chromatin biology. Time will tell whether
arginine methylation and lysine methylation are equally impor-
tant in chromatin and gene regulation. Admittedly, a technical
limitation of histone arginine methylation is the lack of specific
antibodies that recognize different arginine methylation marks
on histones for ChIP-seq examination. Second, contrary to the
fact that the abundance of arginine methylation is higher than
that of lysine methylation in cellular proteins, the number of
PRMT genes/proteins is much smaller than that of PKMT
genes/proteins. What is the evolutionary etiology for such a
phenomenon? It might also be possible that some unknown
PRMT enzymes wait to be discovered. In relevance, a trimethy-
larginine marker has been found to exist in proteins;**°
however, the structural features of trimethylarginine and the
enzymes that catalyze arginine trimethylation are not eluci-
dated. Third, arginine methylation marks in proteins are found
to be relatively stable.”® Nevertheless, some weak-activity argi-
nine demethylases have been reported. It remains to elaborate
whether these arginine demethylases regulate dynamic changes
in arginine methylation levels in different biological contexts
and whether arginine demethylation is of importance to in vivo
physiology and pathophysiology. Last but not least, most PRMT
research thus far is concentrated on mammalian cells and
organisms. Arginine methylation in other types of organisms
(e.g. protozoan parasites) is much less studied.>*" Given that
knockout of PRMT1 or PRMT5 causes lethal defects in mam-
malian organisms,”* there is a promise that PRMTs could be a
druggable target in anti-parasitic therapeutics development.
Research is needed to elucidate functions of PRMTs in patho-
genic microorganisms as well as to develop selective inhibitors
for pathogen-unique PRMT enzymes. We envision that the
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landscape of PRMT research will look very different from
nowadays in the foreseeable future. Through this course,
chemical approaches and tools will be continuously renovated
and brought into practice.
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