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Abstract

Histone methylation plays an important regulatory role in chromatin restructuring and RNA
transcription. Arginine methylation that is enzymatically catalyzed by the family of protein
arginine methyltransferases (PRMTSs) can either activate or repress gene expression depending on
cellular contexts. Given the strong correlation of PRMTs with pathophysiology, great interest is
seen in understanding molecular mechanisms of PRMTSs in diseases and in developing potent
PRMT inhibitors. Herein, we reviewed key research advances in the study of biochemical
mechanisms of PRMT catalysis and their relevance to cell biology. We highlighted how a random
binary, ordered ternary kinetic model for PRMT1 catalysis reconciles the literature reports and
endorses a distributive mechanism that the enzyme active site utilizes for multiple turnovers of
arginine methylation. We discussed the impacts of histone arginine methylation and its
biochemical interplays with other key epigenetic marks. Challenges in developing small-molecule
PRMT inhibitors were also discussed.
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Histone arginine methylation is a high-profile epigenetic mark, and the enzymes that catalyze
arginine methylation, protein arginine methyltransferases (PRMTs), have become attractive drug
targets for different diseases including cancer. We discuss the different kinetic mechanisms,
histone crosstalk, and progress with inhibitor development.
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1. Protein Arginine Methylation

Arginine methylation is a universal post-translational modification (PTM) conserved in all
eukaryotic organisms, from yeasts to humans.[X] Biochemically, arginine methylation in
mammalian systems is mediated by the family of N-arginine methyltransferases (PRMTS)
that catalyze the transfer of a methyl group from S-adenosyl-L-methionine (SAM or
AdoMet) to one or both omega nitrogens located at the terminus of the side-chain guanidino
group on an arginine residue.[?l PRMTs belong to the class | of SAM-dependent
methyltransferases, which bind SAM with a Rossmann fold-like region.[3! Thus far, 9
PRMT members are found in mammalian cells,l among which PRMT1, -2, -3, -4, -6, and
-8 are grouped into type | enzymes that catalyze methylation of the arginine residue to NC-
monomethylarginine (MMA, Rme1) and further methylate MMA to produce asymmetric

NG ,NC-dimethylarginine (ADMA, Rine2a). PRMT4 is also well known as coactivator
associated arginine methyltransferase 1 (CARM1). PRMT5 and PRMT?9 are grouped into
type 11 enzymes that produce MMA and symmetric NG, N’C-dimethylarginine (SDMA,
Rme2s)-121 Also, while not a PRMT family member, it is noteworthy to recognize there is
another mammalian class | methyltransferase, NDUFAF7, which has been observed to serve
a critical role in the symmetric dimethylation of Arg-85 in complex | subunit NDUFS2 of
the mitochondrial electron transport chain.[81 PRMT7 is grouped as a type 111 enzyme that
only catalyzes the conversion of an arginine residue to MMA (Figure 1).[”1 Among the
PRMT members, PRMT1 and PRMTS5 play the most prominent contributions to the arginine
methylation levels in mammalian cells. Biochemical tests showed that PRMT1 is the major
enzyme for arginine methylation in the RAT1 fibroblast cells.[8] Knockdown of PRMT1
gene in mouse embryonic fibroblast (MEF) cells leads to ~58% loss of the normal steady-
state levels of ADMA.[®] On the other hand, Knockdown of PRMT5in MEF cells largely
abolished the bulk of SDMA signals (~ 95%), supporting that PRMTS5 is the predominant
enzyme responsible for SDMA formation.[1°]

The activity of PRMT9 seems to be unique. In MEF cells, PRMT9 is only responsible for a
small percentage of SDMA production (~5%), including the methylation of the splicing
factor SF3B2 (SAP145).110-11] Chromatographic analysis showed that the main product of
PRMTY is MMA, with SDMA being a very small fraction.[10] Therefore, one may regard
PRMT9 as a predominantly type I1l enzyme, with tangible type Il activity. This argument is
rational in that the phylogenetic sequence analysis showed that PRMT9 is most close to the
type 11l member PRMT7, and both PRMT9 and PRMT?7 contain two SAM binding domains.
[12] As such, it can be envisaged that PRMT9 would exhibit similar enzymatic activity as
PRMTY. Furthermore, human PRMT9 (hPRMT9) was suggested to be an ortholog of C.
elegans PRMT3 (UniProt 002325) which was shown to methylate recombinant human
histone H2A protein to form MMA only.[10.13]

Proteomic screens show that arginine methylation occurs in numerous cellular proteins,
which implicates that PRMTs regulate multifaceted biological processes in cell function.[14]
Thus far, biological research in arginine methylation is particularly concentrated on three
types of protein targets:[1°] DNA-binding proteins, RNA-binding proteins, and signaling
proteins. Methylation of many DNA-interacting proteins, histones in particular, showcases
the importance of PRMTSs in epigenetic regulation of DNA-templated pathways including
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RNA transcription, DNA replication, and DNA damage repair. Secondly and interestingly,
many RNA-binding proteins are heavily arginine methylated, such as PABPN1, Sam68,
hnRNPs, and Lsm4, which highlights that arginine methylation is likely extensively involved
in various RNA post-transcription processes such as RNA processing and mRNA-templated
protein translation.[18] Last, but not least, many signaling proteins are also arginine
methylated, such as ERa,[17] Smad,[18] and NF-kB.[1°] Therefore, arginine methylation
could resemble protein phosphorylation, acting as a biochemical switch to turn on or off
signal transduction.

Histone arginine methylation has become a high-profile epigenetic mark since the outcome
is directly associated with chromatin structure remodeling and gene transcription regulation.
[20] Multiple arginine methylation sites have been identified based on proteomics and
biochemical analysis (Figure 2).[1421] The best-studied methylations are on the N-terminal
regions of histones H3 and H4, including H3R2, H3R17, and H4R3. The authenticity and
functions of the other methylated arginine residues, particularly in the globular and C-
terminal regions, have yet to be elucidated. Many studies on histone modifications have
revealed intricate crosstalks between arginine methylation and certain lysine acetylation/
methylation.[22] Yet, since quite a few other histone post-translational modifications (PTMs)
such as phosphorylation, ubiquitination, glycosylation, and glutamate methylation, are in
proximal distance to arginine methylation sites, we project that arginine methylation-
involved crosstalk pathways will continue to be intensely investigated in order to crack the
molecular language of histone codes.[210.23]

2. The Kinetic Model of PRMT Catalysis

In respect to the organic reaction, PRMTSs utilize a sequential ternary complex mechanism to
catalyze arginine methylation, in which both SAM and the arginine substrate are required to
bind to the active pocket of PRMTSs to form a tri-molecular complex. Upon binding, the
guanidino group on the arginine residue is within spatial proximity to the reacting methyl
group of SAM for nucleophilic attack. The methyl transfer is a Sy2 reaction with a
guanidino nitrogen attacking the methyl carbon and SAH being the leaving group.[24] In
principle, the transition state of arginine methylation adopts a sp? hybridized planar
geometry at the carbon center of the reacting methyl group (Figure 3). X-ray crystal
structures showed that the planar guanidino group is approximately perpendicular to the
NCS axis.[?] This indicates that the parallel guanidino plane likely stabilizes the sp?-
hybrized planar methyl group in the transition state through a -t stacking interaction
(Figure 3). A neighboring allyl chemical group that stabilizes such a planar configuration in
the transition state can potentially facilitate the carbon transfer rate.[26]

Determining the binding order of SAM and protein/peptide substrate in the pathway of
forming the PRMTSAM-substrate ternary complex is an important issue in PRMT
biochemistry. From an enzymology perspective, it would be interesting to see if PRMT
methyltransferase stands alone as a unique enzyme class or has similar propensities to other
types of methyltransferases. From a cell biology perspective, enzyme kinetics will help to
elucidate the pathway of monomethylarginine and dimethylarginine formation at the
molecular level. Further, from the drug discovery perspective, the order of cofactor and
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substrate binding to the enzyme is of great value in providing mechanistic insight into
designing enzyme inhibitors. It can be envisaged that one may design inhibitors that bind the
apo, cofactor-bound, or substrate-bound form of the enzyme, depending on which forms
exist in cells. Inhibitors with different modes of action likely will trigger different biological
responses in disease models.

Several research groups previously have conducted steady-state kinetic studies of PRMT
catalysis.[®°.27] Based on the inhibition patterns of products and dead-end analogs on the
Michaelis-Menten data curves, Thompson et al. proposed a rapid equilibrium random Bi Bi
mechanism for PRMT1,[278] ¢cPRMT5,[270] and PRMT6,[28] all of which catalyze H4
methylation. Under such a kinetic schematic, SAM and substrate would bind PRMT
randomly, and after the methyl transfer, the products SAH and methyl-substrate are released
from the enzyme pocket in a random fashion. Jacques et al. also proposed the similar

random kinetic mechanism for the activity of human CARM1 in methylating histone H3.
[27c]

On the other hand, steady-state kinetic studies performed by others support that an ordered
sequential kinetic mechanism for PRMT1,[291 PRMT2,[27T and PRMT6.[279] In this model,
SAM binds the enzyme active pocket first, followed by substrate binding and, after the
methyl transfer, the methylated arginine product is the first to dissociate from the enzyme
followed by SAH release. The mandatory ordered sequential mechanism typically applies to
those cases that binding of the first substrate triggers a conformational change in the enzyme
which is a prerequisite for the second substrate to bind, or possibly the first substrate
provides essential contact points for the second substrate to bind.

Recently, we used stopped-flow fluorescence together with global kinetic simulation to
dissect the transient kinetics of PRMT1 catalysis.[3%] Histone H4 peptides were used as the
methyl acceptor as histones are important arginine methylation substrates. From our studies,
we found that the fluorophores on the substrate (i.e., fluorescein labeled peptide) or on the
enzyme (i.e., intrinsic tryptophan residues) are highly sensitive to the events of substrate-
enzyme interaction and enzyme conformational changes.[30-31] By careful examination and
modeling of the transient kinetic data, we were able to calculate the microscopic rate
constants for virtually all individual elementary steps of the binary complex formation/
decomposition and ternary complex formation/decomposition. Availability of these
individual kinetic rate constants allows us to generate a complete kinetic model of PRMT1
catalysis. In this model, PRMT1 catalysis follows a catalytic schematic that we termed
random binary, ordered ternary kinetic mechanism in which the cofactor or the peptide can
bind PRMT1 randomly to form a binary complex; however, subsequent formation of the
catalytically competent E-SAM-H4 ternary complex follows a kinetically ordered pathway,
with SAM binding first and substrate binding second. The product release follows a
sequential order: peptide product is released first and then SAH (Figure 4). It is worth
stressing that steady-state kinetic studies are valuable to define the overall catalytic
properties of an enzyme, especially the K, and Azt Values, as well as the effect of product
and dead-end inhibitors. However, steady-state kinetic experiments are of very limited utility
in identification of enzyme conformational changes and rate-limiting steps in the catalytic
pathway, and understanding the formation and reactivity of enzyme intermediates.
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Several important mechanistic insights were revealed from our transient kinetics studies. The
most important discovery is on the order of SAM and peptide substrate binding to PRMT1.
Both our biochemical binding data and others showed that the cofactor SAM/SAH and the
peptide substrate can bind to PRMT1 independently.[27d:32] Although this phenomenon at
first glance would be in agreement with a random kinetic model of PRMT1 catalysis, our
transient Kinetic studies dig further into the details of the ternary complex formation, methyl
transfer, and decomposition of the ternary complex, which ultimately leads to a conclusion
that contradicts random sequential mechanism. An interesting finding from the transient
kinetic study is that binding of the H4 substrate to PRMT1 does not appear to be
catalytically competent or productive because the PRMT1-H4 binary complex is strongly
hindered to interact with SAM to form the ternary complex (Figure 4). Considering this
kinetic impediment, we predict that the enzyme conformation in the PRMT1-H4 binary
complex would be different from that in the ternary complex. Importantly, the dissociation
rate of PRMT1-H4 complex is much faster than the ternary complex formation rate.
Therefore, the PRMT1-H4 complex, even formed, is doomed to dissociate back to free
peptide and apo enzyme, which will bind SAM and then H4 peptide to form active ternary
complex undergoing methylation. Reciprocally, the proposed mechanism is also supported
by our finding that product release follows an ordered fashion, with peptide dissociation
followed by release of the byproduct SAH (Figure 4).

We want to stress that our random binary and ordered ternary kinetic mechanism matches
well with the steady-state kinetic data reported in the literature.[272-¢.28] On the one hand,
the patterns of product and dead-end inhibition in steady-state kinetics experiments for our
random binary, ordered ternary kinetic model should be very similar to that of classic rapid
equilibrium random mechanism because SAM/SAH and substrate/product bind to the
enzyme randomly in both models. Purely by measuring product and dead-end inhibition
pattern in steady-state kinetics experiments, it would be difficult, if not impossible, to
distinguish the rapid equilibrium random kinetic model from the random binary, ordered
ternary mechanism that we proposed. On the other hand, when low-affinity peptide
substrates are used, the contribution of enzyme-substrate binding (i.e., E-H4 formation)
would be negligible and can be ignored in the kinetic scheme, in which case the steady-state
kinetics would behave like a standard ordered sequential mechanism. This may explain why
certain steady-state Kinetic studies showed that PRMT catalysis follows an ordered
sequential mechanism.[277.9.29] Together, we believe that our transient kinetic model
provides a mechanistic explanation that unifies the seemingly contradictory steady-state
kinetic studies reported in the literature.

Our kinetic model in which efficient formation of the ternary complex requires an ordered
binding of SAM (first) and peptide substrate (second) agrees well with the reported PRMT
structural studies. The catalytic cores of all PRMT members share a ~320-residue-long,
highly similar structural architecture that comprises an N-terminal Rossmann fold-like
region and a C-terminal seven-beta strand barrel region.[33] The Rossmann fold and the b-
barrel are connected by a conserved Z-shaped PX pucker (Prol75 in hPRMT1). The active
site of the PRMTSs, identified by the location of bound SAH and the methyl-accepting
arginine, is located in a cleft between the Rossmann fold and the p-barrel domain.
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Importantly, all the X-ray structures show that the cofactor is buried underneath the N-
terminal aX and a Y-helices of PRMTs.[341 The reported X-ray crystal PRMT structures
showed that cofactor binding induces salient changes of the enzymes’ conformation. In
CARML1 crystal structures, motif | is shifted significantly upon SAH binding to interact with
the cofactor.[34-35] Two residues of motif 11 (Gly195 and Ser196) and of the loop between
helix F and G’ of the dimerization arm also change. Side chains of Arg169, Glu258, GIn160
and Met269 rearrange to recognize the methionine moiety of SAH. Prominently, binding of
SAH renders the aX-helix sequence from an unstructured state to an ordered a-helix state.
[34-35] As a matter of fact, this shift generates a T-shaped - interaction of Phe150 in the
aX-helix region with the purine base of the cofactor.[34-36] Cofactor binding also saliently
stabilizes a Y-helix sequence, as seen in the PRMT8 structure in which a'Y-helix sequence is
ordered in the presence of SAH but unstructured without SAH.I371 Overall, the structural
reorganizations in PRMTs induced by cofactor binding seem to be an essential step for the
subsequent recruitment of peptide substrate to the enzyme’s active pocket, which concludes
with our kinetic model of ordered ternary complex formation. This is further reflected in the
fact that none of PRMT-peptide binary complex structures have been reported. All the
peptide-containing PRMT structures contain SAH or cofactor analogs. In regards to ordered
product release, the structural evidence is also clear: SAH is deeply buried and its entrance is
blocked by both the substrate and a-helix. Thus, the substrate release seems to be a
prerequisite for SAH to dissociate from the active pocket.[38] Given that all type | PRMT
structural folds are highly conserved, the mechanism of kinetics we proposed should be
applicable to all the family members.

3. Processivity of Arginine Methylation

Arginine residues in proteins can be modified into monomethylated state and then to
dimethylated state. In theory, PRMTs can maneuver the formation of dimethylarginines
through either a processive or distributive manner. In a processive arginine dimethylation
mechanism, the arginine substrate remains bound within the active site of PRMT1 to
consecutively fulfill two rounds of methylation. In this process, the monomethylated
intermediate is not released into the bulk solution before the last turnover is completed. In
contrast, in a distributive arginine dimethylation mechanism, the monomethylated substrate
is released into the bulk solution after the first turnover reaction and rebinds the enzyme
active site for the second round of methylation. Our kinetic model strongly supports that the
active site of PRMT1 utilizes a distributive mechanism for the production of
dimethylarginines. The first evidence is that the dissociation rate (9.1 s™1) of the
monomethylated intermediate H4mel from the ternary complex is much faster than the
methyl transfer (0.034 s71).30] Thus, the monomethylated intermediate easily dissociates
from the enzyme active site before SAH-SAM exchange and methyl transfer can occur. The
second and more important support for distributive dimethylation comes from the finding
that both the formation and decomposition of the ternary complex are an ordered process
(Figure 4): after the chemistry step of methyl transfer, the monomethylarginine has to be
dissociated from the enzyme active site, followed by SAH release. SAH cannot be released
first from the ternary complex because it is kinetically hindered (<0.1 s™1). This mechanistic
restriction unequivocally governs that PRMT1 utilizes a distributive mechanism for the
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production of dimethylarginines. Understanding this principle from the molecular level,
removal of monomethylarginine from the enzyme active site is a prerequisite step for SAH-
SAM exchange before the next round of turnover. Some researchers proposed that PRMT1
catalyzes dimethylarginine formation in a partially processive fashion and that the degree of
processivity is affected by the affinity of substrate.[27d:38] Nevertheless, in our view, the
processivity is an intrinsic propensity that is dictated by the kinetic and structural
mechanism of PRMT catalysis, but not by environmental contexts. An ordered formation of
the ternary complex and ordered release of products demands that monomethylated substrate
must be evacuated from the active pocket so that SAH can be substituted with SAM prior to
the next round of methylation. Therefore, different substrates and protein binding partners
may alter the relative distributions of mono- and dimethylarginine formation along the
progression course, but they cannot change the nature of the processivity of the catalysis in
the active site.[3%

The nonprocessive feature of PRMT activity in forming dimethylarginines has been
experimentally substantiated for several members: PRMT1,[27¢]1 PRMT2,[2711 pPRMT3, [27€]
hPRMT4,140] cPRMTS5, 4 hPRMTS, 391 and PRMT6.1278]1 Of note, MEP50 simply
accelerates the reaction rate of arginine methylation by hPRMT5 and does not alter the
nonprocessive propensity.[3%] The mechanism of distributive arginine methylation provides
valuable insights for understanding the dynamics and function of arginine methylation in
biological systems. The distributive methylation mechanism of PRMTs would dictate that
the genesis of monomethylarginines and dimethylarginines in cells are two independent,
discrete biochemical reactions. Under a processive mechanism, MMA would be a transiently
existing intermediate in the course of dimethylarginine formation, and thus MMA levels
would be limited. Nevertheless, high MMA levels have been observed in different cells.
[9b.14] Bedford et al. found that when PRMT1 was knocked out in MEF cells, ADMA levels
greatly decreased while MMA levels significantly increased, which would argue that
PRMT1 is the major enzyme for ADMA formation, but not for MMA formation, which is a
concept that coincides with our proposal that formation of MMA and ADMA represents two
uncoupled processes.[®] The biological function of monomethylated histone H3R2
(H3R2me) opposes that of H3R2mes,[42] which is evidence that the type | member PRMT6
mediates the monomethylation and dimethylation in separate processes at the same arginine
residue site, coinciding with a distributive process.

It is worthwhile to emphasize that the mechanism that PRMTSs utilize a distributive
mechanism for arginine methylation does not contradict in any way some experimental
observations that ADMA is more abundant than MMA in certain substrates and in certain
cellular contexts.[43] Multiple factors can influence the abundance of MMA and ADMA in
substrates. First of all, any chemical reaction, including arginine methylation, is a time-
dependent process. If given a sufficiently lengthy period of time, substrate arginine residues
will ultimately be fully dimethylated regardless of processive or distributive mechanism.
Second, we and others have found that monomethyl arginine is a moderately better substrate
than arginine.[274:32] Therefore, at comparable concentrations, monomethylarginines can
effectively compete with unmethylated arginines for the active site of PRMTSs. Third,
PRMTs and their substrates could be confined within a subcellular location or organelle.
Such confinement would lead to a rapid increase in the local concentrations of PRMTs and
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monomethylated substrates, which speed up the conversion of MMA to ADMA. Also,
liquid-liquid phase separation in cells may create enzyme-substrate droplets that greatly
accelerate arginine methylation.[44] Fourth, the protein-protein interaction may introduce
additional and enhanced binding for speedy transition of MMA to ADMA. In this regard,
PRMTs have a general tendency to self- or cross-assemble into oligomeric architectures,
[312,37.45] 3 feature that can favorably increase local abundance of PRMTSs to maximize their
capacity to fully methylate their substrates. Furthermore, it is often seen that multiple
methylating arginine residues are clustered at a Gly-Arg rich region in a target of PRMTSs.
[1b.46] gych spatial proximity of arginine residues would physically tether methylation sites
around the PRMT active site, thus expediting multiple turnovers of arginine methylation.
Clustering of multiple positively charged guanidino groups can also generate repulsive
forces among them, the consequence of which would lead to decreased pKa of arginines’
side chain guanidino groups, thereby increasing their nucleophilicity in methyl transfer
reaction.

4. Interplay of Arginine Methylation with Other PTM Marks on Histones

4.1.

The major PRMT members (i.e. PRMT1 and PRMTS5) are ubiquitously expressed in the
cells, and so far there is no general mechanism reported for PRMT activity regulation.
Expressed PRMTs likely are constitutively active. As such, regulation at the substrate level
via PTM crosstalks can be an important mechanism for modulating arginine methylation
levels. Nucleosomal histones are important substrates of PRMTs.[20.2247] |_jke many other
histone PTMs, arginine methylation is involved in multiple histone crosstalk events that
comprise the histone code.[12.2248] The histone code hypothesis is stated as “multiple
histone modifications, acting in a combinatorial or sequential fashion on one or multiple
histone tails, specify unique downstream functions.”[4%] In many cases, these downstream
events involve the repression or activation of gene transcription as a result of one or a
combination of histone PTMs promoting the recruitment or inhibition of other chromatin
modifying enzymes that can subsequently remove or add PTMs to the histone N-terminal
tails.[50 Since the bulk of the PTM crosstalk events that involve arginine methylation have
been observed on histones H3 and H4, these are highlighted in the following sections with
the focus on mammalian cell systems.

H3R2me2a

While an earlier report describes CARM1 methylating H3R2, PRMT6 is the main enzyme
that deposits the H3R2mezq Mark 7 vivoand in vitro.[21651 H3R2 pe0 is @ mark of
transcriptional repression and there is antagonistic crosstalk between H3R2,a04 and a
transcription activating mark, H3K4ne3.120] The presence of H3K4mea/me2 is inhibitory to
PRMT® arginine methylation of H3R2, while the presence of H3R2e04 inhibits the
methylation of H3K4 /n vivoand in vitro by the MLL1 complex.[52] When both marks are
present on the H3 N-terminal tail (H3R2me2aK4me3), the H3R2 004 mark prevents effector
proteins PHF2, DATF1, BPTF, and WDRS5 from recognizing H3K4,e3.21¢] Thus, it is
reasonable to conclude the crosstalk between H3R2 04 and H3K4 3 is mutually exclusive.
There are likely other PTMs on H3 lysine residues that are affecting the methylation of
H3R2 by PRMT6. Hyllus and colleagues observed an increase in arginine methylation by
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PRMT®6 when the peptide substrate had H3K27 mne2/me3 While the presence of H3K4e2,
H3K4me3, H3K9me2, and H3K 9,3 inhibited arginine methylation by PRMT6 (Hyllus 2007
supplemental material).[518] It is not clear if this crosstalk exists in vivo and how the
combination of these marks contributes to regulating gene transcription.

H3R2me2s

H3R2e2s IS a highly conserved mark from Drosophila melanogaster to humans that
localizes with areas of euchromatin.[52] Immunoprecipitates of PRMT5 and PRMT7 can
catalyze H3R21,c2s 0n recombinant histone H3;[523] however, PRMT5 may be more likely
the enzyme candidate to catalyze this mark since PRMT7 catalyzes only MMA.[7353] |n
contrast to H3R2ye2a, the H3R2,c0s Mark has a supportive crosstalk relationship with
H3K4 g3 that promotes transcriptional activation. H3R2e05 coexists with H3K 4.3
predominantly at highly transcribed genes, and the presence of both marks
(H3R2me2sK4me3) enhances the binding affinity of an H3 peptide by at least 23-fold to the
V(D)J recombinase subunit, RAG2, in comparison H3K4,.3 modified or H3 unmodified
peptides (Yuan 2012 supplemental table 1).[520]1 H3R2 .05 also has high binding affinity
(Kp =0.1 uM) with WDR5, which is a subunit of the coactivator complexes ATAC, SET1A,
SET1B, and MLL.[528] The presence of H3R2,,,q25 stimulates the lysine methyltransferase
activity of MLL complex to deposit H3K4me/me2.[223] In contrast, H3R2ye25 prevents the
recognition of H3K4,.3 by RBBP7, which is a major component of co-repressor complexes
PRC2, NURD, and SIN3 A.[523]

4.3. H3R8me2s & H3R8me2a

PRMTS5 catalyzes arginine methylation of H3R8, and the H3R8.os mark is important for
activating myogenic gene expression®4 yet it is also associated with promoting gene
repression of tumor suppressor genes.[5] PTMs that appear to crosstalk with H3R8 e are
H3K9,; and H3K14,.. Using H3 peptides and recombinant PRMT5, Pal and colleagues
demonstrated that H3K9,, and H3K14,. inhibit methylation of H3R8 by PRMTS5 /n vitro.
[55a] OQverexpression of PRMTS5 in NIH 3T3 cells results in increased H3R8meps and reduced
H3K9,., while the knockdown of PRMT5 results in abolishment of H3R8,e25 and increased
H3K9,..[5%8] While these results support the crosstalk between H3R8 arginine methylation
and H3 lysine acetylation, there is also crosstalk between H3R8 methylation and H3K9
methylation. The lysine methyltransferase G9a can catalyze the methylation of H3K9 to
produce H3K9ne1/2/3, though H3K9me3 requires overnight incubation.[6! Interestingly, the
presence of H3R8 ez significantly inhibits G9a methylation of H3K9 while substitution of
H3R8 with another amino acid or the presence of H3R8 e, abolishes G9a activity.[57] The
H3R8e24 Mark appears to be deposited by PRMT2, since immunoprecipitation of PRMT2
from Xenopus embryos was able to methylate histone H3.3 while substitution of H3R8 for
Ala resulted in reduced methylation of H3.3.581 Though, it remains to be examined how
H3K9e3 Or the other methylated states could modulate PRMT5 or PRMT2 activity towards
H3R8.

4.4, H3R17me2a & H3R26me2a

The major sites of CARM1 arginine methylation are H3R17 and H3R26, while H3R2 is a
minor site for CARM1.[21¢59] Similar to H3RS8, there is crosstalk between arginine
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methylation at H3R17 and H3 lysine acetylation. Acetylation of H3K18 and H3K23 by CBP
recruits CARML1 to H3, and the H3K18,, and H3K23,. marks are recognized by CARM1
and promote arginine methylation at H3R17.1891 This crosstalk is associated with estrogen
induced transcriptional activation.[5%-60] Methylation at arginine 17 of H3 on promoters was
later found to be linked with estrogen-receptor-regulated pS2 gene activation and with
steroid-hormone dependent activation.[52] Arginine methylation by CARM1 was linked to
lysine acetylation.[59-601 H3K 18 and H3K23 acetylations by CBP precede and favor the
high-affinity binding of CARM1/PRMT4 to chromatin. H3R17 is subsequently methylated,
and this is followed by enhanced gene transcription. Once again, the ordered deposition of
these modifications was suggested to cooperate in transcriptional activation.

Recently, crosstalk between H3R26/me2a, H3K27me3, and H3K27,. was reported to be
important for regulating HIV-1 LTR transcription in resting CD4+T cells.[62] The presence
of the transcriptionally active mark, H3K27,, stimulates asymmetric arginine methylation
of H3R26 by CARM1, yet H3K27,. does not appear to have a significant effect on changing
the levels of H3R17me24.[82 In fact, H3R17 is still the preferred site of CARML1 since the
lack of any acetylation on H3 results in predominantly H3R17ne2,.[621 On the other hand,
the presence of the transcriptionally repressive mark, H3K27e3, results in reduced

H3R 26,024 levels.[62] Hence, it appears that CARM1 prefers to methylate arginine residues
that are adjacent (+1) to neutral charged, mainly hydrophobic residues. Since other acylation
modifications (e.g., butyrylation, crotonylation, 2-hydroxyisobutyrylation) exist on H3K27
as well as H3K18,[210] jt would be interesting to see how CARML1 activity responds to
different acylations at +1 position in the substrate.

45. H4R3me2a

Methylation of H4R3 is a well-conserved PTM in eukaryotic organisms, from yeast to
humans, with Tetrahymena as an exception to this since there is a Gly3 instead of Arg3 in its
histone H4 protein sequence.[31 PRMT1 is the main enzyme that methylates H4R3 in vivo.
[63-641 PRMT1 deposits H4R3me and H4R3,,024, and this reaction is reproducible in vitro
with recombinant PRMT1, SAM, and core histones or histone H4 peptides H4(1-20) and
H4(1-21).[%5] PRMT1-catalyzed methylation of H4R3 recruits other chromatin modifying
enzymes that deposit PTMSs on histones to promote transcriptional activation. A classic
example is the relationship between PRMT1 and p300. Wang and colleagues first
demonstrated that H4R3 methylation by PRMT1 is activating for p300 lysine acetylation on
H4, specifically H4K8 and H4K12.[66] Additionally, there is evidence for a trans mechanism
of crosstalk between H4R3e04 and H3 lysine acetylation. ChlP studies performed by Huang
and colleagues on the chicken B-globin locus in the chicken bone marrow cell line, 6C2,
demonstrated /n vivothat PRMT1 is important for the overall acetylation of H4 and H3 at
the B-globin locus.[7] Knockdown of PRMT1 in 6C2 cells decreases dimethylation at H4R3
and decreases acetylation at H3K9, H3K 14, H4K5, H4K12, and to a lesser degree H4K8.[68]
Similarly in MEL cells, knockdown of PRMT1 results in reduced enrichment of H4 and
H3K9/K14 acetylation at the g™a-promoter.[8%] This is complemented by the in vitro
acetyltransferase activity assays demonstrating that PCAF, and partially p300, prefer to
acetylate H3K9 and H3K14 after PRMT1 has catalyzed arginine methylation of
nucleosomes.[891 Hence, simply the presence of the methylated arginine residues
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(HAR31e/me2a) ON the nucleosomes is enough to stimulate PCAF and p300 acetyltransferase
activity, though the molecular mechanism is still unclear.

While asymmetric methylation of H4R3,,,. stimulates histone acetylation, specific sites of
lysine acetylation on H4 can be inhibitory to arginine methylation by PRMTs. H4K5,,
H4K5,K8,cK12,:, and HAK5,.K8,:K12,:K 16, inhibit arginine methylation of H4 by
PRMTL.1650.70] Fyrthermore, all HAK5 acylations (H4K5,c/r/burcr/hib) are inhibitory to
arginine methylation by PRMT1.[790] |nterestingly, knockdown of PRMT1 increases the
population of transcriptionally repressive PTMs, H3K27 .3 and H3K9e2, and decreases
expression of the erythroid-specific folate receptor.[68]

4.6. H4R3me2s

4.7.

PRMTS is responsible for catalyzing symmetric dimethylarginine methylation of H4R3.[5%a
Early studies with PRMTS hint to a potential crosstalk between symmetric arginine
methylation and DNA methylation in that PRMTS5 activity was connected with
transcriptional repression along with the recruitment of methyl CpG binding protein 2
(MBD2) to CpG islands.[5%.71] Notably, the studies of the human B-globin locus by Zhao
and colleagues demonstrated that this crosstalk exists between PRMT5 and DNA
methyltransferase 3A (DNMT3A).[721 PRMTS5 deposits the H4R3me05 mark, and this mark
serves as a docking site for DNMT3A to methylate CpG islands and silence gene
transcription.[721 The PRMT5-activity dependent recruitment of DNMT3A also includes
casein kinase 2a (CK2a) and the histone lysine N-methyltransferase SUV4-20h1, which
together form a repressive protein complex that promotes DNA methylation of CpG islands
and the repressive mark H4K20,,,63 [3] In addition, unlike H4R31,624 and unmethylated
H4R3, H4R3pe2 inhibits the binding of the tandem plant homeodomain (PHD4_g) of
MLL4, and thereby prevents the docking of MLL4 to H3K4 for subsequent deposit of the
gene activating mark H3K4me3.[74]

There is also crosstalk with lysine acetylation and methylation. H4K5,. promotes H4
arginine methylation by PRMTS5 /n vivo and in vitro, while H4K8,. and H4K12,. do not
have as strong of an activating effect on PRMT5 activity.[650.700.75] |nterestingly, including
H4K20e3 With HAK5,. or H4K12 .3 With H4K 16, are strongly activating PTM
combinations for PRMT5 activity.[’] It is not clear though how H4R3,,c2s may affect HAT
activity on the H4 lysine residues.

H4R17me

H4R17 is a site for monomethylation by PRMT7.[52.72.53] Recently, Jain and colleagues have
observed in vitro with H4(1-21) peptides that the H4R17,,,, mark strongly stimulates
PRMTS5 activity in comparison to the unmodified peptide substrate (~4.9-fold increase in
catalytic efficiency, Agai/ Ko 5).[781 HAR17 1 is also activating for PRMT1, albeit to a lesser
extent (~2.4-fold increase in catalytic efficiency, Aqai/ Kp.5)- This raises the question of how
and when cells use PRMT7 to promote the type | mark H4R3e24 VS. type Il mark
H4R3e25 0N histones. These results may explain why others have observed PRMT7 to be
important for regulating the levels of H4R3e in cells.[74] Since this is a recent key
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discovery, there is still need to examine this crosstalk in cells, especially in regards to its role
in transcriptional regulation.

4.8. Histone PTM Crosstalk Beyond Arginine Methylation

While we have largely focused on the major crosstalk events between two chromatin
modifying enzymes (e.g., PRMT-PRMT or PRMT-HAT) that impact arginine methylation
on histone tails (Figure 5), these highlighted cases are just snippets of a larger picture of
histone PTM interplay. For example, we have mentioned in the above that H3K 4¢3 and
H3R2ne24 are mutually exclusive marks. Yet, what regulates the methylation state of H3K4?
H3K4 is trimethylated by the MLL1 complex, and H3K4,e3/2 is demethylated by lysine
demethylase 5 family members (KDM5A/B/C/D) while H3K4ep/1 is demethylated by
lysine specific demethylase 1 (LSD1).151277] However, when PKCb1 phosphorylates Thré
on H3 (H3T6py,) then the presence of H3T6py, changes the substrate preference of LSD1 to
target methylated H3K9 instead of H3K4pe1/2.[781 Furthermore, the presence of H3T6pn
inhibits KDM5B from demethylating H3K 4¢3 to H3K 4 717 vitro, which results in
H3K4me as the predominant product.[78 On the other hand, dimethylated H3R2 is reported
to be a site for demethylation by Jumonji domain containing 6 protein (JMJD6), and H3R2
is a potential site for deimination by peptidylarginine deiminase 1 (PADI1) to produce
citrulline.[”®] Hence, while we have highlighted major crosstalk events between arginine
methylation and other histone PTMs, there is a larger picture to appreciate.

There are also some differences in outcomes of the crosstalk events between higher and
lower eukaryotes. The mutual exclusivity of H3K4ye3 and H3R2e04 iS conserved from
yeast to humans.[510.80] |n contrast, while acetylated H4 is inhibitory to PRMT1 catalyzed
methylation of H4R3 in mammalian cells,[650.70] acetylated H4 (particularly H4K8,.) is a
preferred substrate for the PRMT1 functional homologue in yeast, hnRNP arginine N-
methyl methyltransferase 1 (HMT1), and the resulting H4R3e04 Mark is transcriptionally

repressive in yeast.[82] These and other crosstalk events have been well reviewed by others.
[1a,20,22,47,82]

The diversity of histone PTMs that have been discovered is remarkable, and yet there is still
much to learn about the functional significance of the crosstalk between histone PTMs. For
example, human biotinidase catalyzes the biotinylation of histones at H4K12, H4K8, H3K4,
H3K9, and H3K18.[83] Thus far, H3R2me2R8me2, H3R8me2, H3OrNithines, and H3R17 62
promote biotinylation of H3 and H3S10yy, is inhibitory to H3 biotinylation.[83a While it is
not clear whether the dimethylated arginine residues that activate biotinidase activity are
ADMA or SDMA, there is still more to learn in regards to how biotinylated histones affect
chromatin structure and gene transcription. Also of note is the crosstalk at the tip of the H4
N-terminal between phosphorylation, N-terminal acetylation, and arginine methylation.
Based on a histone peptide assay data, H4S1p, dominates at inhibiting PRMTS5 activity /n
vitro despite the presence of other PTMs such as H4R3,,,. and various H4 lysine methylation
and acetylation marks.[7%] Yet, in chromatin fractions collected during the later embryonic
stages of Xenopus laevis, high levels of H4S1p, have been observed in the midst of high
levels of HAR3e, H4Re2s, and even HAR3 e, in Vivo.[84] In these cases when both PTMs
are present on the same H4 N-terminal tail, arginine methylation may have preceded
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phosphorylation. However, the presence of H4S1p, may be influenced by the acetylation
state of the alpha amino group of H4S1, since recent evidence supports that CK2a prefers to
bind to an H4 peptide without N-terminal acetylation versus an H4 peptide that is N-
terminally acetylated.[85] While we have not observed a preference for the predominant
PRMTs (PRMT1 and PRMT5) to methylate H4 with or without N-terminal acetylation, the
presence of N-terminal acetylation may serve to prevent phosphorylation of H4S1 and
thereby provide a better substrate for PRMTs to methylate H4. In contrast, the lack of N-
terminal H4 acetylation by NatD can promote phosphorylation of H4S1 and may be overall
inhibitory to PRMT catalyzed methylation of H4R3. This would be interesting to study in
context to R17,,¢ that appears to allosterically activate PRMT5 and PRMT1 activity towards
H4. Finally, while we have covered the main histone PTMs that involve arginine methylation
on H4 and H3, the histone PTMs of H2A and H2B are less well studied, yet important for
elucidating the complex language of the histone code.

5. Isoform-Selective PRMT1 Inhibitors

With an ability to modify gene expression as well as other protein activities, PRMTs have
been found in numerous studies to be associated with pathology of various human diseases,
such as cancer and inflammation.[86] Aberrant expression of PRMT1 is found in breast,
prostate, lung, colon, and bladder cancers, neuroblastoma, and leukemia.[88€:87] Expression
of PRMT1 variant 2 in colon cancer patients or high expression of PRMT1 in breast cancer
patients is associated with poor prognosis.[881 PRMT1 is an essential component of the
mixed lineage leukemia (MLL) oncogenic transcriptional complex and confers an aberrant
transcriptional activation property critical for the induction of leukemia.[8] Specific
knockdown of PRMT1 expression suppresses MLL-mediated transformation. PRMT1 is
also upregulated in pulmonary diseases such as pulmonary fibrosis, pulmonary hypertension,
chronic obstructive pulmonary disease (COPD), and asthma.[®¥] Further, PRMT1 plays
regulatory roles in cardiovascular disease,[!] diabetes,[92] and renal disease.[%3] Therefore,
the development of PRMT inhibitors has emerged as an imperative task to provide novel
therapeutic agents to treat diseases and to find chemical probes to investigate the biological
functions of PRMTs.[120.94]

Biochemical assays for PRMT inhibitor discovery and characterization generally involves
radiometric assays in which radiolabeled methyl groups from SAM are transferred to the
substrate followed by the separation of labeled substrate via gel electrophoresis or filtering
on glass fiber or phosphocellulose paper discs. Products can be quantified by either
fluorography or liquid scintillation counting.[948] Washing steps are unnecessary in the
format of scintillation proximity assay (SPA) in which the substrate is labeled with biotin
and the scintillants are encapsulated in streptavidin-coated microsphere beads.[942.95] The
scintillation signal requires the close proximity of the radiolabel and the scintillant, and the
binding of biotin to the streptavidin brings the substrate within micrometer ranges to
produce optical signals while the free SAM in the bulk solution is not tethered to the bead
and remains distant from the scintillant, thereby resulting in low interference with sample
signal. In addition to radioactive assays, we have been actively investigating fluorescent
methods to study PRMT activity and inhibitors. In particular, we found that fluorophore-
labeled histone H4 peptides are highly sensitive to PRMT1 association and catalysis.[31:96]
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Either fluorescence intensity or anisotropy signals can be measured to determine the Kp of
enzyme binding with substrate or substrate-competitive inhibitors.[312.968] Moreover, we used
fluorophore-labeled histone H4 peptides in transient kinetic experiments to dissect the rate
constants of substrate/product interactions with PRMT1 and methy! transfer reaction.[312]
Our data showed that methyl transfer is the rate-limiting step in PRMT1 catalysis. Of
interest, we recently found that the stopped-flow fluorescence can be effectively applied to
quantify inhibitory potency (ICsgp) of PRMT1 inhibitors as well as examine their mode of
inhibition.[97] Our efforts were also applied to create fluorophore-labeled SAM analogs to
set up fluorescent-based binding assays to study cofactor competitive inhibitors.[%8] For
unknown reasons, we did not detect any salient binding of the fluorescent SAM analogs with
PRMTs (unpublished data). It may be that the PRMTs cannot accommodate the fluorescein
group, which is supported by previous observations that certain SAM analogs of lesser bulk
have also been poor cofactors in the absence of active site engineering.[%%

The first set of small molecule inhibitors were developed by the Bedford group in 2004, the
most potent of which was AMI-1 (1).[9:100] More inhibitors soon followed such as
stilbamidine (2) and allantodapsone.[9] Armed with this knowledge, our group thus set out
to inhibit PRMT enzymes in a variety of fashions. The first compounds were discovered
from a virtual screening against rat PRMT1 the most potent of which (IC5q =12.7 pM) were
noted to resemble AMI-1 (NS-1, 3).[%] These compounds all contained ridged, planar,
conjugated systems with naphthalene groups along with charged sulfonate and hydroxyl
moieties. Further kinetic assays showed that 3 was competitive with respect to H4 and
noncompetitive with respect to SAM; however, with its negative charges, 3 was not
predicted to fit into the substrate arginine binding pocket, so its mode of inhibition had to be
different.[9] It was then revealed that 3 inhibits PRMT function not by binding to the
enzyme itself, but by forming a complex with its substrate thus preventing substrate binding.
[96] This finding led our group to subsequently perform a screening of compounds based on
the pharmacophore established by the previous work. The resulting six hits could be divided
into two groups based on similar structures with group | containing naphthalene groups and
phenolic hydroxyls, and group Il containing a heterocyclic thiazole.[19] Group I compounds
were found to be more effective than group Il compounds, and the two compounds A9 (4)
and A36 (5) had ICsq values of 42 uM and 12 pM, respectively which are stronger than 1 (77
M) and comparable to 3.[102] Kinetic and fluorescent studies also showed that 4 and 5
appeared to inhibit in the same manner as 3; however with its charged sulfonate groups, 3 is
predicted to have a lower bioavailability than either 4 or 5.[201] /5 vivo studies using LNCaP
C81 cells showed that 4 had a marked reduction in cell proliferation at 10 uM in both normal
and steroid reduced media; 5 showed a much weaker biological activity which was proposed
to be due in part by its size.[101]

While this approach differs from a more classical enzyme binding approach, it does have
both pros and cons in regards to pharmacological impacts. The advantage is that these
compounds are potentially histone substrate-specific chemical probes. The shortcoming is
that the bound peptides may contain multiple modification sites that are otherwise blocked
by inhibitor binding; in other words, this method may not be selective for just PRMTL. For
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example, the histone acetyltransferase p300 was inhibited by both 3 and 5 with potency
similar to their respective PRMT1 inhibition.[96.101]

Following this, our group sought to inhibit the enzyme itself in a more selective fashion. A
series of cyanine compounds were developed for PRMT1 inhibition, with two representative
leads (compounds 6 and 7) shown in Figure 6.1921 Compound 7 was found to be the most
selective inhibitor for PRMT1 with specificity for it over CARM1, PRMT5, and PRMT8
ranging from 6- to-25 fold.[1920] Cell proliferation assays with 7 resulted in significantly
reduced the growth of three leukemia cell lines: Meg01, MOLM13, and HEL cells with HEL
cells requiring a higher concentration (200 nM vs 100 nM) due to their mutation in JAK2
that makes them less dependent on PRMT1 signaling.[103] The cyanine molecules typically
possess long-wavelength absorption and fluorescence properties which allow them to be
used for visualization in cells and tissues. By using the optical and fluorescent microscopy
techniques, we found that MHI-21 (6) is capable to cross the plasma membrane and localize
in the nucleus.[1028] Therefore, the cyanine-type of compounds provide unigque photoactive
chemical probes for both PRMT inhibition and microscopic imaging.

Another class of PRMT inhibitors is the diamidine compounds like 2. With its positive
charge and planarity, the amidine moiety is a mimic of the guanidino moiety on the substrate
arginine residue and is theorized to be structurally competitive for its binding site.[102a] We
screened a focused set of diamidine compounds against PRMT1 and identified furamidine
(DB75, 8) as a lead inhibitor.[103] |t was found that the addition of alkyl or phenyl
substituents onto the amidine reduced its activity.[193] Substitution of the oxygen on the
furan core with an isostere such as sulfur or selenium had no effect, while substitution to
nitrogen reduced activity.[103] Finally, ortho-phenyl substituents resulted in a drop in activity,
whereas the meta position was less sensitive.[103] 8 was shown to have 1Csq of 9.4 uM for
PRMT1, with 17-, 30-, and >42-fold selectivity against PRMT5, PRMT6, and CARM1
respectively.[193] Molecular modeling studies showed that the binding of compound 8 is
promoted by one amidine group extending into an acidic channel in the substrate arginine
binding site and interacts with Glu144 and Glu153, and the other amidine extends into the
SAM binding site to interact with Glu129 while Try35, Phe36, and Tyr39 form m-
interactions with the aromatic regions.[193] The selectivity against PRMTS5 is also explained
by a partially, solvent-exposed binding, pocket that disfavors binding of 8.1103] Another
inhibitor, compound 9, was also found in this study with comparable potencies (7.2 mM)
and selectivity to 8.1193] Furamidine was also shown to be cell permeable via its inhibition of
GFP-ALY methylation in 293T cells, and studies in leukemia cells lines showed that growth
was inhibited in most of the cell lines at 20 UM with those derived from Down’s Syndrome
patients (such as MOLM13 and CMY) being the most sensitive.[193] Furamidine was
applied as a chemical probe to illuminate the functions of PRMT1 in bone morphogenetic
proteins (BMP)-induced Smad signaling[18] and RNA-binding motif protein 15 (RBM15)-
controlled, RNA splicing pathway.[104]

In a recent study, our group made additional diamidine compounds and showed that the
potency could be increased by increasing the length of the middle linker.[25] Compound 10,
decamidine, was identified as having the more potent PRMT1 inhibition than 8; however,
this increased potency came at a cost of selectivity over PRMT5.[205] Another compound in
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the study 11 had a decreased potency (52 uM), but increased selectivity.[105] Molecular
docking studies revealed different binding modes for 10 and 11. While 11 has a binding
mode similar to 8, one of the amidines on 10 extends into the cofactor methionine binding
site. When docked with PRMT5, compound 11 spans both the cofactor and arginine sites for
PRMT1, but only the cofactor site for PRMT5. For compound 10, it binds to PRMT1 and
PRMTS5 similarly. This may partially explain the low selectivity of 10.[105]

Another type of inhibitor, MS023 (12), was developed by Eram et al. using a scaffold from
two previously developed inhibitors: CMPD-1 and EPZ020411.119] Through SAR analysis,
the authors found that using a pyrrole ring over a 1,2,3-triazole ring had a 70-fold increase in
inhibition for all type | PRMTs except PRMT6 where it showed a 10-fold increase.
Substitution of a meta-trifluoromethyl group to a para-isopropoxy substituent increased
inhibition potency against all type | PRMTs (30 nM for PRMT1, 119 nM for PRMT3, 83
nM for PRMT4, 4 nM for PRMT6, and 5 nM for PRMT8).[108] The exchange of the
terminal amino group for a hydroxyl group afforded MS094 (13) which completely
abolished activity and served as a great control compound in assays.[1%8] Increasing
concentrations of peptide substrate and SAM showed no change in the ICgq values,
indicating that 12 is noncompetitive for both substrate and cofactor across all human
PRMTs, with the exception of PRMT3 in which the authors found that it was
noncompetitive with substrate and uncompetitive with SAM.[19€] Another unique quality of
12 was found during selectivity assays in which it was shown that 12 had unprecedented
selectivity for type | PRMTSs against type I1/I11 PRMTs, protein lysine methyltransferases,
DNA methyltransferases, and three histone lysine demethylases.[2%6] In cellular assays, 12
was shown to decrease H4R3e04 Marks in MCF7 cells in a concentration dependent manner
with 13 having no effect.[106] After treating both the MCF7 and HEK293 cells for two days
with 12, the authors noted a global decrease in ADMA and concurrent increase in SDMA
and MMA marks. Plus, after a ten-day treatment with 12 at 10 uM, both MCF7 and HEK293
cells showed significant reductions in cell growth.[106]

Overall, because of its association with a multitude of diseases, PRMT1 is a viable drug
target. Developing selective PRMTL1 inhibitors has been a flourishing endeavor in the field.
[942,107] Our group has screened and designed compounds with different structural scaffolds
to target and selectively inhibit PRMT1, and in one case unexpectedly achieving PRMT
inhibition via binding of the inhibitor to the substrate pool. Many compounds made thus far
have reached the low micromolar or submicromolar range of inhibition with a good
understanding of different pharmacophores associated with their binding activities. Future
work directed at modifying and diversifying these pharmacophores could lead to the
development of the next-generation of potent and specific inhibitors for this major arginine
methyltransferase.

6. Summary and Perspective

This account is focused on some important perspectives of biochemical mechanisms of
arginine methylation which is enzymatically catalyzed by different PRMT members. We
discussed the findings of enzymatic kinetics of arginine methylation from steady-state and
pre-steady-state experiments, processivity in multi-arginine methylation, key structural
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features of PRMTS, and crosstalks of methyl arginine marks with adjacent PTMs on the core
histones. We also recapitulated some typical examples of PRMTL1 inhibitors. These findings
and advances pave the foundation for further understanding of PRMT functions in cell
development, differentiation, and proliferation, as well as in pathological processes.
Although great progress has been made in PRMT research, many challenging issues remain
to be determined. Although thousands of arginine methylation substrates and sites have been
identified, tremendous efforts are needed to delineate detailed functions of individual
arginine methylations in various cellular pathways. It is conceivable that not all arginine
methylation marks have essential functions; many marks could be just biochemical noise
without indispensable effects. It is challenging to discriminate essential from nonessential
arginine methylation sites. PRMT isoforms have different sub-methylomes. It remains to be
determined how the arginine methylome was constructed by different PRMT members.
Current efforts are focused on the enyzmatic activities of PRMTSs; on the other end, it
remains to be determined whether PRMTs have non-enzymatic or other functions (i.e.,
moonlight functions) in cell biology beyond their methyltransferase activity. In this regard,
recent work unexpectedly showed that PRMT8 has phospholipase function, which is
attributed to its HKD motif (HXKXxxXDxxxxxxGG/S) that is distinct from the other PRMTs
yet characteristic of phospholipase D enzymes.[108]1 PRMT1 has been found to exist as
several isoforms, at least two of which are enzymatically inactive.[452109] Exact functions of
these inactive PRMT1 isoforms remain to be determined. Future research will provide a
better understanding of PRMT function in biological and disease processes from a broader
and deeper scope. In regards of drug discovery, most PRMT1 inhibitors have micromolar or
submicromolar potency. Both affinity and selectivity need to be improved significantly. No
PRMT inhibitors have made it to the clinic yet. It would be thrilling to see in the near future
some PRMT inhibitors can be translated into potent leads with clinical efficacy.
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Figure 1.
Chemical reaction of arginine methylation.
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Figure 2.
Summary of arginine methylation sites in nucleosomal core histones.
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A proposed transition-state structure of arginine methylation reaction. Although not yet
experimentally verified, in principle, CHs should be in planar geometry due to the sp?
hybridization. Based on the crystal structure, we hypothesize that the guanidino plane is in

parallel to the CH3 plane in the transition state.
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A proposed kinetic model of PRMT1-catalyzed arginine methylation. The mechanism was
collectively determined based on the stopped-flow measurements and global fitting of the
time courses of the intrinsic tryptophan fluorescence of PRMT1 upon binding to SAM,
SAH, or H4 peptide at different orders, as well as the fluorescence of fluorophore labeled

H4 peptides during methylation reaction. No-Go symbols denote that those steps are

kinetically hindered. See more details in ref.[3]
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Figureb5.
Crosstalk of arginine methylation with other PTMs on the histone N-terminal tails.
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Figure®6.
Representative small molecule PRMT1 inhibitors.
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