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Abstract

Protein arginine methyltransferases (PRMTs) catalyze the methyl transfer to the arginine residues of protein substrates and
are classified into three major types based on the final form of the methylated arginine. Recent studies have shown a strong
correlation between PRMT expression level and the prognosis of cancer patients. Currently, crystal structures of eight PRMT
members have been determined. Kinetic and structural studies have shown that all PRMTs share similar, but unique catalytic
and substrate recognition mechanism. In this review, we discuss the structural similarities and differences of different PRMT
members, focusing on their overall structure, S-adenosyl-L-methionine-binding pocket, substrate arginine recognition and
catalytic mechanisms. Since PRMTs are valuable targets for drug discovery, we also rationally classify the known PRMT
inhibitors into five classes and discuss their mechanisms of action at the atomic level.
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Introduction

Arginine methylation by protein arginine methyltransferases
(PRMTs) is an abundant post-translational modification
in eukaryotes [1]. PRMTs catalyze the transfer of methyl
groups from the co-substrate S-adenosyl-L-methionine
(AdoMet, SAM) to the guanidine nitrogen (w-NG) of a pep-
tidyl arginine residue, resulting in the formation of methy-
larginine and S-adenosyl-L-homocysteine (AdoHcy, SAH)
[2]. Three major types of methlyarginines are recognized:
monomethylarginine (Rmel), asymmetric dimethylarginine
(Rme2a) and symmetric dimethylarginine (Rme2s). The nine
PRMT members are categorized into three types according
to the final form of methylarginine products: type I PRMTs
(PRMT-1, 2, 3, 4, 6 and 8) catalyze formation of Rmel and
Rme?2a; type I PRMTs (PRMT-5 and 9) catalyze formation
of Rmel and Rme2s; and type III PRMT (PRMT?7) can only
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generate Rmel [3]. In addition, a rarely occurring type IV
PRMT has been described that results in monomethylation
of the internal guanidine &-nitrogen [4, 5].

PRMT1, the most predominant type I PRMT in mamma-
lian cells, accounts for 85% of cellular PRMT activity and
is involved in many biological functions [6-9]. PRMT?2 acts
as a coactivator of hormone receptors in a ligand-dependent
manner and enhances the transcriptional activity of hormone
receptors [10, 11]. The involvement of PRMT?2 in breast
carcinogenesis has been reported [12, 13]. PRMT3 meth-
ylates 40S ribosomal protein S2 (rpS2) and is involved in
proper maturation of the 80S ribosome [14-16]. It is also
functionally important for dendritic spine maturation in rats
[17]. PRMT4, also called as CARM1 (coactivator-associated
arginine methyltransferase 1), was initially identified as an
enhancer of transcriptional activation by several nuclear hor-
mone receptors [18]. As a transcriptional coactivator, it plays
a major role in chromatin remodeling and gene activation
[19-22]. PRMTS5 methylates histones H2A and H4 as well as
many other proteins [23-25]. Unlike other PRMTs, the activ-
ity of PRMTS requires the presence of protein cofactors such
as MEP50, RioK1 and pICln [26-30]. Inhibitors of PRMTS5
have been developed and subsequently tested in clinical tri-
als for solid tumors and lymphoma [31]. PRMT®6, a nuclear
protein that prefers substrates with glycine—arginine-rich
(GAR) motifs [32], is involved in transcriptional regulation,
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the pathogenesis of human immunodeficiency virus, DNA
excision repair and cell cycle progression [33—-35]. The over-
expression of PRMT6 in the gall bladder and lung cancers
has been reported [36]. PRMTY7 is associated with nuclear
ribonucleoprotein particle biogenesis, DNA repair and the
regulation of MLL4-mediated differentiation [37-39]. Full-
length PRMTS is expressed in the brain and localized to
the plasma membrane via N-terminal myristoylation [40].
The correlation between PRMT8 overexpression and cancer
patient survival has been described [41]. PRMTO is identi-
fied as a non-histone methyltransferase and involved in U2
snRNP maturation [42].

Although the majority of the PRMTs share similar sub-
strates, such as histone proteins, each PRMT member also
methylates different sets of non-histone proteins. In addi-
tion, some prefer to methylate glycine—arginine-rich (GAR)
motifs and the other prefers proline—glycine—methionine-
rich (PGM) motifs [43, 44]. In this review, we discuss the
structural similarities and differences of the eight PRMT
protein family members whose structures have been deter-
mined. We focus on the overall PRMT structure, AdoMet-
binding pocket, arginine recognition, catalysis mechanisms,
and the mechanism of action of PMRT inhibitors.

Overall structure of PRMTs: similarities
and differences

The core structure of PRMT?3, a type I PRMT, was deter-
mined in 2000 and was the first PRMT core structure to
be deposited in the Protein Databank (PDB) [45]. Since
then, the structures of other PRMTSs have been elucidated

Table 1 List of PRMTs whose structures have been reported in the PDB

using protein crystallography (Table 1) [46]. Lately,
PRMT5-MEPS50 complex structure has been also deter-
mined by cryo-electron microscopy (cryoEM) approach
[47]. Among the nine mammalian PRMT members, only the
structure of PRMT9 has yet to be determined. A canonical
PRMT core structure includes two domains: the N-terminal
Rossmann fold (also referred to as the AdoMet-binding
domain) and the C-terminal p-barrel domain. The a-helical
dimerization arm that is responsible for PRMT dimeriza-
tion protrudes from the N terminus of the f-barrel domain
and contacts N terminus of Rossmann fold (Fig. 1a). The
dynamic a-helices (aX, aY and aZ) at the N-terminal of
Rossmann fold participates in AdoMet binding and are
present in type I and type III PRMTs (Fig. 1a). The core
morphology of all type I PRMTs is a doughnut-shaped
homodimer arranged in a head-to-tail pattern (Fig. 1a). Both
monomers bind to AdoMet and to the substrate arginine,
suggesting that both protomers of the PRMT homodimer
are catalytically active. However, mouse and Caenorhabditis
elegans PRMT7 (MmPRMT7 and CePRMT?7) are unique, as
they consist of two PRMT modules in tandem and arranged
as a pseudo-dimer (Fig. 1b) [48-50]. Structural evidence has
shown that the second AdoMet-binding module of PRMT7
is occupied by a zinc ion and is unable to bind AdoHcy, so
the C-terminal PRMT core module of PRMT7 is considered
non-catalytically active [48, 50]. Coincidentally, PRMT7 is a
type III PRMT that catalyzes only monomethylated arginine
formation. PRMT7 from Trypanosoma brucei (TbPRMTT7)
lacks the tandem C-terminal module and in solution exists
solely as a homodimer [51, 52]. Although ThbPRMT7 forms
a homodimer, it strictly generates Rmel, indicating that
the presence of tandemly arranged PRMT modules vs. two

PRMTs List of PDB 1.D.

PRMT1 10RI (AdoHcy), 10RH (AdoHcy, P), I0R8 (AdoHcy, P), 3Q7E (AdoHcy)

PRMT2 5G02 (S), 5SFUB (AdoHcy), 5IMQ

PRMT3 4HSG (I), 1F3L (AdoHcy), 4QQN (C), 4RYL (I), 2FYT (AdoHcy), 3SMQ (I), IWIR

PRMT4/CARM1 5U4X (I), 4IKP (S), SIH3 (AdoHcy), 5IS6 (S), 5IS7 (AdoHcy), SIS8 (I), 51S9 (I), 5ISB (I, 5ISC (1), SISD (1), 5ISE (I), 5ISF
(@), 5ISG (1), 5ISH (1), 5ISI (1), 5K8 V (C), 5K8 W (I), 5K8X (I), 5SLGS (L), STBH (I), 5TBI (I), 5TBJ (I), 3B3F (AdoHcy),

4G56 (AdoMet), 4GQB (OXU, P), 4X60 (1, S), 4X61 (AdoMet, I), 4X63 (AdoHcy, I), SEMIJ (C, S), SEMK (C, S), SEML (C,

4C03, 4C04 (I), 4C05 (AdoHcy), 4C06, 4C07, 4C08, 4Y2H(AdoHcy, I), 4Y30(AdoHcy, I), SEGS(I), SFQN (AdoHcy),

5FQO (AdoHcy) 5LV4 (I), 5LV5 (I), 4LWO, 4LWP (AdoHcy), 4QQK, (I), 4HC4 (AdoHcy), SHZM (AdoHcy), 4QPP

3WST (AdoHcy), 3X0D (AdoHcy), SEKU (AdoHcy), 4C4A (AdoHcy), 4M36, 4M37 (AdoHcy), 4M38 (AdoHcy, P), 6NPG

3B3G, 3B3J
PRMT5?
AdoMet), SEMM(C, S), SFAS (C, P), 5C9Z (1, S), 6CKC (I), 3UA3 (AdoHcy), 3UA4
PRMT6
(AdoHcy, I), SESR (AdoHcy, 1), SWCF (AdoHcy, I)
PRMT7
@
PRMTS8 4X41(AdoHcy), 5DST(AdoHcy)
PRMT9 N/A

I inhibitor, S sinefungin, C compound, P peptide
vertebrate PRMTS form a complex with MEP50

@ Springer



Protein arginine methyltransferases: insights into the enzyme structure and mechanism at... 2919

Monomer B

Monomer A Monomer B

Fig.1 The structural similarities and differences of PRMTs. a The
typical PRMT dimer is shown in cartoon diagram using Danio rerio
PRMT?2 (PDB ID: 5SFUB) as an example. The N-terminal helices: aX
(cyan), oY (yellow) oZ (light gray), Rossman fold (blue), B-barrel
(red), dimer arm (green) are shown as cartoon diagram. The mono-
mer B is shown in light corresponding color. The AdoHcy (black)
shown as stick model, dashed line shows the dividing line for the
monomer A and B. b MmPRMT7 reveals a bowel-shaped pseudo-
dimer. The color scheme is same as a and the zinc-binding motif is

active PRMT modules is not the determining step in Rmel
formation [48, 52]. Unlike the ring-like dimers in type I
PRMT structures [45, 53-59], PRMT7 forms a bowl-like
dimer (Fig. 1b). This anomaly in the shape of these PRMT7
dimers has been attributed to the different arrangements of
the dimerization arm and p-barrel domain, such that their
secondary structural elements are pushed inwards to close
the central hole in the PRMT dimer. Closure of the central
hole in PRMTY7 is in accordance with the lack of AdoMet-
binding site in the second Rossmann fold, which could pos-
sibly be one of the strategies of these enzymes for promoting
monomethylation.

PRMTs must maintain at least a dimer state (or pseudo-
dimer for PRMT?7) to be functionally active [53, 59, 60].
Higher ordered oligomerization has been also observed
in PRMTs. Saccharomyces cerevisiae PRMTI1 (hmtl)

PRMT5 monomer

shown as dashed circle. ¢ The apo (top) and AdoHcy-bound (bottom)
forms of MmPRMT4 show the conformation and orientation change
of the N-terminal aX (color in blue) upon AdoHcy binding. The
missing PH domain is labeled to shown the relative position. Mono-
mers A and B of MmPRMT4 are colored in green and orange, respec-
tively. d HsPRMTS is in complex with MEP50. Catalytic domain
color is same as a, whereas TIM barrel and MEP50 shown in purple
and cyan color, respectively

forms a trimer of dimers whereas vertebrate PRMTS5 form
a dimer of dimers [60, 61]. Despite the dimeric forms of
PRMT1 and PRMTS revealed by protein crystallography,
both enzymes form higher order oligomers in solution
[62-64]. The high-ordered oligomerization state of human
PRMTS8 (HsPRMT&8) remains unchanged regardless of the
protein concentration, but PRMT1 from Rattus norvegicus
(RnPRMTT) achieves higher ordered oligomerization in a
concentration-dependent manner [53, 62, 65]. In addition,
the oligomerization state of RnPRMT]1 decreases signifi-
cantly upon AdoMet binding whereas HsPRMTS8 maintains
its oligomerization state upon co-substrate binding [53, 62].
Recent, crystallographic studies proposed two different oli-
gomerization states of PRMTS, as either a helical filament
or a tetramer. The different forms of HsPRMTS oligomeriza-
tion may reflect differences in the open reading frames and/
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or the presence of the N-terminal tag [62]. Lately, the recent
cryoEM study of HsPRMTS also revealed higher ordered
oligomerization of PRMTS, in which tetrameric complexes
of the enzyme associate in a side to side manner [47].
Most PRMTs deposited in the PDB contain only a struc-
turally conserved catalytic core domain. However, the
other striking difference among the PRMTs is the pres-
ence of the N-terminal non-catalytic domains. For exam-
ple, PRMT?2 contains an SH3 domain; PRMT?3 contains a
zinc finger; PRMT4 contains a pleckstrin homology (PH)
domain; PRMTS5 contains a TIM barrel; PRMTS contains
an N-myristoylation domain. Both of the full-length Danio
rerio PRMT?2 and mouse PRMT4 (MmPRMT4) crystal
structures showed that the electron densities of both N-ter-
minal non-catalytic domains were missing, which suggested
the high domain flexibility of N terminus in the absence
of the protein substrates [54]. Thus, the structural details
of these enzymes with non-catalytic domains remain unre-
solved. The kinetic study showed a sevenfold reduction in
the methyltransferase activity of SH3-domain-truncated
PRMT?2 compared to the full-length enzyme [54]. The N
terminus of PRMT3 harbors a zinc finger domain. Zinc
finger domains are small protein motifs and convention-
ally considered as a DNA-binding motif, but they are also
able to bind RNA, protein and lipid substrates [66—69]. The
zinc finger domain of PRMT?3 is not required for methyla-
tion of glutathione S-transferase—fibrillarin amino-terminal
fusion protein (GST-GAR), an artificial substrate, but is
absolutely required for the recognition of RNA-associated
substrates and for the binding of rpS2 [70, 71]. The PRMT4/
CARMI1 N-terminal domain (from residue 28-140) pos-
sesses a PH domain that is formed by two perpendicular
antiparallel B-sheets followed by a C-terminal helix and is
known to bind to lipids or proteins. PH domain-containing
proteins are shown to be involved in a variety of biologi-
cal processes, including signal transduction, cytoskeletal
arrangement, nuclear transport and DNA repair [72-77].
Over 130 PRMT4 protein substrates have been identified
and most of them contain proline-rich motifs [78]. Deletion
of the PH domain of PRMT4 results in a global decrease in
both the interaction of the PRMT4 with its substrates and
methylation activities [78, 79]. Interestingly, structural stud-
ies of PRMT4 revealed striking differences in the orientation
of the N terminus upon AdoHcy binding (Fig. 1c). In the
absence of AdoHcy, the apo PRMT4 N terminus folds into
a PB-sheet with a small 3,,-helix rotated 180° compared to
the AdoHcy-bound PRM4, which possesses only an a-helix.
This difference leads to the differences in the spatial orienta-
tion of the PH domain (Fig. 1c) [55]. However, the biologi-
cal and functional significance of the two alternative con-
formations of the PRMT4 N terminus remains unclear. In
the case of PRMTS, its N terminus harbors a unique myris-
toylation motif that results in the association of the enzyme
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with the plasma membrane [40]. Both His-tagged and GST
fusion species of PRMT8 lacking the initial 60 amino acid
residues exhibit enhanced enzymatic activity, suggesting a
role for the N terminus in regulating PRMT8 activity [80].
In PRMTS5, the N-terminal extension is in the form of a
TIM barrel domain that participates in dimer formation and
accounts for the very large structural difference between the
PRMTS5 dimer and the dimers of other PRMTs [81] In addi-
tion, both human and Xenopus laevis PRMTS (HsPRMTS5
and X/PRMT?) possess a shorter dimerization arm and form
a dimer with a central cavity whose diameter is approxi-
mately 30 A [61, 82]. Four dimerization loops contributed
by each protomer of PRMTS tetramer occupy the central
cavity. The N-terminal TIM barrel is also responsible for
MEP50 interaction (Fig. 1d); therefore, TIM barrel domain
plays dual structural roles: (1) promoting oligomerization
by interacting with the catalytic domain and (2) recruit-
ing MEP50 for substrate interaction [61, 82]. There is no
obvious MEP50 ortholog seen in C. elegans and C. elegans
PRMTS5 (CePRMTS) only forms a dimer in solution [83].

Signature motifs of PRMTs and N-terminal
helices upon the co-substrate binding

The PRMT catalytic core is remarkably similar across all
type I, II and III enzymes. It is endowed with six signature
motifs that are indispensable for methyltransferase function:
(1) motif I (VLD/VGxGxG) forms the core of the AdoMet-
binding pocket with three highly conserved glycine among
all PRMTs; (2) post-motif I (V/I-X-G/A-X-D/E) forms the
hydrogen bonding interactions with the ribose hydroxyl moi-
ety of AdoMet, via a glutamic or aspartic acid residue; (3)
motif II (E/K/VDII) stabilizes motif I by the formation of
a (-sheet; (4) double-E motif contains SEXMGxxLxxExM
whose two glutamic acid residues positions substrate argi-
nine; (5) motif III (LK/xxGxxxP) forms a parallel -sheet
with motif II and (6) the critical THW loop, located near
the active site, is important for substrate binding as well as
stabilization of the N-terminal a-helix (Fig. 2) [84, 85]. The
typical active site of the PRMTs adopts a canonical fold
with minor variations in the proximal end of the N termi-
nus depending on the enzyme type. For example, all type I
PRMTs contain dynamic o helices (aX, oY and oZ) at the
N terminus whereas in PRMTS (type II) and PRMT7 (type
III) the aX helix is absent (Fig. 2a). It has been shown that
aX is disordered in the absence of AdoMet/AdoHcy and
stabilized upon AdoHcy binding [55]. The N-terminal motif
YFxxY, which makes up part of the aX helix, is conserved
in all type I PRMTs, but the phenylalanine of mouse and T.
brucei PRMT6 (MmPRMT6 and ThPRMT6) substitute the
conservative tyrosine residue (Fig. 2a). The YFxxY motif is
missing in type II and type IIIl PRMTs. The sequence in the
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YFxxY * * *
52 PVPARLRHTPVSLIEAVN. . T0DFHYAMMNDEERNNFYYEVLKK. 109
4 KINQKTGEREWVVAEEDY. 30SRFGDMILDFDRNDKFLAGLKT. 78
25 orrrmeees DYHQEIAR. 33SSYADMLHDKDRNIKYYQGIRA, 78
50 —————————] ¥YEC¥SDV 595VHEEMIADQVRTEAYRLGILK. 99
TbPRMT6 20 =y ¥YFS¥SDL 28AVHRLEMLEDAQRMSFYRKSIEQ. 68
MmPRMT4 140 ERTEESSAVQY¥YFQF¥GYL. 15850Q0 QDYVRTGTYQRAILQ. 199
RnPRMT1 25 NAEDMTSKDYMEDSMAHF. 43GIHEEMLKDEVRTLTYRNSMFH. 84
HsPRMT3 211 -DLQEDEDGVEESS¥GHY. 228GIHEEMLKDKIRTESYRDFIYQ. 269
208 -DLQEDEDGVYESS¥GHY. 225GIHEElLKDKVRTESYRDFIYQ. 266
304 YEDYLOSPLOPLMDNLES. 322QTYEVFEKDPIKYSQYQQAIYK. 371
300 YEDYLOSPLOPLMDNLES. 318QTYEVFEKDPVKYSQYQQAVYK. 367
THWxQ
TbPRMT?7 .149VLHMMSTE. .164 MOWGQ B32
Ce T7 .118VISERSTD. .133 .[DHWMQ BO03
MmPRMT7 .118VINKHSTE. .134 .[DHWMQ B1l6
MmPRMT 6 .138VLPGPVET. [THWKQ B23
TbPRMT6 .107VLGDTVEN. [THWKQ B21
MmPRMT4 .238VIPGKVEE. JJTHWYQ HA18
RnPRMT1 .123IIKGKVEE. [THWKQ P96
HsPRMT3 .308LIKGKIEE. [THWKQ f82
RnPRMT3 .305LIKGKIEE. JTHWKQ H79
H TS .415VVSSDMRE. SPE-CLDGAQHE .[FSWFP p81
MT 5 .411VVSGDMRE. SPE-CLDGAQHE ESWEP p77
c
(b) CR A= v B
TH < }J /

Fig.2 Crystal structure-based sequence alignment of catalytic core of
type I, II and III PRMTs. a The alignment is restricted to the catalytic
domains of the enzymes. The AdoMet-binding domain, only impor-
tant motifs secondary structures are shown as red cylinder, whereas
for clarity, p-barrel domain (except its THW motif) and dimeriza-
tion motif are completely removed. PRMT group I, II and III mem-
bers are listed on left in green, blue and pink, respectively. Each
isoform possesses six signature methyltransferase motifs: I, post-I,
II, III (boxed), double-E SExMGxxLxxExM motif (indicated with
bars) and the THW loop (highlighted in yellow). Highly conserved
residues are highlighted in green, and conservative substitutions in
cyan. The AdoMet-binding motif at the N terminus is labeled YFxxY
and the glutamic acid and two methionine, which is important for
methyltransferase function, shown in pink. Brown asterisk, AdoMet/
AdoHcy-ribosyl H-bonding residues; red asterisk, first methionine
position; blue asterisk, AdoHcy—carboxylate—arginine interactions;

corresponding region of PRMTS5 homologs is PLxxN, which
forms a partial loop and participates in AdoMet recognition
(Fig. 2a) [61, 83]. In ThPRMT7, the corresponding sequence

LN
ij -/ “/AdoHyc

Z
Y
s,

gExMGxxLxxExM
Double-E loop
FxxY

pink asterisk, AdoHcy—amine nitrogen H-bonding residues; green
asterisk, AdoHcy—adenine nitrogen H-bonding residues. 7b, Trypa-
nosoma brucei; Ce, Caenorhabditis elegans; Mm, Mus musculus; Rn,
Rattus norvegicus; Hs, Homo sapiens and Xl, Xenopus laevis. The
alignment was performed using the PROMALS3D multiple sequence
and structure alignment server. b Typical type I PRMT from Danio
rerio shows the six signature motifs in the active site that are impor-
tant for enzyme function: I (yellow), post-I (green), II (brown), III
(blue), conserved double-E SExMGxxLxxExM motif (black) and
THW (pink). The FYxxY motif, which is part of the N-terminal aX
helix that plays a key role in AdoMet-binding, is shown in orange.
The dimerization arm is shown as a red dashed circle. Note that only
the THW motif belongs to the B-barrel whereas all remaining impor-
tant motifs exclusively belong to the Rossmann fold. For clarity, some
of the helices of the Rossmann fold are hidden

is VSLIE (Fig. 2a), which folds into an extension of the
aY helix that protrudes outward from the AdoMet-binding
domain. The latter is more inclined towards the B-barrel of
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the opposite molecule of the homodimer, resulting in a more
solvent-exposed AdoMet-binding pocket [52].

The AdoMet-binding pocket of type-I PRMTs is
highly buried and occluded. The electron density of the
aX helix of RnPRMT1-AdoHcy—peptide complex is
absent from the crystal structure, resulting in an exposed
active site suitable as a channel for peptidyl arginine
entry [53]. The superposition model of the Rattus nor-
vegicus PRMT3 (RnPRMT3)-AdoHcy complex on the
RnPRMT1-AdoHcy—peptide complex showed that the aX
helix (residues 208-222) visibly occludes the peptidyl argi-
nine entry (Fig. 3a). However, the three aromatic rings of
YFxxY motif stack with the adenine ring of AdoMet and
the aX helix folds onto AdoMet. YFxxY forms a hydro-
gen bond with conserved Glu335 of the double-E loop,
which participates in correct positioning of peptidyl argi-
nine (Fig. 3b) [45, 55, 86—88]. A similar interaction network

RnNRRMT1 aY

<
Substrate

(c)

Monomer A

AdoHcy

Fig.3 The active site of PRMTs. a RnPRMT3 is superimposed on
RnPRMT1 (blue ribbon and surface view) whose aX helix density
is missing in the crystal structure. The N terminus of aX helix sur-
face residues 208-222 (red ribbon and surface view) from RnPRMT3
occludes the P2 peptidyl arginine entry (green coil). The AdoHcy
(stick form) are shown in yellow. P2 is one of the three-substrate
entry channels based on the structure of the RnPRMTI1-AdoHcy—
peptide complex. b RnPRMT2-AdoHyc complex (PDB ID: 1F3L)

@ Springer

has been described for the MmPRMT4-AdoHcy complex.
Mutations in the second Tyr of the YFxxY motif (Tyr154 of
MmPRMT4), which interacts with Glu267 (corresponding
to RnPRMT3 Glu335), abolish the AdoMet-binding abil-
ity of MmPRMT4, suggesting that structural changes in the
N-terminal helices (aX, oY and aZ) are necessary for the
catalytic pathway [20, 55, 87].

Superposition of the apo-ThPRMT6 and
ThbPRMT6-AdoHcy structures revealed several rearrange-
ments upon AdoHcy binding, while the isothermal titration
calorimetry (ITC) data showed that the H4 peptide binds
THbPRMT6 with a K, value of 45 uM in the presence of
AdoHcy [57]. By contrast, no binding was observed for the
THbPRMTS6 alone demonstrating that AdoHcy binding greatly
enhances the affinity of the substrate peptide for ThPRMT6
[57]. It is noteworthy to pinpoint that the observation of the
AdoMet-binding-induced structural changes in PRMTs is

shows H bonding between the aX helix (green) and the second
glutamic acid (yellow) of the double-E loop. AdoHcy is shown in
black. Interaction details are shown in zoomed boxes. All H bond
interactions are labeled. ¢ The electrostatic surface potential of the
RnPRMTI1-R3 dimer peptide complex (PDB ID: 10RS8) shows
three peptide entry channels: P1 (close to the methionine moiety of
AdoHcy), P2 (close to the adenine moiety of AdoHcy) and P3 (on the
fB-barrel). The peptide backbone is shown as green coil
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in good accordance with kinetics study of PRMT]1 catalysis
which shows that the formation of the catalytically compe-
tent enzyme—AdoMet—substrate ternary complex follows a
kinetically ordered pathway, with AdoMet binding initially
and substrate binding subsequently [65, 89]. Reciprocally,
after the methyl group transfer, the product release follows
a sequential order of peptide product releasing first and then
AdoHcy [90, 91].

The AdoMet-binding pocket

AdoMet is a small compound that acts as a methyl group
donor. After methyl transfer, its product is AdoHcy [92-94].
Because their chemical difference is minor and AdoHcy is
chemically more stable than AdoMet, AdoHcy is often used
in structural studies of PRMTs (Table 1). Although AdoMet
and AdoHcy are frequently referred to in the literature as
cofactors, they are actually co-substrate and co-product,
respectively. Both AdoMet and AdoHcy are made up chemi-
cally of four parts: (1) an adenine ring, (2) a ribosyl ring,
(3) a sulfur atom that holds the methyl group, and (4) amine
and carboxylate tails. In general, the adenine ring of AdoHcy
points towards the N terminus of the PRMT Rossmann fold
and is stabilized by the aromatic-ring stacking interactions
with the YFxxY motif from the aX helix and by hydro-
gen bonding with residue S/T/E/D, located opposite the aX
helix (Fig. 2a and Table 2). Met155, located at the bottom
of the adenine portion of the AdoMet-binding pocket pro-
vides steric constraint within the pocket, and plays a very
critical role in binding of AdoMet to RnPRMT1, whereas a
M155A mutant has a 27-fold higher K [95]. A comparison
of representative of type I, Il and IIl PRMT-AdoHcy com-
plexes showed that a conserved glutamate residue (Glu100

Table2 PRMTs Rossmann fold AdoHcy-binding interactions

PRMT type  Adenine Ribose Amine Carboxylate
RnPRMT1 E129, T158 HA45,E100 G78,D76  R54, T8l
@

RnPRMT3  E311, S340 H227,D282 G260, D258 R236, T263
(9]

HsPRMT4  E244,S272 Q160, E215 G193,D191 R169, S196
@

XIPRMTS D415 Y320, E388 G361 K329, Y330
(I

HsPRMT6  E141,S169 H57,E112  G90,D88  R66

@

MmPRMT7  S123,S158 Y35, E94 G72,D70  R44,T75
(1)

HsPRMTS8  T199,E170 HS86,E141 G119,D117 R95,T122

@

The adenine, ribose, amine and carboxylate moieties of AdoHcy
interactions with representative type I, II and III shown in parenthesis

in RnPRMT1) from the post-I signature motif participates
in the formation of a hydrogen bond with the ribosyl moiety
in all PRMTs, although human and rat PRMT3 (HsPRMT?3
and RnPRMT?3) have a conservative substitution in which
aspartic acid replaces glutamate (Fig. 2a and Table 2).
Mutagenesis followed by kinetic studies showed that this
conserved glutamate—ribosyl hydrogen bonding has no effect
on AdoMet binding but influences the catalytic efficiency of
MmPRMT]1 [95]. The second most preferred ribosyl stabi-
lizing residue is histidine, which is also conserved among
PRMTs with few exceptions, such as PRMTS, in which it is
substituted by a tyrosine residue (Fig. 2a and Table 2). The
amine tail of AdoMet hydrogen bonds with the backbone of
a highly conserved glycine from signature motif I and the
side chain of an aspartic acid residue, except in PRMTS,
which lacks the aspartic acid residue in this position (Fig. 2a
and Table 2). In XIPRMTS, the conserved Glu440 hydrogen
bonds with the AdoMet—amine tail, which is unique in the
PRMTS family, although it may be an artifact of the crystal-
lizations conditions [53]. The residue in the hydrogen bond-
ing responsible for stabilizing terminal AdoMet—carboxylate
interactions is R/K/H/Y/S/N/T/G among all methyltrans-
ferases [96]. However, type I/III and type II PRMTs prefer-
ably interact with the carboxylate tail via positively charged
residues, such as arginine (types I/IIl PRMTs) and lysine
(type II PRMTS), that project from the oZ helix (Fig. 2a and
Table 2) [96]. Mutation of the RnPRMT1 Arg54 that inter-
acts with AdoMet—carboxylate tail lead to 42-fold decrease
in the methyltransferase catalytic efficiency, however, the
Arg54 is not critical for the AdoMet binding [95]. For both
PRMT type I and I11, there is second hydrogen bond interac-
tion via Ser/Thr residue present on motif I loop (Fig. 2a and
Table 2). Based on sequence alignment and structural com-
parisons, a tyrosine residue is present within the hydrogen
bond distance to AdoMet—carboxylate tail in human and C.
elegans PRMTS.

Peptidyl arginine substrate recognition

The structural mechanism underlying arginine substrate
recognition in PRMTS is poorly understood. Only peptide
bound RnPRMT1, HsPRMTS5 and ThbPRMT?7 structures have
been deposited in the PDB and only partial peptide density
is clearly revealed in these structures (Table 3) [52, 53, 61,
97]. The arginine substrate pocket of all PRMTs is endowed
with two universally conserved glutamic acid residues (the
“double-E loop”) such that the catalytic surface is nega-
tively charged and thus is able to trap the positively charged
guanidinium group of the target arginine residue. The widely
accepted catalytic mechanism of PRMTs involves these two
glutamate residues, which not only modulate the nucleo-
philicity of the reaction but also position the guanidine to
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Table 3 PRMT-peptide

PRMT type and PDB ID
complex structures

Peptide sequence detail

Peptide type

RnPRMTI (10RH)
RnPRMTI (10RS)

GGFGGRGGFG
Chain-b 1-GGRGGFGGRGGFGGRGGFG-19

R3 (AdoHcy)
R3 (AdoHcy)

Chain-c 1-GGRGGFGGRGGFGGRGGFG-19
Chain-d 1-GGRGGFGGRGGFGGRGGFG-19
Chain-e 1-E1GGRGGFGGRGGFGGRGGFG-19

HsPRMTS (4GQB)
HsPRMTS (SFAS)
THPRMT7 (4M38)

1-SGRGKGGKGLGKGGAKRHRKV-21
1-SGRGKGGKGLGKGGAKRHRK-21
1-SGRGKGGKGLGKGGAKRHRKYV-21

Histone H4 (OXU)
Histone H4 (MTA)
Histone H4 (AdoHcy)

For the R3 peptide (PDB ID: 10RS8) the arginine position is shown

Residues that has only revealed peptide backbone are shown as bold characters; residues containing no
electron density in the crystal structure are shown as regular characters. Residues with clear electron den-
sity of the side chain and backbone are shown as bold and italic characters. Co-substrates are shown in

parentheses

allow methyl group transfer from AdoMet [45, 95]. Glu153
(RnPRMT1 numbering) from the double-E loop contributes
to the alignment via an electrostatic interaction whereas
Glul44 participates via hydrogen bonding [95]. The study
also suggested that the PRMT 1-catalyzed reaction is primar-
ily driven by the alignment of the guanidine with the methyl
group of AdoMet and that the deprotonation of guanidine for
nucleophilic attack is not critical [95].

In the crystal structure of the RnPRMT1-AdoHcy-R3
peptide complex, only reactive arginine side chain and part
of peptide backbone density are visible in the crystal struc-
ture (Table 3) [53]. Therefore, only the position of arginine
substrate and part of the peptide backbone are traceable in
the complex structure. Nevertheless, this information pro-
vides several clues regarding PRMT1 substrate recognition.
Interactions between R3 peptide and PRMT1 occur primar-
ily through the peptide’s backbone and the residues of the
double-E loop and THW motif of PRMTI1. His293 from
the conserved THW motif forms a hydrogen bond with the
backbone carboxyl of the R3 peptide whereas the backbone
carboxyls of Glul44/Glul53 form hydrogen bonds with
the guanidinium group of arginine (Fig. 4a). The catalytic
efficiency of H293Q and H293 A mutants for the substrate
peptide and AdoMet decrease by 110-/125-fold and 256-
/50-fold, respectively, compared to the wild type [95]. The
involvement of residues from the THW motif and residues
from the double-E loop for peptidyl arginine recognition in
PRMT1 could be found for all the type I PRMTs; however,
more type I PRMT—peptide complexes would be inevitably
required to make further statements.

Interestingly, the RnPRMT1-R3 peptide complex
revealed three potential substrate entry channels (P1, P2
and P3) (Fig. 3c) [53]. The presence of multiple substrate
entry channels may explain why PRMTs are able to meth-
ylate an arginine embedded within many different amino
acid sequences. The surface potential of PRMT1 shows that
the surface is covered by highly acidic patches favorable
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for binding positively charged arginine peptides (Fig. 3c)
[53]. 19 acidic residues within the range of these three pro-
posed channels have been systemically mutated for valida-
tion [98]. Single mutation of Glu46, Glu47 or Asp51 (near
the P1 entry channel), Glul129, Asp164, Asp238 or Asp246
(near P2 entry) and Glu236 or Asp339 (near P3) to a posi-
tively charged residue dramatically reduces the activities of
PRMT]1 toward H4 peptide. Mutation of Glu47, Asp129 or
Glu236 alters activity toward different protein substrates.
Mutation of Asp238 or Asp246 reduces rPRMT1 binding to
GST-GAR but has no effect on H4 peptide binding, whereas
Asp236 mutation enhances H4 peptide binding but has no
effect on GST-GAR binding. In general, these surface muta-
tions support the idea of multi-substrate entry channels in
PRMT1. Superposition of the RnPRMT1-R3 peptide com-
plex on several type I PRMTs showed the very good fit of
the substrate at the P1 entry channel at the surface of all
type I PRMTs. However, this was not the case for the Mus
musculus PRMT2 (MmPRMT?2), Rattus norvegicus PRMT4
(RnPRMT4) and MmPRMT4 peptide complexes with the P3
substrate entry channel, as the steric clashes were observed.
The fit was even worse for mPRMT6 with respect to both
the P2 and P3 substrate entry channels.

The structure of the HsSPRMT5-OXU-H4 peptide com-
plex (PDB ID: 4GQB) clearly revealed the electron den-
sity of the first eight residues of the H4 peptide, includ-
ing the substrate arginine at position 3. A close survey of
the substrate binding area of that complex showed that the
arginine guanidine of H4 forms salt bridges with Glu435
and Glu444 of the double-E loop (Fig. 4b). Glu435/444
are likely involved in deprotonating and activating the
®-N nitrogen atom for methyl transfer. Superposition of
XIPRMT5-AdoHcy on HsPRMT5-OXU-H4 peptide
showed the similar positions of the double-E loop residues.
H4 peptide is also recognized primarily by the interac-
tions of its peptide backbone with PRMTS5 residues from
the long (39 residues) flexible linker region connecting the
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Fig.4 PRMT substrate recognition at the AdoHcy-binding pocket
and hydrogen bond interactions. a The RnPRMTI1-AdoHcy-R3
peptide complex, b HsPRMT5-OXU-H4 peptide complex and c
ThbPRMT7-AdoHcy-H4 peptide complex. In a—c, the active site
residues, AdoHcy(or OXU) and substrate arginine are shown in stick

N-terminal TIM barrel and the catalytic AdoMet methyl-
transferase domain. Importantly, these residues are highly
conserved in PRMTS5 (Fig. 2a). Phe580 in this recognition
cluster is inclined towards the peptide backbone and the
Leu312 backbone nitrogen forms a hydrogen bond with
glycine at position 2 of the H4 peptide, thus also contribut-
ing substantially to the hydrophobic interactions at this site.

Beside interactions between PRMTS5 and the peptide,
the substrate recognition of vertebrate PRMTS requires the
participation of protein cofactors, such as MEP50, pICln or
RioK1 [27, 30, 99]. Human and X. laveis PRMT5 form a
complex with MEP50 consisting of a tetramer of heterodi-
mers. HsSPRMTS/MES0 complex shows positive coopera-
tively with the H4 substrate [100]. The presence of MEP50
is required for PRMTS5 to methylate histones [101]. Disrupt-
ing the association with MEP50 by the phosphorylation of
Tyr297, 304 and 306 of PRMTS5 reduces the PRMTS activi-
ties [102]. These kinetic data suggest MEP50 is involved in
substrate interactions, which is further supported by low-
resolution PRMT5-MEP50-nucleoplasmin complex by
electron microscopy [82].

In the ThDPRMT7-H4 peptide complex, only the first four
residues of the H4 peptide have been revealed (Fig. 4c).
Glul72 and Glul81 of the TWPRMT7 double-E loop show
stereospecificities and interactions with guanidine similar

model in green, black and cyan, respectively, and labeled. d Compar-
isons of the sequence of the RnPRMT1, HsPRMTS and ThbPRMT7
active-site residues and of the interactions of these residues with
AdoHcy and the arginine substrate. Important motifs are underlined
in black. The asterisk represents the SExXMGxxLxxExM motif

to those of the HsPRMTS5-H4 peptide complex (Fig. 4b, c¢).
However, GIn329, which substitutes for histidine in the THW
loop for the type I PRMT, forms a unique hydrogen bond
with the substrate arginine. In addition, Thr176, which is part
of the double-E loop, hydrogen bonds with the H4 peptide
backbone [52]. Superposition of the TOPRMT7-AdoHcy
complex with the ThPRMT7-AdoHcy—H4 peptide complex
showed that movement of the aY helix and Asp70 move
close to the peptide substrate and hydrogen bond with the
Ser2 and Gly3 residues of the H4 peptide backbone [52].
This model of the downward movement of &Y upon H4 pep-
tide binding is supported by the finding that deletion of resi-
dues 33-55 of T PRMT7 completely inactivates the enzyme
[52]. Studies have shown that human and mouse PRMT?7
specifically recognize RXRXR (or RXR) motif for argi-
nine methylation [103, 104]. However, the ThPRMT7-H4
peptide structure overlaid with apo MmPRMT7 could not
reveal the mechanism of RXRXR motif preference in mam-
malian PRMT7. One possible reason is that PRMT7 may
also require more than one substrate entry channels. The
active site of TWPRMT?7 is surrounded by a cluster of hydro-
phobic and acidic residues. Contributing to these patches are
residues from oX and oY helices, residues of the SExXMGxx-
LxxExM motif (double-E loop), 7 strand of the $-barrel and
conserved Trp330 from the THW motif (Fig. 2a). Residues
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of the signature motif SExXMGxxLxxExM and the THW
motif as well as residues of the 7 motif are hydrophobic
and form the floor of the substrate-binding surface, whereas
the oY helix residues pack the substrate from the top.

In summary, RnPRMTIl-AdoHcy-R3,
HsPRMT5-0OXU-H4 and TbPRMT7-AdoHcy—H4 peptide
complex structure consistently showed the importance of the
double-E loop and THW motif of these PRMTs for substrate
binding and recognition (Fig. 4d). However, the long linker
in PRMTS and the aY helix downward movement in PRMT?7
clearly show the differences in substrate recognition among
the type I, II and III PRMTs. In addition, all PRMT—pep-
tide complex structures shown the presence of high popula-
tion of glycine residues surrounding the arginine substrate
[52, 53, 61, 97]. The presence of these glycine residues are
thought to provide the conformational flexibility and less
steric hindrance around peptidyl arginine around the pep-
tidyl arginine that may be necessary for peptidyl substrate
binding, because PRMTs have been shown to favor unstruc-
tured peptidyl regions, such as GAR and PGM motifs, loops
or terminal parts of proteins [105].

PRMT methylation specificities and product
selectivity

As noted in the introduction, PRMT type I, II and III also
differ in their methylation reactions, which yield Rme2a,
Rme2s and Rmel, respectively. Comparisons of their struc-
tures show that the peptidyl arginine is surrounded by two
methionine residues in PRMT1 (type I), by phenylalanine/
serine residues in PRMTS (type II) and by methionine/ala-
nine residues in PRMTY7 (type III), which contribute to the
product specificities PRMTs (Fig. 4) [51, 52, 83, 106, 107].

The conserved Met155 of type I PRMTs is an impor-
tant determinant of Rme2a formation, as it provides steric
bulk at the active site and prevents free rotation of the Rmel
intermediate (Fig. 4a) [45, 108]. Two methionine residues
of PRMT1 (Met48 and Met155) were mutated to determine
the specificity of the type I enzyme for Rme2a vs. Rme2s.
Both mutations led to a higher ratio of Rmel as the final
product but neither produced Rme2s; hence M48 and M 155
alone do not dictate Rme2a over Rme2s [106]. However,
M48A activity was only 1.4% of that of the wild type (WT)
but substitution with leucine, which has a bulkier side chain,
increased activity to 40%. This result clearly indicated that
conserved Met48 play a vital role in enzymatic activity and
that smaller or larger side chains inhibit type I activity [106].
Metl55, which is located very close to the substrate argi-
nine, is highly conserved in all type I PRMTs but substituted
by residues with a small side chain, such as alanine or serine,
in type II and III PRMTs, respectively. This strongly sug-
gests that the steric bulk provided by methionine blocks the
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binding of Rmel in a conformation that would allow sym-
metric dimethylation (Fig. 4a) [45, 108].

In structural investigations of the several non-catalytically
conserved residues in the vicinity of the PRMT active site,
CePRMTS5 was mutated with a view to understand if the
surrounding residues near the catalytic site have any influ-
ence in controlling the product formation of symmetric dem-
ethylation [83]. Mutant F379 M (corresponding to F327 in
HsPRMTS) exhibited increased enzyme activity whereas
mutant F379Y was completely inactive, probably because
the larger tyrosine interfered with AdoMet binding. Con-
versely, substitution of Phe379 with smaller side chain resi-
dues, such as alanine or glycine, severely reduced enzyme
activity. Thus, residues larger or smaller than phenylalanine
at position 379 make the catalytic site unfit for type Il PRMT
activity (Fig. 4b) [83]. In addition, mutation of the con-
served Ser503 residue or a V188T/S669H double mutation
greatly diminished enzymatic activity. Ser503, situated on
the tip of the double-E loop, is involved in hydrogen bond-
ing with the amide group of Phe671 from the THW motif.
Both Val188 and Ser669 are located away from the active
site, suggesting that inter-domain contacts are required to
precisely position key residues for catalysis [83]. The same
research group further showed that only the F379 M mutant
produces both Rme2s and Rme2a as final products. The
corresponding F327 M mutant in HsPRMTS3 also produces
Rme2s and Rme2a. Phe379 from aY is located near the argi-
nine substrate but does not directly contact the guanidinium
group. The ability of the F379 M mutant to conduct both
symmetric and asymmetric dimethylation implies that (1)
symmetric and asymmetric dimethylation share a common
catalytic mechanism; (2) Phe379 occupies a critical position
for Rme2s production specificity of PRMTS [83].

In case of ThDPRMT?7, ITC assays were carried out to
determine the affinities of the H4 peptide and the monometh-
ylated H4R3me peptide. The 30-fold decrease in the K; of
the H4R3me peptide suggested that the PRMT7-guanidine-
binding pocket is relatively small and cannot support the
addition of a second methyl group as this would result in
steric hindrance (Fig. 4c) [52]. Binding of the H4R3Rmel
peptide by the ThPRMT7 E181D mutant was sixfold higher
than by the wild type. A double mutant in E181D (from the
double-E loop) and Q329A (from the THW motif) converted
TbPRMT?7 to a PRMT that produced Rme2s. This muta-
tion, therefore, resulted in the accommodation of a bulkier
methylated peptide, due to increased space inside the bind-
ing pocket, which enabled a second methylation resulting in
dimethylation reaction [51, 109].

The possibility that a single residue can alter prod-
uct specificity originates from a Phe/Tyr switch model of
lysine methyltransferases [108, 110, 111]. In general, the
two conserved methionine residues of type I PRMTs dis-
cussed above (Met48 and Met155) sandwich the incoming
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guanidine in the active site to provide steric bulk. Although
Met48 or Met155 mutation shifts product specificity to
Rmel, neither mutant produces Rme2s. In type II PRMTs,
the conserved Phe379 from aY does not contact the guani-
dinium group directly, but methionine substitution allows
PRMTS to produce both Rme2a and Rme2s. As for type III
PRMTs, the Rmel product specificity is due to a smaller
active site that cannot accommodate a second methyl group.

PRMT inhibitor classification and mechanism
of inhibition

Clinical and preclinical studies showing a strong correla-
tion between PRMT expression levels and the survival of
cancer patients support the targeting of PRMTs in cancer
treatment [112, 113]. Several PRMT chemical inhibitors
have been developed in recent years from both academic
laboratories and pharmaceutical companies worldwide
(see recent reviews [91, 112, 114-116]). To date, 40
PRMT-inhibitor entries are deposited in the PDB data-
bank. To simplify the discussion of these inhibitors, we
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have roughly divided them into five major classes (I-V).
Most inhibitors belong to class I, II, or III, in which the
AdoMet or arginine substrate-binding pocket or both pock-
ets, respectively, are occupied (Fig. 5a—c) and Table 4).
Class IV inhibitors inhibit PRMTS selectively by block-
ing the «Y/THW motif and partially the arginine substrate
pocket (Fig. 5d). Class V inhibitors are different because
they bind to the PRMT dimerization arm and influence
enzyme activity allosterically (Fig. 5e). The single class
V inhibitor (PDB ID: 4QPP) occupies the substrate entry
position P3, but there is as yet no published investiga-
tions of 4QPP. In the following, we present examples of
class I-V inhibitors to illustrate the general concept of
inhibition.

Class I The AdoMet analog LLY-283 is a selective
PRMTS inhibitor that occupies the AdoMet-binding pocket.
Interactions of the adenine and ribose moieties of the inhibi-
tor are similar to those described for PRMTS5:MEP50 struc-
tures with AdoMet analogs [117]. Asp419 of PRMTS hydro-
gen bonds with the adenine ring of LLY-283, and Glu392
and Tyr324 with its ribosyl moiety (Fig. 5a). LLY-283
was shown to potently inhibit PRMTS:MEP50 activity, as

E59
H3,1%;-

77

/ E1§§f/ﬂ \
; \
L=y ’J"\‘(lss

WlSGJ )
H,0f
/E164

E422

“X,D389
~ w}cﬁse

Fig.5 Representative examples of PRMT class I-V inhibition. The
surface maps are depicted with the inhibitor. The overlaid P1 entry
peptide from RnPRMT l—peptide complex is shown as green coil to
indicate position of substrate arginine inhibitor and PRMT surface
is gray in color. Interaction details are shown in zoomed boxes. The
inhibitor (black) and the interacting residues (cyan) shown in stick
model. The water molecule is drawn as a red dot. The key interacting
residues are labeled. a PRMT5—inhibitor complex (PDB ID: 6CKC)
as an example for class I inhibition: AdoMet pocket inhibition. The
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TIM barrel of the PRMTS surface has been hidden for clarity. b
PRMT6-inhibitor complex (PDB ID: 4Y2H) as an example for class
II inhibition: substrate pocket inhibition. ¢ PRMT4—inhibitor complex
(PDB ID: 5TBJ) as an example for class III inhibition: AdoMet and
substrate arginine simultaneous inhibition. d PRMT5-inhibitor com-
plex (PDB ID: 4X60) as an example of class IV inhibition: partial
substrate pocket inhibition. € PRMT3—inhibitor complex (PDB ID:
4RLY) as an example of class V inhibition: dimerization arm inhibi-
tion
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Table 4 The classification of PRMTSs inhibitors based on the binding site

Inhibitor class Inhibitor binding PDB entry PRMT type
Class I Ado-Met pocket 5IS8 PRMT3
5ISH, 5STBH PRMT4
5FAS, 6CKC PRMTS5
4C04 PRMT6
Class 11 Substrate arginine pocket SE8R PRMT1
5U4X, 5ISI, SLGS PRMT4
4Y2H, 4Y30, SEGS PRMT6
Class III AdoMet/arginine substrate pocket 5IS9, 51ISB, 5ISC, 5ISD, 5ISE, 5ISF, 5ISG, 5K8YV, SK8W, PRMT4
5LV2, 5L.V3, 5STBI, 5TBJ
5K8X, 5L.V4, 5LVS5, 4QQK PRMT6
Class IV aY motif/THW motif/partial substrate pocket 4X60, 4X61,4X63, SEMJ, 5SEMK, 5C9Z, 5SEML, SEMM PRMTS5S
Class V Dimerization arm 4RLY, 4QQN PRMT3

evidenced by an ICs, of 22 nM whereas its stereoisomer was
50-fold less inhibitory [117].

Class 11 EPZ0220411 is a class II inhibitor of PRMT6
that specifically occupies the arginine substrate binding
region of the enzyme (Fig. 5b) [118]. The diamine side
chain occupies the putative site of the substrate arginine
side chain, and the terminal nitrogen is 3.4 A away from the
sulfur atom of AdoHcy. The terminal NH2 of EPZ0220411
directly hydrogen bonds with Glul55 whereas hydrogen
bonding with Glul64 and Trp156 is water mediated. The
pyrazole ring of this inhibitor forms hydrogen bonds with
Glu59 and Tyr159 of the enzyme, and the tertiary amine
of its diamine side chain with His317. The aryl ring of the
inhibitor exhibits z—z interactions with Tyr159 (Fig. 5b). In
tests of EPZ0220411 and a series of analogs against PRMT]1
and PRMTS, ICs, values<1 pM were reported [118].
Treatment with EPZ0220411 resulted in a dose-dependent
decrease in H3R2 methylation (IC50=0.67 uM) [118].

Class 111 A series of 5-methylcytosine—adenosine com-
plexes able to mimic the DNA methyltransferase transition
state analog act as PRMT4 inhibitors in the micromolar
range [119]. An analysis of co-crystals of PRMT4 with the
class Il inhibitor compound 4 (PDB ID: 5STBJ) revealed that
the adenosine moiety of the inhibitor occupies the AdoMet
pocket of the enzyme and the methylcytosine moiety accom-
modates the arginine substrate binding site (Fig. 5c) [119].
Compound 4 is clustered by a network of hydrogen bonds in
which Glu244 and Ser272 of PRMT4 hydrogen bond with its
adenine nitrogen while Glu215 and Gln160 connect with its
ribosyl moiety (Fig. 5c). In the arginine pocket, Glu258 from
the double-E loop of PRMT4 forms a hydrogen bond with
the cytosine nitrogen of compound 4 whereas Tyr154 con-
nects to its junction nitrogen. In addition, 7— interactions
with the inhibitor are mediated by Trp416 and Tyr262 of
PRMTH4 (Fig. 5¢). Compound 4 shows the strongest potency
against PRMT4 in the inhibition assays and ICj calculated
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1.5 uM and 81% inhibition at 10 uM concentration. How-
ever, at this concentration, the inhibition of PRMT1, PRMT6
and PRMT7 was 13, 20 and 33%, respectively [119]. We
have identified a set of diamidine compounds for selective
inhibition of PRMT1 [120, 121]. Although no X-ray co-
crystal structures have yet been obtained, molecular dock-
ing suggests that these inhibitors likely target the active site
across both AdoMet- and arginine-binding regions.

Class 1V These inhibitors especially act on PRMTS, posi-
tioning themselves in the vicinity of the clustered hydropho-
bic residues Phe327 (Y motif) and Trp579/Phe580 from
the THW motif (Fig. 5d). Partial occupation of the substrate
pocket and 7— interactions seem to be the dominant features
of class IV inhibitor binding (Fig. 5d). However, Glu444
from the double-E loop of the enzyme is also involved in
water-mediated hydrogen bonding with the inhibitor’s nitro-
gen [122]. Interestingly, the class IV inhibitor EPZ015666
does not bind to the apo form of PRMTS5 whereas the pres-
ence of the aminonucleoside induces EPZ015666 bind-
ing, thus evidencing the AdoMet-uncompetitive mode of
inhibition [122]. EPZ015666 has only modest affinity for
AdoHcy-bound PRMTS5 (K ;=171 nm) whereas the affin-
ity for AdoMet- or sinefungin-bound PRMTS5 is much
higher (K; < 1 nM), indicating that the cation—r interaction
of EPZ015666 and AdoMet contributes > 3 kcal mol™! of
binding energy [122]. EPZ015666 showed dose-dependent
inhibition with nearly 95% tumor growth inhibition after
21 days in mantle cell lymphoma models [122].

Class V The mode of inhibition of the class V PRMT3
inhibitor 1-(benzo[d] [1-3] thiadiazol-6-yl)-3-(2-cyclohex-
enylethyl) urea differs from that of inhibitors of other
classes. The inhibitor occupies the dimerization arm,
where it exerts allosteric effects (Fig. 5e) [123], prob-
ably by preventing arginine peptide positioning in the
catalytically active conformation. The PRMT3 residues
Arg396, Glu422 and Thr466 are the major hydrogen
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bonding partners of the inhibitor and essential for inhibi-
tor binding. Val420 also plays a vital role by providing
hydrophobic interactions (Fig. Se) [123]. Based on these
findings, several PRMT?3 inhibitors have been designed by
optimizing allosteric inhibition [124—126]. They include
SGC707, which has an ICy;, of 31 nM and exhibits out-
standing selectivity against 31 other protein-, DNA-, and
RNA-methyltransferases [125].

Summary and perspectives

Although protein arginine methylation was first reported
around 1970, it has only gained substantial interest in the
past 10-20 years [127]. Recent efforts in structural and bio-
chemical studies reveal key information of how PRMTs cata-
lyze the methyl transfer reaction and how PRMTs achieve
their substrate/product specificities. In addition, PRMT
inhibitors have been designed for cancer treatment at pre-
clinical and clinical trial stages. Due to technical limitations,
the PRMT studies so far have largely relied on the PRMT
core domains and peptide-based substrates. Since the N-ter-
minal domain of PRMTs is critical for protein substrate rec-
ognition, it would be rational to hypothesize that the as-yet
uncharacterized interactions between the N-terminal domain
and respective protein substrates will steer which areas of a
protein substrate to approach the active site pocket, result-
ing in the methylation of specific arginine residues in the
protein substrate. Furthermore, PRMT protein substrates
have different primary and secondary sequences, molecu-
lar shapes, and surface potentials. It is envisaged that the
PRMT core domain may interact with varied substrates in
different modes, thus providing additional means to alter
PRMT substrate specificity. To date, the regulatory mecha-
nisms of PRMT-catalyzed methylation of arginine residues
on histone and various non-histone proteins remain elusive
due to the lack of structural elucidation of full-length PRMT
and protein substrate complexes. Moreover, the dynamic
aX motif whose structural changes are critically needed
for PRMT activity connects the N-terminal domain to the
catalytic domain. Likely, interactive proteins that bind to
the N-terminal domain may alter the aX conformation and
thus allosterically regulates the enzymatic activity of PRMT.
Recent development in methylarginine antibody and cryo-
electron microscopy may provide enabling technology to
approve or disapprove these putative mechanisms using full-
length PRMTs and protein-based substrates.
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