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Abstract

With genome sequencing nearing completion for the model organisms used in biomedical research,
there is a rapidly growing appreciation that proteomics, the study of covalent modification to proteins,
and transcriptional regulation will likely dominate the research headlines in the next decade. Protein
methylation plays a central role in both of these fields, as several different residues (Arg, Lys, Gln)
are methylated in cells and methylation plays a central role in the “histone code” that regulates
chromatin structure and impacts transcription. In some cases, a single lysine can be mono-, di-, or
trimethylated, with different functional consequences for each of the three forms. This review
describes structural aspects of methylation of histone lysine residues by two enzyme families with
entirely different structural scaffolding (the SET proteins and Dot1p) and methylation of protein
arginine residues by PRMTs.
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INTRODUCTION

Histones can be modified in many ways that affect gene expression, including acetylation,
phosphorylation, ubiquitination, methylation (42,115), and sumoylation (82). Evidence
accumulated over the past few years suggests that such modifications constitute a “histone
code” that directs a variety of processes involving chromatin (20,31,87,98,99). There are
currently many known sites of lysine and arginine methylation on histones, and additional sites
of modification are still being uncovered. Methylation at these sites, in combination with other
modifications (or demodifications) at nearby residues, generates “modification

cassettes” (22) that yield distinct patterns on chromatin for signaling downstream events (23).
The best-characterized sites of histone methylation are located on the N-terminal tails of
histones (such as at Lys-4 and Lys-9 of histone H3 and Arg-3 of histone H4) that protrude from
the nucleosome. In contrast, Lys-79 of histone H3 is located in the core of the histone, exposed
on the nucleosome disk surface.

There are many recent reviews in this fast-moving field of histone methylation (35,53,78,
107). In this review we summarize the progress that has been made in structural studies of
protein (particularly the histone) methylation enzymes and their related sequence
conservations, and we discuss, somewhat speculatively, their mechanisms.
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PROTEIN LYSINE METHYLATION

SET Domain Proteins

With one exception (Dotlp, see below), histone lysine (K) methyltransferases (HKMTs)
contain a SET domain of approximately 130 amino acids. The SET domain was originally
identified in three Drosophila genes involved in epigenetic processes, the suppressor of
position-effect variegation 3-9, Su(var)3-9; an enhancer of the eye color mutant zeste, En
(zeste); and the homeotic gene regulator Trithorax (32). Mammalian homologues of
Drosophila Su(var) 3-9 were the first HKMTs identified, and they specifically methylate H3
at Lys-9 (73). So far, SET-containing HKMTs that methylate Lys-4, -9, -27, or -36 of histone
H3 and Lys-20 of histone H4 have been identified. The SET domain is found in a large number
of eukaryotic proteins (see box in Figure 1) as well as in a few bacterial proteins (112) and is
not limited to HKMTs. HKMTs can be classified according to the presence or absence and the
nature of sequences surrounding the SET domain that are conserved within families (4,39).
Representatives of the major families include SUV, SET1, SET2, EZ, and RIZ (Figure 1a).
The SET7/9 and SET8 proteins do not fit into these families. The SUV family includes the
greatest number of HKMTs.

Sequence alignment of SET proteins revealed four strongly conserved sequence motifs. We
have termed them SET motif I (GxG), SET motif II (YxG), SET motif III (RFINHxCxPN),
and SET motif IV (ELXFDY) (Figure 1b). The tertiary structure of SET proteins shows that
these conserved residues are clustered together (Figure 1¢, middle panel) and involved in one
of the three steps in the methylation reaction: AdoMet binding (motif I: GxG; the first half of
motif III: RFINH; and the last Tyr of motif IV), catalysis of methy] transfer (the Tyr of motif
II), and formation of the hydrophobic target lysine-binding channel (the second half of motif
III: CxPN, and motif IV: ELXFDY).

Structures of SET Domain Proteins

Currently known structures of SET proteins include the crystal structures of two SUV family
proteins, Neurospora crassa DIM-5 (112,113) and Schizosaccha-romyces pombe Clr4d (57);
four human SET7/9 structures in various configurations (30,41,105,106); an NMR structure
of a viral protein that contains only the SET domain (vSET) (52); and a nonhistone Rubisco
MTase (96,97) (Figure 2). These structures revealed that the SET domain forms a novel S-fold
with a series of curved S-strands forming several small sheets, packed together with post-SET,
pre-SET, or an additional domain (i-SET) inserted into SET domain.

The Pre-SET Domain Forms a Triangular Zinc Cluster

The pre-SET domain of the SUV family HKMTs contains nine invariant cysteine residues that
arrange into two segments of five and four cysteines separated by various numbers of amino
acids (46 in DIM-5 and 28 in Clr4). The nine pre-SET cysteines coordinate three zinc ions to
form an equilateral triangular cluster (Figure ¢, left panel). Each zinc ion is coordinated by
two unique cysteines (six total) and the remaining three cysteine residues are each shared by
two zinc atoms, thus serving as bridges to complete the tetrahedral coordination of the metal
atoms. A similar metalthiolate cluster can be found in metallothioneins that are involved in
zinc metabolism, zinc transfer, and apoptosis (101). Although the significance of this apparent
similarity is unclear, it is intriguing to speculate that the zinc can be transferred from the pre-
SET triangular cluster to the post-SET zinc center (see below), analogous to metallothioneins.

The SET Domain Forms a Knot-Like Active Site

The SET domain folds into several small S-sheets that surround a knot-like structure by
threading a C terminus through an opening of a short loop formed by a preceding stretch of
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the sequence (Figure 2). This remarkable knot-like structure brings together the two most-
conserved motifs, Il and IV, of the SET domain to form an active site in a location immediately
next to the methyl-donor-binding pocket and peptide-binding cleft (Figure 1¢, middle panel).
Of the handful known protein structures that contain a knot, two are AdoMet-related proteins:
Escherichia coli AdoMet synthetase (91) and the SPOUT family of RNA MTases (56,62,63)
(for review on knotted protein structures, see Reference 95).

The Post-SET Zinc-Binding Domain

The post-SET region contains three conserved cysteine residues that are essential for DIM-5
HKMT activity (112). The structure of DIM-5 in a ternary complex with H3 Lys-9 peptide and
AdoHcy (113) revealed that the three post-SET cysteines C306, C308, and C313, together with
C244 of motif I1I, tetrahedrally coordinate a zinc ion near the active site (Figure 1c, right panel).
Consequently, a narrow channel is formed to accommodate the target lysine side chain (see
below).

Close examination of the post-SET region of many SET proteins, including the SUV, SET1,
and SET2 families (Figure 1a), suggests that the post-SET metal center observed in DIM-5 is
universal among all SET proteins with the cysteine-rich post-SET. For almost all SET proteins,
there appears to be an absolute correlation between the presence of the post-SET and a cysteine
corresponding to C244 of DIM-5 from the knotted loop formed by the SET signature motif 111
(Figure 1b). As this metal center is required for enzymatic activity, it represents a good target
to design inhibitors that disrupt metal coordination, perhaps analogous to the clinically
successful examples of other metalloenzymes such as matrix metalloproteinases (5, 13).

Comparison of the structure of DIM-5 with that of SET7/9 (41,106) and of Rubisco MTase
(96,97), two SET proteins that do not have a cysteine-rich post-SET domain, reveals a
remarkable example of convergent evolution. In particular, like DIM-5, these two enzymes
rely on residues C-terminal to the SET domain for the formation of a lysine channel, but do so
by packing an a-helix, rather than a metal center, onto the active site (Figure 2b, d).

The Active-Site Channel

Three ternary structures, SET7/9 in complex with a peptide containing histone H3 Lys-4
(106), DIM-5 in complex with histone H3 Lys-9 peptide (113), and Rubisco MTase in complex
with a free lysine (97), revealed the target lysine is inserted into a narrow channel so that the
target nitrogen lies in close proximity to the methyl-donor AdoMet at the opposite end of the
channel (Figure 3a). The aromatic side chains form the channel wall and make van der Waals
contacts to the methylene part of the target lysine side chain (Figure 3b). At the bottom of the
channel, the terminal e-amino group of the substrate lysine hydrogen bonds the hydroxyl of
catalytic Tyr of SET motif II (Y178 in DIM-5 and Y245 in SET7/9) and is ~4 A from the
AdoHcy sulfur atom, where the transferable methyl group would be attached on AdoMet.

A Tyrosine/Phenylalanine Switch Controls Product Specificity

HKMTs differ both in their substrate specificity for the various acceptor lysines and in their
product specificity for the number of methyl groups (one, two or three) they transfer. The
Saccharomyces cerevisiae SET1 protein can catalyze di- and trimethylation of H3 Lys-4, and
trimethylation of Lys-4 is thought to be present exclusively in active genes (76). Human SET7/9
protein, on the other hand, generates exclusively monomethyl Lys-4 of H3 (106,113).
Furthermore, DIM-5 of N. crassa generates primarily trimethyl Lys-9, which marks chromatin
regions for DNA methylation (92). Considering that different methylation products might have
different signaling properties (14,76,92), it is important to understand the structural basis for
this product specificity (113).
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DIM-5 and SET7/9 generate distinct products: DIM-5 forms trimethyl-lysine (92,113) and
SET7/9 forms only monomethyl-lysine (106,113). A likely structural explanation for their
different product specificities is that residues in the lysine-binding channel of SET7/9 sterically
exclude the target lysine side chain with methyl group(s). Comparison of the two active sites
pinpointed the difference to a single amino acid that occupies a structurally similar position in
both enzymes (F281 of DIM-5 and Y305 of SET7/9). Although the two residues are not aligned
at the primary sequence level, the edge of the F281 phenyl ring in DIM-5 points to the same
position as the Y305 hydroxyl in SET7/9, both in close proximity to the terminal e-amino group
of target lysine (Figure 3c¢). It was hypothesized that the Y305 hydroxyl in SET7/9 may be the
source of steric hindrance limiting methylation (113). Therefore, DIM-5 and SET7/9 mutants
that swapped these residues were created. Remarkably, this swap almost completely inverts
methylation product specificity (Figure 4). Importantly, neither the lysine target specificity
(Lys-9 versus Lys-4) nor the overall reaction rate for each enzyme was changed. Thus, DIM-5
was converted from a Lys-9 tri-MTase to a Lys-9 mono/di-MTase by F281Y mutation, while
SET7/9 Y305F generated dimethylated instead of monomethylated Lys-4 (Figure 4a, b).

To further test the hypothesis that a single residue in the active site of SET-containing HKMTs,
which aligns to F281 in DIM-5 (Table 1), is a major determinant of product specificity, F1205
was replaced with tyrosine (F1205Y) in human G9a, a predominant mammalian H3 Lys-9
HKMT that directs euchromatic mono-and dimethylation (70,75,90) but can generate
trimethyl-H3K9 in some situations (64). The mutation did not affect the catalytic activity of
G9a; however, the reaction by F1205Y stalled at the monomethyl stage (Figure 4¢). Thus, the
F1205Y mutation changed the product specificity of G9a from a fast mono/di-MTase with a
slow tri-MTase activity to a predominantly mono-MTase without affecting overall catalytic
activity, analogous to the F281Y mutation for DIM-5 (12a).

Sequence alignment including all HKMTs with known product specificity suggests that the
tyrosine/phenylalanine switch rule may be generalized (Table 1). Both Arabidopsis KYP and
SUVHS6 have a tyrosine and are primarily mono-MTases (29). From a structural perspective,
it appears the tyrosine hydroxyl can block substrate lysines with methyl group(s) attached from
rotating into a position where they can be further methylated.

Dot1p: Non-SET Domain HKMT

Histone H3 Lys-79 is methylated by Dotlp (21,43,61,100), a protein originally identified as a
disruptor of telomeric silencing in S. cerevisiae (83). Methylation of H3 Lys-79 is important
for gene silencing and the proper localization of the SIR (silent information regulator) complex
in S. cerevisiae (61,100). A sequence analysis (18) suggested that Dotlp possesses AdoMet-
binding motifs characteristic of class-I MTases (78), similar to those in protein arginine MTases
that modify arginines on many proteins including histones H3 and H4 (see below). Class-I
MTases such as Dotlp are distinct from and do not contain the SET domain. Thus, entirely
different structural scaffolding and unrelated local active-site spatial arrangements can catalyze
AdoMet-dependent methyl transfer to a protein lysine side chain.

A Conserved Dot1p Core

Yeast Dotlp contains a core region conserved among human, Caenorhabditis elegans,
Drosophila, and Anopheles gambiae Dot1p homologues (Figure 5a). The length of these Dot1
proteins varies from 582 amino acids in yeast to 2237 amino acids in Drosophila. The
conserved Dotlp core is located at the C terminus in yeast but is at the N terminus in human,
C. elegans, Drosophila, and Anopheles gambiae Dotlp homologues.

The Dotlp conserved core contains an N-terminal helical domain and a seven-stranded
catalytic domain (Figure 5b) that harbors the binding site for the methyl-donor and an active-
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site pocket sided with conserved hydrophobic residues (Figure 5c, left panel). In the N-terminal
domain, three helices, together with a hairpin, mimic a classic up-and-down four-helix bundle,
at which the hairpin replaces the fourth helix. The C-terminal region forms the catalytic domain
with a seven-stranded f-sheet, a characteristic feature of the class-I AdoMet-dependent MTases
(11, 78). The Dotlp core contains conserved sequence motifs (X, I, I, III, IV, VI, and VIII)
common to class-I MTases (51). Although at the primary sequence level the seven motifs are
scattered throughout the conserved core, the crystal structures show that these motifs are
clustered together on one surface patch at or near the active site (Figure Sc, right panel). The
structure suggests that the conserved Dot1p motifs have functional importance. Aside from
being involved in direct interactions with AdoHcy (motif I: D397 and G399 of yeast Dot1p,
motif II: E422, and motif III: F460), active-site formation (motif X: G373, motif IV: F481, and
motif VIII: W543), and catalysis of methyl transfer (motif IV: N479), many invariant residues
(motif I: S400, motif IV: N480, motif VIII: S542) are involved in in-tramolecular interactions
that likely confer stability to the molecule, particularly around the methyl-donor binding and
active sites.

Functions of Residues Outside of the Dot1p Conserved Core

Dotlp has several unique biochemical properties. (a) Yeast Dotlp and its human homolog
DotlL methylate only nucleosomal substrates, but not free histone H3 protein (21,43,61,
100). A stretch of positively charged residues C-terminal to the human Dot1L core or N-
terminal to the yeast Dot1p core (Figure Sa) were critical for nucleosome binding and therefore
for enzymatic activity (57,77). (b) Methylation of Lys-79 of H3 in S. cerevisiae requires
ubiquitination of Lys-123 of histone H2B in vivo (9,61). H2B Lys-123 is located on the same
nucleosome disk surface, ~30 A away from the target Lys-79 of histone H3. Contrary to the
in vivo data, recombinant yeast Dotlp was active on nucleosomes assembled in vitro from
bacterially expressed, recombinant core histones (77), indicating that ubiquitination is not
absolutely required for Dot1p activity. Interestingly, a stretch of ~60 amino acids (residues 40—
100) of yeast Dotlp has repeated hydrophobic residues every four to five positions and is
predicted to form short helices by secondary structure prediction (Figure Sa). This stretch of
Dotlp is similar in size to the ~50-amino-acid monoubiquitin-binding domain (CUE) and the
ubiquitin-binding UBA domain, both of which have a three-helix bundle structure (17,33,60,
72). Dotlp may interact via this region directly with H2B ubiquitinated nucleosome or
indirectly through other ubiquitin-binding proteins. Such an interaction could be significant in
vivo, recruiting Dot1p to specific high-order chromatin where ubiquitinated histone H2B might
serve as a spacer between adjacent nucleosome disk surfaces, allowing Dotlp access to its
target lysine (89).

AdoMet/AdoHcy Binding and Processivity

The methyl donor (in the human Dot 1L structure) or the methyl-donor product AdoHcy (in the
yeast Dotlp structure) is observed at the carboxyl end of the parallel strands of the C-terminal
catalytic domain (Figure 5h)—the hallmark of a nucleotide-binding site of the Rossmann fold.
The AdoHcy in yeast Dot1p and the AdoMet in human Dot1L are in an extended conformation
—most frequently observed in widespread class-I MTases such as the DNA cytosine MTase
DNMT?2 (19) and the protein arginine MTase PRMT1 (111) (see below). However, the
AdoHcy/AdoMet conformation in the Dotl proteins is significantly different from the folded
conformation observed in the SET domain of HKMTs (30, 41, 78, 96, 97, 106, 113). Such
different conformations of the cofactor may provide a good target to design inhibitors that are
selective for class-I (Dotlp, PRMT1, DNMTs) versus class-V (SET HKMTs) MTases (for the
classification of AdoMet-dependent MTases, see Reference 78).

Unlike SET domain proteins such as DIM-5 and SET7/9, in which the bound AdoHcy/AdoMet
is largely surface-exposed (see Figure 3a), the bound AdoHcy in yeast Dotlp (Figure Sc, right
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panel) and the AdoMet in human Dot1L are buried, suggesting that exchange between the
methyl-donor AdoMet and the reaction by-product AdoHcy requires the conformational
movement of protein. The fact that a mixture of unmodified, mono-, di-, and trimethylated H3
Lys-79 coexists in yeast (100) suggests that the exchange of the reaction product AdoHcy with
AdoMet in the closed-lid binding site of Dotlp would require the release of the substrate and
therefore should require methyl transfer to proceed distributively. On the other hand, the open-
binding pocket in the SET domain protein DIM-5 would permit the exchange of the reaction
product AdoHcy with AdoMet without releasing the substrate and therefore should allow
methyl transfers to process processively (92, 113). In contrast to the full distribution of
methylated products on H3 Lys-79 in yeast, only trimethyl H3 Lys-9 has been detected in
Neurospora (92).

Deprotonation of Target Lysine

The side chain of N479 of yeast Dot1p (the second Asn of NNF motif IV) is the only polar
group that protrudes into the active site. Mutations of the equivalent residue in human Dot1L,
N241, to D or A abolished activity (57). An asparagine side chain of the so-called NPPY motif
is used in the active site of amino MTases of adenine or cytosine in DNA (27,28) and of protein
glutamine MTases (79,110) (Figure 6a). When AdoHcy is used as an anchoring point, the
invariant N479 of yeast Dotlp is superimposable onto the corresponding asparagine in Taql
DNA adenine MTase and HemK protein glutamine MTase (77). This suggests a potential
similarity in the catalytic mechanism between Dot1p and class-I amino MTases. In the latter
case, the amino group (NH,) that becomes methylated is not charged and is positioned for an

in-line attack on AdoMet. However, the amino group ( NH3) of a lysine side chain is usually
positively charged. Under laboratory conditions, yeast Dotlp is active in a broad pH range,
from pH 6 to 9.5 (and beyond), with a maximum activity around pH 8.5 (Figure 6b, top panel).
This is different from SET-domain-containing HKMTs such as DIM-5 (Figure 6b, middle
panel) and SET7, which have a narrower pH range (active at pH 8 or higher) and an unusually
high pH optimum (~10) (96,112). At pH 10, the amino group of the target lysine should be
partially deprotonated (Figure 6a, middle panel). Only the deprotonated target lysine has a free
lone pair of electrons capable of nucleophilic attack on the AdoMet methyl group. Dot1p must
use a different mechanism (or a local microenvironment) to enable the target lysine to be
deprotonated.

There are many examples of enzymes that contain lysine residues with significantly depressed
pK, values (65). A lysine with a low pK, is generated when a positive charge is immediately
proximal to the lysine (104). The proximity of the target lysine to the positively charged
methylsulfonium group of AdoMet could have similar effect. A hydrophobic
microenvironment is another situation that produces a lowered lysine pK, (66). There are
examples of buried lysines with pK, values as low as 6.5 (15). This scenario can best explain
the activity of Dotlp over a wide pH range. The active-site pocket sided with all hydrophobic
residues (Figure 5c, left panel), in conjunction with a positively charged methylsulfonium
group sitting at the bottom of the pocket, is probably essential for lowering the pK, of the ¢-
amino group of the target lysine so that it can stay in the deprotonated state required for its
methylation.

PROTEIN ARGININE METHYLATION

Protein arginine methylation is a common posttranslational modification in eukaryotes. Two
major types of protein arginine (R) methyltransferases (PRMTs) transfer the methyl group
from AdoMet to the guanidino group of arginines in protein substrates (44). Both catalyze the
formation of monomethylarginine, but type I PRMTs also form asymmetric dimethylarginine
and type II PRMTs form symmetric dimethylarginine (8) (Figure 7a). Among the known
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PRMTs, only PRMTS/IBPI is a type I PRMT (8), which symmetrically dimethylates specific
arginines in a few proteins [fewer than 20 proteins have been identified in the past 40 years as
containing dimethylated arginine(s) (6)], including myelin basic protein (36), spliceosomal Sm
proteins (25), and histones H3 and H4 (66a). PRMTS was initially identified as a Jak kinase-
binding protein (JBP1) (71,74) and has been found to coexist with substrates in multiprotein

complexes (25,54,55,67,109).

Multiple PRMT genes are present in eukaryotes from fungi to plants and animals (Figure 7b)
(Table 2). For example, seven similar paralogous mammalian PRMT genes have been reported
so far: PRMT]1 (1, 34, 47), PRMT2 (81), PRMT3 (93), CARM1/PRMT4 (10), JBP1/PRMTS
(45, 71), PRMT6 (24), and PRMT?7 (45a, 58). Nine PRMTs are present in the completed
Drosophila melanogaster genome (7), and complete PRMT genes from S. pombe,
Arabidopsis, and C. elegans have also been identified through genome sequencing projects. In
addition, ESTs with strong homology to PRMT1 can also be found in Xenopus, zebrafish, sea
urchin, rice, and tomato, indicating that PRMT is a highly conserved family of proteins in
eukaryotes. The presence of such a large number of PRMTs may signify the diverse roles they
can play.

Two well-studied enzymes, PRMT1 and PRMT4/CARM 1, methylate histones H3 (3,10,50,
80), H4 (88,102), and H2B (2), in addition to many other substrates. Histone arginine
methylation is a component of the histone code that directs a variety of processes involving
chromatin (39,87). For example, methylation of Arg-3 of histone H4 by PRMT1 facilitates H4
acetylation and enhances transcriptional activation by nuclear hormone receptors
synergistically with CARM1 (46,88,102,108), in that CARM1 prefers acetylated histone tails
in generating H3 Arg-17 methylation (16,102). In vitro, p53-mediated transcription was
stimulated the greatest when all three coactivators (PRMT1, CARMI1, and p300) were present,
whether added sequentially or at the same time (2). Preincubation of a chromatin template with
p53 and PRMT1 significantly stimulated the histone acetyltrans- ferase activity of p300, and
similarly, preincubation of the template with p53 and p300 stimulated H3 arginine methylation
by CARMI.

PRMT1 is the predominant type I PRMT in mammalian cells, accounting for 85% of cellular
PRMT activity (94). It is essential for early postimplantation development, as shown by the
embryonic lethality of mouse Prmt1™/~ mutants (69). Although PRMT1 is expressed at
detectable levels in all tissues examined (47,69,81,93), the expression is highest in developing
neural structures in embryos (69), and PRMT1 has been implicated in neuronal differentiation
(12). PRMT1 has at least six alternatively spliced transcripts that would produce proteins with
an N terminus of 20 to 40 amino acids (81,111), and these proteins may have different substrate
specificities (68).

PRMT1 gene is found in all eukaryotes examined and is highly conserved (Table 2). The

sequence identity is over 90% among mammals, zebrafish, and Xenopus, and about 50% even
between human and S. cerevisiae. There appears to be another gene (PRMT1’) closely related
to PRMT1 genes both in Arabidopsis thaliana and in human (HRMT1L3, AAF91390, on

chromosome 12p13), which in each case share 80% amino acid identity with PRMT1. Except
for their N termini, the two genes have identical genomic structure: Each pair has eight introns
inserted at identical positions, and the locations of seven of those in- trons are also shared

between human and A. thaliana. No function about this PRMT1-like gene (PRMT 1) has been
reported. Like S. cerevisiae, C. elegans and S. pombe have only one copy of PRMT1 and share
some of the splicing sites used by human and A. thaliana. D. melanogaster encodes four to six
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PRMT proteins of similar size, but of these, only DmPRMT1 (AAF54556) has a high
percentage identity with the mammalian PRMT1 (65% versus 15%—-35% for the others).

The best-known substrates for PRMT1 are RN A-binding proteins involved in various aspects
of RNA processing and/or transport, such as hnRNPs, fibrillarin, nucleolin (26), and poly(A)-
binding protein II (84). A growing number of other proteins were found to be substrates of
PRMT1, including high-molecular-weight fibroblast growth factor-2 (HMW FGEF-2), anuclear
growth factor (38); interleukin enhancer-binding factor 3 (ILF3) (94); STATI, a transcription
factor activated by extracellular signals (59); SPTS5, a regulator of transcriptional elongation
(40); and histones H4 (88,102) and H2B (2).

CARM1/PRMT4

PRMT4 was discovered as a transcriptional coactivator-associated arginine (R) MTase
(CARM1I) (10). CARMI1 enhances gene activation by nuclear receptors in a synergistic
collaboration with two other classes of coactivators: the p160 coactivators and the protein
acetyltransferases p300/CBP (10,46). CARM1 can methylate specific arginine residues in the
N-terminal tail of histone H3 (3,10,50,80).

Both CARMI as well as PRMTT1 act in concert with the acetyltransferase CBP/p300, along
with the p160 coactivator family to enhance transcription from hormone-responsive promoters
(85,86). Similarly, CARMI1 and PRMT1 act as coactivators in the tumor suppressor protein
pS53-mediated transcription, via direct interactions with p53 and its associated coactivator
partner p300 (2). These results provide compelling evidence that the histones are relevant
targets for CARM1, PRMT1, and p300, and that the resulting histone modifications are directly
important for transcription.

A Conserved PRMT Core

The PRMT proteins vary in length from 348 amino acids in S. cerevisiae RMT to 608 amino
acids in CARMLI, but they all contain a conserved core region of approximately 310 amino
acids (Figure 7b). The sequences beyond the conserved PRMT core region are all N-terminal
additions; however, CARMI1 also has a C-terminal addition. The size of the N-terminal
additions varies from ~20 amino acids in S. cerevisiae RMT1 to 200 amino acids in PRMT3.
The varied N termini could subject each PRMT to a different regulation. An interesting feature
of PRMT?7 (58), and PRMTS (Figure 7b) (Table 2) is that they seem to have arisen from a gene
duplication event and contain two conserved core regions, each with a putative AdoMet-
binding motif.

Structure of the Conserved PRMT Core

Three crystal structures of PRMTs are currently available: rat PRMT1 (amino acids 41-353)
(111), the rat PRMT3 catalytic core (amino acids 208-528) (114), and yeast RMT1/Hmt1
(amino acids 30-348) (103). These structures reflect a striking structural conservation of the
PRMT catalytic core (Figure 7c). The overall monomeric structure of the PRMT core can be
divided into three parts: an MTase domain, a S-barrel, and a dimerization arm. The MTase
domain has the consensus fold conserved in a class-I AdoMet-dependent MTase that harbors
an AdoMet-binding site (11,78). The f-barrel domain is unique to the PRMT family (114).

PRMT Dimerization is Essential for AdoMet Binding and Enzymatic Activity

An identical hydrophobic dimer interface is observed in PRMT1 (111), the PRMT?3 core
(114), and yeast RMT1/Hmt1 (103) (Figure 7¢), despite different crystallization conditions,
space groups, and cell dimensions. This observation supports the notion that dimer formation
is a conserved feature in the PRMT family (114). A mutant of yeast RMT1/Hmt1 that replaces
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the dimerization arm with alanines resulted in the loss of dimer formation and methylation
activity (105). The mutant PRMT1 AARM lacks the entire dimerization arm (residues 188—
222), elutes as a monomer on a gel filtration column, and completely lacks enzymatic activity,
most likely because it is unable to bind the AdoMet cofactor, as determined by UV cross-
linking experiments (111). In the crystal structure, the dimer interface forms between the arm
and the outer surface of the AdoMet-binding site (Figure 7c¢). It is conceivable that
dimererization is required to engage the residues in the AdoMet-binding site in a manner in
which they can interact with AdoMet properly. Interestingly, the higher order oligomerization
of PRMT1 (47,111) does not occur in the absence of dimerization (i.e., in the case of AARM)
(111).

Another potential function of the conserved PRMT dimer might be to allow processive
production of the final methylation product, asymmetric dimethylarginine. PRMT substrates
isolated in vivo are usually completely or nearly completely dimethylated (37,38,48,49,84). In
vitro, PRMT®6 forms dimethylarginine in a processive manner (24). It is conceivable that a
ring-like dimer could allow the product of the first methylation reaction, monomethylarginine,
to enter the active site of the second molecule of the dimer without releasing the substrate from
the ring or replenishing the methyl-donor.

Multiple-Substrate-Binding Grooves

Most PRMTT1 substrates contain glycine- and arginine-rich sequences that include multiple
arginines in RGG context (26,38,84). Peptides that contain three copies of the consensus RGG
repeat sequence (R3) were cocrystallized with PRMT1 (111). Three peptide-binding grooves
were identified (Figure 8), which probably represent a mixture of binding modes of the R3
peptide, which contains three potential methylation targets at position 3, 9, and 15. Additional
acidic grooves running parallel to site P3 were identified (Figure 8). These grooves could form
additional binding sites for protein substrates with more RGG repeats.

Asymmetric and Symmetric Dimethylarginines

The target arginine is situated in a deep acidic pocket between the MTase domain and the /-
barrel domain (Figure 8). The residues that make up the active site are conserved across the
PRMT family, and a “double-E” hairpin loop (Figure 7b) contributes most of the residues in
the active-site pocket. Two invariant glutamates (E144 and E153 of PRMT1 and E326 and
E335 of PRMT?3) are used to neutralize the positive charge on the substrate guanidino group:
The interaction with E153 of PRMT1 (or E335 of PRMT3) redistributes the positive charge
on the guanidino group toward one amino group while leaving a lone pair of electrons on the
other amino group to attack the cationic methylsulfonium moiety of AdoMet (114). The
corresponding mutant in CARM1/PRMT4 (E267Q) has been used to demonstrate that the
MTase activity of CARMI1 was required for synergy among nuclear receptor coactivators
(46).

The three solved PRMT structures, rat PRMT 1, rat PRMT3, and yeast RMT1, are all type I
enzymes. Interestingly, all the PRMTSs except mammalian PRMTS5 (or yeast Hsl7) contain an
active-site methionine, the last residue of the double-E loop (amino acid 155 for PRMT1, amino
acid 337 for PRMT3, and amino acid 143 for yeast RMT1), which has been proposed to exclude
binding of monomethylated arginine in a conformation that would allow its symmetric
methylation (114). However, in both PRMTS (amino acid 446) and Hsl7 (amino acid 474), the
residue corresponding to M 155 of PRMT1 is serine. The smaller bulk of the side chain of this
residue may allow for symmetric dimethyl arginine formation by the type II enzymes PRMTS
and possibly Hsl7 (see figure 7 of Reference 8).
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FUTURE PROSPECTS

AdoMet-dependent MTases are involved in biosynthesis, signal transduction, protein repair,
chromatin regulation, and gene silencing. Methylation substrates range in size from arsenite
through DNA and proteins, and the atomic targets can be carbon, oxygen, nitrogen, sulfur, or
even halides. Methylation can function as a reversible signal, as in the case of O(xygen)-
methylation, in which the side chain carboxyl groups of glutamate residues or the C-terminal
carboxyl groups are reversibly methylated. However, it is unclear whether the N(itrogen)-
methylations (of arginine, lysine, glutamine, asparagine, histidine residues, and the amino
group at the N terminus) are reversible in the cell or the N-methylation function is a more
permanent modification that affects the activity or surface hydrophobicity of a substrate.
Recently, a human nuclear peptidyl arginine deiminase, PAD4, has been shown to antagonize
methylation on the arginine residues by converting arginine to citrulline (13a,102a), and a
human nuclear amine oxidase, LSD1, functions as a histone di/monomethyl-lysine
demethylase via an oxidation reaction (81a). Despite recent advances in identifying MTases,
we still know little about what regulates their activities or determines their specificity. This is
evident by a recent report that SET7/9 activity is not limited to histones; it also methylates the
tumor suppressor p53 (11a). With the increasing interest in protein (histone) methylation as a
mechanism for gene regulation, we will undoubtedly discover other exciting roles for MTases
and the cellular processes that they direct.
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Figure 1.

SET domain HKMTs. (a) Domain structure of SET HKMT families. () DIM-5 protein (one
of the smallest members of the SUV family) contains four segments: a weakly conserved N-
terminal region, a pre-SET domain containing nine invariant cysteines, the SET region
containing four signature motifs, and the post-SET domain containing three invariant cysteines.
(c) lustration of pre-SET Zn3Cysg triangular zinc cluster (left panel); ribbon diagram of
DIM-5 SET domain, with arrows indicating locations of conserved motifs, the cofactor binding
and substrate histone H3 peptide, and the pseudo knot formed by motifs III and IV (middle
panel); and post-SET zinc center (right panel).
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Figure 2.
Representative examples of SET domain containing structures. (a) Neurospora DIM-5, (b)
human SET7/9, (c) S. pombe Clr4, and (d) Rubisco MTase.
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Figure 3.

Active site of SET domain. (a) H3 peptide-binding site in DIM-5 with the target Lys-9 inserted
into a channel (PDB 1PEG) (left panel), and the AdoHcy-binding site in SET7/9, located at
the opposite end of the target lysine-binding channel (PDB 109S) (right panel). (b) The active
sites in DIM-5 (PDB 1PEG) (left panel) and SET7/9 (PDB 1MT6) (right panel). The arrow
indicates the movement of the methyl group transferred from the AdoMet methylsulfonium
group to the target amino group. (¢) Structural comparison of active sites in DIM-5 and SET7/9:
either two tyrosines and one phenylalanine (DIM-5) or three tyrosines (SET7/9) surrounds the
target lysine.
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Mass spectrometry analysis of methylation products for () WT DIM-5 and its F281Y variant
(113), (b) WT SET7/9 and its Y305F variant (113), and (c¢) G9a and its F1205Y variant (12a).
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Figure 5.

Dotlp family (non-SETHKMTS). (@) Schematic representation of Dot1 homologues from yeast
and human. (b) Dot1 core structure: (left panel) human Dot1L (residues 5-332) in complex
with methyl-donor AdoMet (PDB1NW3) and (right panel) yeast Dotlp (residues 176-567)
incomplex with reaction by-product AdoHcy (PDB1U2Z). The N-terminal helical domain and
the C-terminal catalytic domain are circled. The bound methyl-donor AdoMet in human Dot1L
and there action by-product AdoHcy are shown as stick models. The largest conformational
difference (indicated by arrows) between the two catalytic domains is the hairpin loop-
containing motif VIII forming part of the active site. (¢) Five hydrophobic residues of yeast
Dotlp form the active-site pocket (the corresponding residue from human Dot1L is in
parenthesis) (left panel). The opening of the pocket is approximately 4x5 A, into which the
target lysine could be inserted (middle panel). A surface representation of yeast Dotlp core
showing the conserved motifs (X, VI, IV, and VIII) surrounding the active-site pocket, through
which only the AdoHcy sulfur atom is visible (right panel). Conserved motifs (I, II, and IIT)
involved in interacting with AdoHcy are buried and invisible from the surface.
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Figure 6.

(a) Examples of known targets of amino methylation. Only the deprotonated amino group
(NH») has a free lone pair of electrons capable of nucleophilic attack on the AdoMet methyl
group. (b) Methyl transfer activities (measured as TCA precipitable counts) as function of pH:
(top panel) yeast Dotlp and its N-terminal deletion mutant A 157 (77), (middle panel) DIM-5
(112), and (bottom panel) rat PRMT1, rat PRMT3 (full length), and its PRMT core domain
(A 200) (111).
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Figure 7.

(a) Two major types of protein arginine methylation. (b)) Members of PRMT family. The
conserved MTase domain is in black and the unique f-barrel domain to the PRMT family is
in gray. The N and C termini of the proteins and the first invariant residue are labeled. (¢) Dimer
structures of PRMT cores: (left panel) rat PRMT1, (middle panel) rat PRMT3, and (right

panel) yeast RMT1/Hmtl.
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dimerization arm

R3 peptide (19): GGRGGFGGRGGFGGRGGFG

Figure 8.

Peptide-binding grooves (P1, P2, and P3) in the structure of ternary complex of PRMT1-
AdoHcy-R3 peptide (sequence shown at the bottom): solvent-accessible molecular surface
with bound AdoHcy and arginine shown as stick models and indicated by the arrows (left
panel). If the central Arg-9 were the target bound in the active site, connecting peptide-binding
sites P1 and P2 would cover the active site and the entire length of the peptide. When the end
arginine (either Arg-3 or Arg-15) is bound in the active site, connection of peptide-binding
sites P2 and P3 would account for the length of the whole peptide (right panel). Site P3
corresponds to one of the grooves perpendicular to the strands of the f-barrel domain.
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TABLE 1
The locations of the Phe/Tyr switch in SET families
1205

Target # of CH, Family L
GIA H3K9 1,2>3  SUV ISEEESNOUEOENI I PVRVFMLHQDLRFPRIAFFSSROERTGEERGHOGGDRFWDIKSKY FIROEGSEKSKHSAE 1254
G9A F1205Y 1>>2 ¥
Nc_DIM-5 H3K9 3 PTETER@ofMA T FARVGDHADKH THDIALFATKDRPKGTERIHCEVNGLTG (13) MTKELECTAKERG YL 318
DIM-5 F281Y 12 L
SUV39HL  H3K9 3 QVYNVFIDNLDERLPRIAFFATRIHRAGES E@MOUDP{ZS)N TESERKYLF 412
SETDBL  H3K9 2, +MAM=3 FVONVEVDTHDLRFPWVAFFAS G YEVGSVEGKEL! ATEWRGRLL 1291
At_KYP  H3K9 12 LFVQCVLSSHODT RLARVALFAADNIES PMOE YALDSV (8) QLASYRGALN é:(mr 624
At_SUVH6 H3IKS 1-2 [LYAQNVLYDHEDSRT PHVMFFACDNIP PLOZEVEINYALDQV (8) QK SARVRRRLY  79C
ALR1 SET1 PAf VADVVTFD- - - -KEDKIITISSRRE DfQFDFEDD - QHET AVNERKWMN 5262
TRX2 R PSRVIHVE- - - -GOKHIVIFALRRS KEPTEDA- SNKL AKRSRRFLN 2715
ALL1/MLL1 H3K4 2 GOKHIVIFAMRK] KFPIEDA- SNKLP@NVWCAKKERKFLY 3965
SET1 SQKKIVIYSKO! KFPLED- - -NKI TESERGSLN 170%
SET1A SQKKIVIYSKO KFPILG---NKI SENERGTLN 804
SCSET1  H3K4 2-3 AKIIKVG----GRRRIVIYALR) KFEREKDDEERL. APMXGFLN 108C
SpSETL TARTTRVE- - - -GKRKTVIYAD KFPEEA- - -DKTP@IMCAPTISRGYIN 920
NSD3 SET2 ETQKWTVN- - - -GDVRVGLFALCE} LDCLG--NGRTERERGADNESGFLG 1378
NSD2 ETLKWTVN- - - -GDTRVGLFAVCD} NLDCLG—-NEKTVIERSCASMESGFLG 1355
NSD1 ETQXWSVN- - - -GDTRVGLFALSD} NLECLG—NGKTV{K@CAPNSSGFLG 2958
HIP1 ETQKWTVN- - - -GQLRVGFFTTKI4 THOFORYG— KEAQKSFBGSANSRGYLG 2051
ASH1 HIK4, 9 HAK20 EMQKWSVN - - - - GVYRIGLYALKD, (NFHSPIV- EKOOLEKEGPEKBRGITG 29568
Sc_SET2  H3IK36 YVNKWVVK- - - -DKLRMGI FAORKS DENVDRYG—- AQAQKSVEEEPNSIGFLG 723
Sp_SET2 {ZACYVDKNMVG - - - - DKLRMGIFCKRI} CPNVDRYG— AQAQPSVSGEPCSVGYIG 787
EZHZ HIK27 OTHER CfjRYSQADALKYVGIEREMEIP 746
SET8 H4K20 DR- - - - SKASTEAHPWLKH 322
SET? HIK4 1-2 YDHSPPGKSGPEAPEWYQVELKAFQ 362
SET7 Y305F 15253
PBCV_SET H3K27 2 FG s KDEEARHELTAGL - - - - - - KRMRIFTIKPHATGEERTISHGDD- - - -~ -~~~ --- YWLSRPRLTQN 11§
Ps_LSMT  RUBISCO 3 JSAGVTTEDHAYEVK (6) swnYLPSLKspLSgKAGBEn LN-KSNAELALDYGFIEP
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