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Abstract

Protein lysine methylation is a distinct posttranslational modification that causes minimal changes
in the size and electrostatic status of lysine residues. Lysine methylation plays essential roles in
regulating fates and functions of target proteins in an epigenetic manner. As a result, substrates and
degrees (free versus mono/di/tri) of protein lysine methylation are orchestrated within cells by
balanced activities of protein lysine methyltransferases (PKMTSs) and demethylases (KDMs).
Their dysregulation is often associated with neurological disorders, developmental abnormalities
or cancer. Methyllysine-containing proteins can be recognized by downstream effector proteins,
which contain methyllysine reader domains, to relay their biological functions. While numerous
efforts have been made to annotate biological roles of protein lysine methylation, limited work has
been done to uncover mechanisms associated with this modification at a molecular or atomic level.
Given distinct biophysical and biochemical properties of methyllysine, this review will focus on
chemical and biochemical aspects in addition, recognition, and removal of this posttranslational
mark. Chemical and biophysical methods to profile PKMT substrates will be discussed along with
classification of PKMT inhibitors for accurate perturbation of methyltransferase activities.
Semisynthesis of methyllysine-containing proteins will also be covered given the critical need for
these reagents to unambiguously define functional roles of protein lysine methylation.
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1. Introduction

The transfer of genetic information has traditionally been described as a forward flow from
DNA to RNA to proteins. However, this classical definition does not cover biological
complexity, in particular, how downstream products such as proteins and metabolites act on
DNA, RNA and proteins in a heritable manner.(1, 2) Methylation of biological products such
as DNA and proteins is arguably the most important biochemical reaction that challenges the
central dogma of the unidirectional flow of genetic information.(3-6) For instance, cytosine
in DNA can be methylated by DNMTs with S-adenosyl-L-methionine (SAM) as a cofactor
(or co-substrate) (Figure 1).(1, 7) This event can determine the biological outcomes
associated with the methylated DNA without altering its genetic code. SAM-dependent
methylation in proteins can be found at side chains of lysine (Lys or K), arginine (Arg or R),
aspartate (Asp or D), glutamate (Glu or E), histidine (His or H), asparagine (Asnh or N),
glutamine (GIn or Q) and cysteine (Cys or C), as well as at N-terminal a.-amino and C-
terminal carboxylate residues.(8-14) In terms of biological functions, protein methylation
has been shown to affect cellular fates of proteins by modulating their stability, localization
and interaction with their binding partners.(15) Well-characterized histone methylation
marks have attracted great attention for two decades because of their tight association with
epigenetic modulation of transcription.(16) SAM-dependent RNA methylation has also been
observed in numerous types of RNA entities, including mRNAs, tRNAs, and non-coding
RNASs with their associated functional roles revealed gradually.(17)

Most biological methylation reactions are catalyzed by methyltransferases with SAM as the
methyl donor (Figure 1).(18, 19) Second only to adenosine triphosphate (ATP), SAM is one
of the most commonly used enzyme cofactors.(18, 20) Across living organisms, SAM is
produced by SAM synthases (also named as S-methionine adenosyltransferases, MATS) with
L-methionine and ATP as substrates (Figure 1).(19, 21) Occasionally, SAM can be produced
from 5’-halogen-5’-deoxyadenosine and L-methionine through the reverse reactions of
SAM-consuming enzymes such as SalL. and FDAS.(22) SAM’s rich biochemical reactivity
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is largely embedded around its sulfonium center (Figure 1). For instance, the two alkyl
sulfonium bonds in SAM can be subjected to enzymatic homolytic cleavage to generate a
5’-deoxyladenosyl radical or a 3-amino-3-carboxylpropyl radical.(23, 24) The sulfonium
bond in SAM’s homocystine moiety can also undergo intramolecular heterolytic cleavage to
generate homoserine lactone, which is a key precursor in biosynthesis of acyl-homoserine
lactones (AHLs) for bacterial quorum sensing.(25) Alternatively, this sulfonium bond can
undergo intermolecular heterolytic cleavage to present the 1-aminopropane moiety in SAM
as a key building block for polyamine biosynthesis (Figure 1).(19, 26) More often, SAM is
used by methyltransferases as the methyl donor of diverse biological substrates including
DNA, RNA, proteins and small-molecule metabolites.(18-21)

SAM-dependent methyltransferases are classified in terms of their substrates. Protein lysine
methyltransferases (PKMTSs) are defined by their ability to transfer up to three methyl
groups from the cofactor SAM to the e-amine of a lysine side chain of their protein
substrates.(27) Among around 100 putative PKMT candidates encoded by the human
genome, more than 60% of them have been characterized with lysine methyltransferase
activities on diverse histone and nonhistone substrates.(28, 29) The proteins containing this
posttranslational mark can then be recognized by downstream effectors through their
“reader” domains.(30-32) Lysine methylation can also be removed through an oxidative
demethylation reaction conducted by >30 protein lysine demethylases (KDMs) encoded by
the human genome.(33-35) The resulting dynamic methylation states control functional
roles of protein lysine methylation and are often dysregulated in disease states.(33, 35)
Enormous efforts have been made to understand physiological and pathogenic functions of
PKMTs.(36-38) For instance, histone methylation marks such as the trimethylation of
histone H3 lysine 4, 9 and 27 (H3K4me3, H3K9me3 and H3K27me3) have been tightly
linked with transcriptional regulation of neighboring genes.(6, 39) Additionally, the roles of
nonhistone methylation have gained more attention because the biology of histone
methylation is insufficient to rationalize diverse functions of PKMTs.(12) Many small-
molecule inhibitors have also been developed against specific PKMTs with some in various
states of advancement as drug candidates.(33, 38, 40)

In contrast to the extensive work in characterizing biological functions of PKMTs and
developing PKMT-specific inhibitors,(12, 30, 31, 33, 38, 40) limited effort has been made to
understand protein lysine methylation from chemical and biochemical perspectives. For
instance, while the challenge in developing specific antibodies to recognize the proteins
containing methyllysine is broadly appreciated,(41, 42) little work has been conducted to
examine molecular origins of this challenge and formulate innovative strategies to overcome
it. Given diverse substrate profiles of PKMTs and lack of well-defined sequence specificities
of these substrates,(21, 27, 37) it is of great interest to explore chemical origins of the
substrate diversity and examine how proteins have been tuned to add, recognize and remove
methyllysine marks in a highly context-dependent manner. With regard to small-molecule
inhibitors, there has been more focus on developing high-quality PKMT inhibitors than
utilizing these compounds in correct contexts.(33, 38, 40) Additionally, new inhibitors and
chemical tools for PKMTs are still in great demand to perturb and dissect complicated
biology of protein lysine methylation.(27) One goal of this review is to guide readers in
appreciating elegant biophysical and biochemical properties of protein lysine methylation
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and applying them for functional annotation and perturbation. With the main focus on the
underlying chemical mechanisms, this review starts with a basic introduction to specific
biophysical properties of lysine and methyllysine, then dives into chemical mechanisms of
addition, recognition, and removal of this modification, and ends with an overview of
techniques and reagents for perturbation and functional annotation of methyllysine. While
this review intends to cover the relevant literature to a maximal degree, the author apologizes
for the omission of many high-quality studies due to space limitation.

2. General Properties of Lysine and Methyllysine as Protein Building
Blocks
2.1. L-Lysine.

L-Lysine (Lys or K) is an essential a-amino acid building block of proteins with distinct
biochemical and biophysical properties. As one of the three basic natural amino acids (Lys,
Arg and His), Lys contains a primary amine (e-amine) appended to its a-carbon via a linear
four-carbon linker (Figure 2). The lone-pair electrons of the e-amine are protonated at
physiological pH of 7.4 to a degree of > 99.9%, as estimated by 3 orders of magnitude
higher pK; of the e-amine (~10.5 versus 7.4).(43, 44) The protonated e-amine of Lys thus
carries a formal charge of +1.(44) For Lys residues in proteins, this polar and positively-
charged e-amine can be positioned either within catalytic sites or more often on protein
surface with exposure to bulk solvent. The C4 hydrocarbon chain of Lys, unlike its e-amine,
maintains hydrophobic properties. This amphiphilic character thus enables Lys to engage in
molecular recognition through diverse modes such as cation-r interaction (a columbic
attraction between a protonated Lys cation and m-electron-rich surface of an aromatic amino
acid residue), an ion-pairing salt bridge, hydrogen bonds (the e-amine as a donor and an
acceptor), and the hydrophobic interaction via entropy-driven desolvation of its C4
hydrocarbon. In aqueous media, the cation-r interaction of Lys is energetically preferred in
comparison with the formation of a salt bridge with a carboxylate moiety.(44, 45) Such
preference is attributed to higher free-energy penalty of desolvation upon the formation of a
salt bridge, which involves a negatively charge carboxylate ion such as Glu and Asp. In
contrast, the cation—rt complex between a protonated Lys and an aromatic residue gains
comparable electrostatic attraction but pays less energy penalty of desolvation for a
hydrophobic aromatic residue.

To illustrate Lys-participating interactions, the e-amine moiety of Lys (its protonated state)
is often shown as a positively charged nitrogen surrounded by a methylene and three neutral
hydrogen atoms.(27) However, it has been less appreciated that the +1 charge on the e-
nitrogen is merely a formal charge, which should not be viewed as the positive electrostatic
density localized on an electronegative nitrogen atom (Figure 2).(44, 46) Instead, the
nitrogen still carries significant negative charge with the net +1 charge delocalized around
nearby atoms (three hydrogen atoms and the e-amine-adjacent methylene group) (Figure 2).
Whereas it is convenient to depict the +1 formal charge of a protonated amine moiety for its
formation of hydrogen bonds and a salt bridge, it is more relevant to envision the actual
electronic density on the e-nitrogen and its neighboring atoms for cation-rt interactions (see
discussion later). Additionally, cation-m interactions are strongest when a cation is situated
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perpendicular to the aromatic plane of a Phe, Tyr or Trp residue.(46) This spatial orientation
is preferred to engage in the maximal cation-mt interaction between an ammonium cation and
the side chain of an aromatic amino acid.(46)

2.2. Epsilon-N-monomethyl lysine (Kmel).

The e-amine moiety of Lys can be methylated up to three times from unmodified lysine to
mono-, di- and tri-methylated Lys (Kmel, Kme2 and Kme3) (Figure 2). The progression of
Lys methylation gradually alters biophysical properties of Lys, which determine how these
Lys modifications (Kme1/2/3) engage in specific interactions and are selectively recognized
by their biological effectors.(30, 31) The pKj value of the secondary amine of Kmel is ~
10.7 (estimated on the basis of pK; of dimethylamine), which is comparable with the pK;
10.5 of free Lys (Figure 2). At physiological pH of 7.4, the secondary amine of Kmel is
protonated to a degree of > 99.9% with a formal charge of +1 on the electronegative e-
nitrogen (Figure 2). As a more relevant view, the +1 charge is spread around adjacent
hydrogen and hydrocarbon moieties (two hydrogen atoms, one methyl and one methylene)
(Figure 2). Despite dispersion of the +1 charge into two neighboring hydrocarbons,
positively charged Kmel maintains the ability to form a salt bridge with negatively charged
amino acids such as Glu and Asp (Figure 2). In contrast to a protonated Lys as the donor and
acceptor of three hydrogen bonds, Kmel can only serve as the donor and acceptor of two
hydrogen bonds (Figure 2). Addition of one methyl group onto free Lys also increases the
overall size and hydrophobicity of its side chain (Figure 2). Such a difference can play an
important role in distinguishing Lys monomethylation from other states of Lys methylation
by structurally matched biological effectors as detailed later.(30, 31)

2.3. Epsilon-N-dimethyl lysine (Kme2).
Similar to Lys and Kmel, Kme2 contains two lone-pair electrons on its e-amine. The pKj
value of the tertiary e-amine of Kme2 is 10.2 (estimated on the basis of NV, A~
dimethylethylamine), which is comparable to those of the e-amines of Lys and Kmel
(Figure 2). Given its pKj of 10.2, the e-nitrogen of Kme2 is largely protonated at
physiological pH (>99%). In this protonation state, Kme2 can serve as the donor or acceptor
of one hydrogen bond, and form a salt bridge. The positively charged Kme2 after
protonation can also engage in cation-m interactions (Figure 2). In comparison with the net
+1 formal charge of Lys and Kmel, the positive charge of Kme2 is more dispersed among
three neighboring hydrocarbon moieties (two methyl groups and one methylene moiety) and
one hydrogen atom (Figure 2). Addition of two methyl groups significantly increases the
overall size and hydrophobicity of the side chain of Lys (Figure 2). The combined effects are
associated with the higher spatial requirement for Kme2 to engage in cation-r and hydrogen
bond interactions for its molecular recognition.(30, 31)

2.4. Epsilon-N-trimethyl lysine (Kme3).
Kmes3 is the extreme state of lysine methylation (Figure 2). The side chain of Kme3 is an
obligatory cation with a permanent +1 formal charge at physiological pH (Figure 2). Like
Lys, Kmel and Kme2, the positively charged Kme3 can form a salt bridge with negatively
charged amino acid residues such as Asp and Glu (Figure 2). Unlike free Lys, Kmel and
Kme2, Kme3 cannot form a hydrogen bond either as a donor or acceptor because of the
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quaternary ammonium moiety (Figure 2). Here the permanent +1 formal charge of Kme3 is
broadly dispersed on the four neighboring hydrocarbon moieties (three methyl groups and
one methylene moiety) (Figure 2). Addition of three methyl groups substantially enhances
the overall size and hydrophobicity of the side chain of Lys (Figure 2). Compared with free
Lys, Kmel and Kme2, Kme3 is characterized with the largest van der Waals radius and thus
the highest spatial demand upon engaging in cation-r interactions. Collectively, it is more
accurate to depict the quaternary e-ammonium of Kme3 as a hydrophobic cloud with an
electronegative nitrogen atom enshrouded centrally and the overall +1 charge evenly
dispersed around the four surrounding hydrocarbons (Figure 2). This description will
become more apparent upon elucidating the underlying mechanism for recognition of Kme3
in a biological setting.

3. Classification of Protein Lysine Methyltransferases (PKMTSs)

3.1. Overview of protein methylation.

Polar lysine residues are often positioned at solvent-exposed protein surface regions. The
lone-pair electrons of the e-amine of Lys, together with its preferred localization on protein
surface, make lysine susceptible to diverse posttranslational modifications (Figure 3).
Among characterized lysine modifications in eukaryotic cells are methylation, acetylation,
propionylation, malonylation, butyrylation, succinylation, glutarylation, myristoylation,
biotinylation, ubiquitination, SUMQylation, and neddylation (Figure 3).(27, 47-52) There
are at least two factors that make protein lysine methylation distinct from other lysine
posttranslational modifications (Figure 3): (a) each addition of a methyl group onto Lys does
not alter the +1 formal charge of the e-amine moiety at physiological pH, whereas other Lys
modifications are acylation and convert the protonated, positively charged e-amine into a
neutral amide; (b) lysine methylation is the smallest posttranslational modification and thus
minimally alters overall size of the side chain in comparison with other lysine modifications.
(21)

Lys, Kmel and Kme2 contain lone-pair electrons on their e-amine moieties and are expected
to be readily alkylated (e.g. methylated) under basic conditions. However, high pK; of Lys,
Kmel and Kme2 (10.2 ~ 10.7) makes their e-amines mainly protonated under physiological
conditions (pH = 7.4) and thus inert as nucleophiles. To circumvent the activation barrier of
deprotonation for the subsequent nucleophilic substitution reaction, protein lysine
methylation is catalyzed by various PKMT enzymes in biological settings (Figure 4).(53-57)
The human genome encodes more than 60 characterized PKMTSs, which can be classified as
SET domain-containing PKMTs (Class V methyltransferases, SET for Suppressor of
variegation 3-9, Enhancer of zeste and _7rithorax, three genetic phenotypes of Drosophila)
and non-SET-domain PKMTs (Class | methyltransferases) (Figure 4, Figure 5 and Table 1).
(27-29, 40) More than 90% of PKMTSs belong to the family of SET domain-containing
PKMTs (Table 1 and Figure 5). DOT1L,(54) METTL10,(58) METTL20,(59, 60)
METTL21A,(61) METTL21B,(62, 63) METTL21C,(64) METTL21D (VCP-KMT),(65, 66)
METTL22,(67) eEFLA-KMT1 (N6AMT?2 as named previously, the homolog of yeast
Efmb5),(68) eEF2-KMT,(69) and CaM-KMT(70) are among well-characterized members of
non-SET domain human PKMTs (Figure 5 and Table 1). Although > 60 human proteins
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have been characterized as PKMTs, they are often multiple-domain macromolecules
consisting of hundreds to thousands of amino acids embedding small methyltransferase
domains (130-aa SET or non-SET domain).(55, 71, 72) Their methyltransferase activities
may only account for part of their biological functions. Caution should thus be taken to
dissect the functions of the methyltransferase domains of PKMTs from their other roles as
full-length proteins (e.g. as effectors for recognition of other posttranslational modifications
or as structural scaffolds for formation of protein complexes).

3.2. SET domain-containing PKMTSs.

The SET domain of PKMTs (Class V methyltransferases) consists of approximately 130
amino acids, often flanked by pre-SET and post-SET domains (Figure 4).(71) Its structural
topology is distinct from other types of methyltransferases by a characteristic ‘pseudoknot’
fold of the SET domain (Figure 4).(71) On the basis of phylogenetic sequences of SET
domains, human PKMTs can be further divided into subfamilies with respective structural
topology (Table 1 and Figure 5).(73) For instance, G9a and GLP1 belong to a subfamily of
classical PKMTs in which their SET domains alone are sufficient for enzyme catalysis
(Table 1 and Figure 5).(74) In contrast, ASH1L, SETD2 and NSD1/2/3 are within a
subfamily of PKMTs containing an auto-inhibitory SET domain, whose apo-isomer is
expected to be catalytically inactive and must go through dramatic conformational changes
for substrate binding and enzyme catalysis (Table 1 and Figure 5).(55, 75-78) The SET
domains of the MLL subfamily alone are inert but catalytically active in the presence of their
binding partners such as WDR5, RbBP5, Ash2L and Dpy30 (referred as WRAD) (Table 1,
Figure 5 and Figure 6).(79-81) A similar requirement for the formation of a protein complex
for enzyme catalysis has also been documented for EZH1 and EZH2 (EZH1/2, EED and
Suz12 referred as PRC2 complexes) (Table 1, Figure 5 and Figure 6).(82, 83) A 5-member
SMYD subfamily and a 17-member PRDM subfamily of human PKMTs are characterized
by insertion of the MYND domain (myeloid translocation protein 8, Nervy, and DEAF-1)
(84-88) and the PR (PRDI-BF1 and RIZ) domain within their SET domains,(89)
respectively (Table 1 and Figure 5).

3.3. Non-SET domain PKMTs.

In comparison with SET domain-containing PKMTs harboring well-defined
methyltransferase activities, DOT1L,(54) METTL10,(58) METTL20 (ETFB-KMT),(59, 60)
METTL21A,(61) METTL21B (eEF1A-KMT3),(62, 63) METTL21C,(64) METTL21D
(VCP-KMT),(65, 66) METTL22,(67) eEF1A-KMT1 (N6AMT2 as named previously, the
homolog of yeast Efm5),(68) eEF2-KMT,(69) and CaM-KMT(70) are among human non-
SET domain PKMTs demonstrated with methyltransferase activities (Figure 5). These
PKMTs are structurally homologous to protein arginine methyltransferases (PRMTS)
(Figure 5).(28) Non-SET-domain PKMTs and PRMTs belong to the canonical Rossmann-
fold-like family of methyltransferases (Class 1) with their structural topology featuring a
seven-stranded B-sheet connected by a-helices. Besides protein Lys and Arg, small-
molecule, DNA and RNA are among the substrates of the class-I methyltransferases (Figures
4,5). The human genome encodes 200 putative methyltransferases, most of which have yet
been characterized.(28) It will be intriguing to explore whether some of these putative
methyltransferases are PKMTSs. Recently, after examining a catalytically-dead SET-domain
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mutant of MLL1, the Cosgrove group reported that the MLL1-WRAD (WDR5, RbBP5,
Ash2L and Dpy30) complex contains a noncanonical site located at its Ash2L subunit to
catalyze H3K4 methylation.(95-97) Because Ash2L has no homology with SET domain-
containing Class-V methyltransferases and non-SET-domain Class-1 methyltransferases, it is
of great interest to explore the structural features of the cryptic PKMT site, which can be
informative to identify novel PKMTSs.

4. PKMT-catalyzed Methylation: Cofactor, Substrates and Enzyme
Catalysis

4.1. Overview of PKMT-catalyzed methylation.

PKMTs are classified as transferase enzymes (EC 2 in enzyme nomenclature), which
catalyze the transfer of specific moieties (e.g., a methyl group, EC 2.1.1 subclass) from one
molecule (co-substrate or cofactor such as S-adenosyl-L-methionine or SAM) to a substrate
(e.g., a lysine or arginine residue for protein methylation). PKMT-catalyzed methylation
reactions are expected to go through an approximately linear Sy2 transition state with the e-
nitrogen of Lys, Kmel and Kme2 as a nucleophile and SAM’s sulfonium as a leaving group
(Figure 7).(98) In order to assemble Sy 2 transition states for effective catalysis, PKMTS, in
particular those with promiscuous substrate profiles (see discussion below), need to bind
various substrates with their target Lys(Kmel/2) residues positioned within their catalytic
pockets; align the sulfonium methyl group of the SAM cofactor on a nearly linear path
required for a Sn2 reaction; deprotonate the e-nitrogen of Lys(Kmel/2) to free its lone pair
of electrons (Figure 7).(98, 99) Upon poising the resulting activated lysine substrate and the
SAM cofactor along a nearly linear reaction trajectory, PKMTs may engage in other
dynamic motions and interactions to further stabilize the Sy2 transition state and facilitate
the subsequent chemical step of methylation (Figure 7).(98, 99) Upon the completion of the
transfer reaction, PKMTSs release the methylated product and a byproduct S
adenosylhomocysteine (SAH) for another catalytic cycle.(19, 100) As detailed below, the
structures of many PKMTs have been elegantly tuned to promote the stepwise catalysis.

4.2. SAM-binding modes of PKMTs.

3-D structures of PKMTSs reveal that these enzymes bind the SAM cofactor in two distinct
modes (Figure 4).(101, 102) The SAM cofactor in SET domain-containing PKMTS is
oriented in a relatively packed configuration with the CB-Cy-S6-C5” dihedral angle around
120° (e.g., 114° for SET7/9 and 131° for SETD8).(103-109) In contrast, the SAM cofactor
in non-SET-domain PKMTSs, as exemplified with DOT1L,(54) adopts an extended
conformation with the CB-Cy-S6-C5” dihedral angle around 180° (Figure 8). Upon further
analyzing the modes of interaction (MOI) of the SAM cofactor in SET domain-containing
PKMTs and the non-SET-domain DOTL1L, the Schapira group generalized that PKMTs
interact with the a-amino acid moiety of SAM through salt bridges, hydrogen bonds or their
combination; the adenine moiety of SAM through combined hydrogen bond and
hydrophaobic interactions (Figure 8).(102) However, MOls of SET domain-containing
PKMTs and the non-SET-domain DOT1L are different at least in two aspects.(102) First, the
2, 3’-hydroxyl moiety of SAM, as well as its mimics SAH and sinefungin, in SET domain-
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containing PKMTSs are solvent exposed and does not involve any essential interaction with
neighboring residues, while the comparable 2,3’ -hydroxyl moiety in DOTLL is deeply
embedded in a cofactor-binding pocket and forms two strong hydrogen bonds with the
carboxylic side chain of the nearby E186 residue (Figure 8).(54, 110) Second, SAM’s
sulfonium methyl group in SET domain-containing PKMTSs resides in a highly compacted,
electronegative environment, whereas the comparable sulfonium methyl moiety in DOTL1L is
localized in a relatively vacant space (Figure 8). (54, 71, 110) These SAM-interacting
networks are expected to be essential for PKMTSs to position the SAM cofactor in a ready
orientation for enzyme catalysis.

A combination of experimental and computational methods is often required to elucidate
molecular details of how PKMTSs interact with the SAM cofactor.(98, 111, 112) In the case
of SET7/9, the characteristic 1H-NMR chemical shifts, quantum mechanical (QM)
calculation, crystallographic data and kinetics of SET7/9 mutants implicated that the
sulfonium methyl moiety of the cofactor SAM engages in noncanonical carbon-oxygen
(CHee0) hydrogen-bonding interactions with the hydroxyl group of Y335 as well as the
two amide oxygen atoms of H293 and G264 (Figure 9).(113-116) These interactions were
shown to be stronger than typical CHee+O hydrogen-bonding interactions, likely because the
positively charged sulfonium acidifies the protons on the adjacent carbon atoms (Figure 9).
For instance, the IH chemical shift of the methyl group of SET7/9-bound SAM is 3.8 ppm,
which is 0.8 ppm downfield relative to that of SAM in solution and thus reflects a more
electron-withdrawing environment surrounding SAM’s methyl group in SET7/9 (Figure 9).
(113) In comparison with Y335 in native SET7/9, the Y335F substitution, which does not
significantly alter the overall structure and stability of SET7/9, diminishes SAM’s affinity by
3 orders of magnitude.(113) Consistent with a less electron-withdrawing environment, the
Y335F substitution shifts the 1H-NMR signal of SAM’s methyl group to upfield.(113) These
observations can be partially rationalized by the lost CHes+O interaction of the methyl group
with SET7/9’s Y335 residue.

Binding modes of PKMTs for the SAM cofactor in PKMTs can also be probed
experimentally with binding isotope effects (BIES).(98, 111, 112) In this approach, the
changes of bond orders and vibrational modes of the SAM cofactor upon binding PKMTs
can be reported by relevant BIEs when the corresponding atoms of SAM are replaced with
heavy isotopes (Figure 10).(98, 112) Upon measuring the BIE of [CT3]-SAM in complex
with NSD2, the Schramm laboratory observed an inverse BIE of 0.65.(112) This large
inverse BIE strongly argues that the SAM cofactor, from a solution state to the NSD2-bound
state, experiences extreme steric impingement and thus restricts the stretching vibrational
modes of the BIE-associated C-H bonds.(112) Interestingly, upon the formation of the
pseudo ternary Michaelis-Menten complex of NSD2 with the SAM cofactor and H3K36M
nucleosome (H3K36MNuc, an inactive substrate mimic), the steric impingement is relaxed
and the BIE of [CT3]-SAM was reported to be 0.990.(111, 112) While this [CT3]-BIE is
significantly less inverse than that of the binary SAM-NSD2 complex (0.990 of the ternary
SAM-NSD2-H3K36MNuc complex versus 0.65 of the binary SAM-NSD2 complex), this
small inverse BIE of the ternary complex is comparable with [CD3] and [CT3] BIEs of SAM
in complex with SETD8 (0.990 versus 0.959 and 0.979).(98, 111, 112) As further supported
by computational modeling, these slightly inverse BIEs are consistent with the noncanonical
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carbon-oxygen (CHe+=O) hydrogen-binding interactions of the methyl group of SAM with
the PKMTs through a conversed phenolic hydroxyl group and amide oxygen atoms as
implicated in several PKMTs (Y1179, R1135 and F1117 of NSD2; Y336, R295 and C270 of
SETDS; Y335, H293 and G264 of SET7/9) (Figures 9, 10).(98, 111, 112) In comparison, the
binary SAM-NSD2 complex and the ternary SAM-NSD2-H3K36MNuc complex show
comparable [5-3H,]-SAM BIEs of 0.973 and 0.982, respectively.(111, 112) These different
BIEs argue that SAM binding is different for the two PKMTs (Figures 9, 10).

Upon probing molecular rationales for PKMTSs to recognize the SAM cofactor, the Trievel
laboratory also examined potential noncovalent interactions between SAM’s sulfonium and
its adjacent oxygen atoms (See+O chalcogen bonds) around the active site of SET7/9.(117)
The sulfur-oxygen (Se++O) chalcogen interaction originates from partial bond order through
a o-antibonding orbital of SAM’s sulfur atom and a lone pair of electrons of the backbone
amide oxygen of the nearby N265 residue (Figure 11). In comparison with N265 in native
SET7/9, the N265A mutation does not alter the overall structure and stability of SET7/9 but
decreases its affinity to SAM by 8-fold.(117) In contrast, the N265A variant diminishes the
affinity to SAH, a SAM mimic with SAM’s sulfonium replaced by the cognate neutral
thioether, only by 2-fold. Consistent with this observation, quantum mechanical (QM)
calculation suggests that sulfonium cations form a stronger SeeQ chalcogen bond than
cognate neutral thioethers. The noncanonical sulfur-oxygen (See+O) chalcogen interaction is
thus essential for SET7/9 to engage in the maximal binding to the SAM cofactor.(117) It
remains to be investigated experimentally whether unconventional carbon-oxygen (CHeeO)
and sulfur-oxygen (See+O) chalcogen interactions play roles in recognizing the SAM
cofactor by other SET domain-containing PKMTS in a broad manner.

Histone and nonhistone targets of PKMTs.

SET domain-containing PKMTSs were first characterized to methylate histones and originally
named as histone methyltransferases.(27) However, recent advancement in identifying
PKMT substrates indicated that SET domain-containing PKMTSs can act on diverse
nonhistone substrates (e.g., full-length G9a and GLP1 can methylate hundreds to thousands
of nonhistone substrates, see discussion later).(21) Using the nomenclature of PKMTSs rather
than histone methyltransferases is more consistent with diverse substrate profiles of these
enzymes. In contrast, only a small set of proteins were identified as the substrates of non-
SET domain PKMTs as exemplified by DOT1L for K79 of histone H3,(54, 118) METTL10
for K318 of eEF1A,(58) METTL20 for K199 and K202 of the p-subunit of the electron
transfer flavoprotein (ETFp),(59, 60) METTL21A for HSP70s (K561 in HSPA1, K585 in
HSPADS5, and K561 in HSPAS),(61) METTL21B for K165 of eukaryotic elongation factor 1
alpha (eEF1A),(62, 63) METTL21C for K390 of eEF1A as well as K35 automethylation,
(64, 119) METTL21D (VCP-KMT) for K315 of valosin-containing protein (VCP),(65)
METTL22 for K135 of Kinl7,(67) eEF1LA-KMT1 for K79 of eEF1A,(68) eEF2-KMT for
K525 of eukaryotic elongation factor 2 (eEF2),(69) and CaM-KMT for K115 of calmodulin.
(70) Given that many known Lys methylation sites have not been assigned to specific PKMT
activities, it remains to be determined whether non-SET domain PKMTSs, like SET domain-
containing PKMTSs, can act on diverse substrates.
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4.4. Sequence motifs and binding modules of PKMT substrates.

While some PKMTS recognize substrates promiscuously and others are more specific, there
are no general rules to define unambiguously PKMT substrates through their primary
sequences. For instance, SET7/9 was shown to methylate histone H3, p53 and TAF10 by
recognizing a common peptide motif [R/K][S/T]K (K as the modification site).(106, 120)
After further structural and biochemical characterization of the enzyme-substrate complex,
the consensus sequence of potential SET7/9 substrates was extended to [R/K][S/T/
AJK[DNQK].(121) Upon searching SET7/9 targets with the sequence lead, several new
substrates including TAF7 and E2F1 were then identified.(106, 122) Nevertheless, the
consensus sequence of SET7/9 substrates was then expanded more systematically with
arrayed peptides as substrate candidates and led to identification of 91 potential substrates.
(123) However, no consensus sequence was defined for many newly-identified SET7/9
substrates including STAT3,(124) androgen receptor,(125, 126) Yap,(127) SIRT1,(128)
FOX03,(129, 130) DNMT1,(121) Rb(131) and NF-kappa B.(132) A similar situation was
also encountered upon identifying substrates of G9a and GLP1, which were first
characterized to methylate histone H3 and DNMT3A through a consensus sequence TARK
(K as the modification site).(133-135) The structural characterization of GLP1-substrate
complexes revealed that Asp1135 and Asp1145 of GLP1 directly interact with R at the -1
position and T at the —3 position through salt bridges and hydrogen bonds, respectively.
(135) However, this consensus sequence cannot be found in newly-identified G9a/GLP1
substrates such as p53,(136) C/EBP-,(137) Reptin,(138) and MyoD.(139) More
importantly, recently advanced technologies allowed revealing hundreds of substrates of G9a
and GLP1,(99, 140-144) which do not share well-defined consensus sequences. Similarly,
no consensus sequence can be defined upon examining SETD8 substrates histone H4
(RHRK),(107) PCNA (GHIK)(145) and Numb (LERK);(146) EZH2 substrates histone H3
(AARKS),(147) RORa (SARKS)(148) and STAT3 (KTLKS).(124, 149, 150) Notably,
citrullination of H3R26 in H3 (AARKS) suppresses the EZH2-mediated methylation of
H3K27 (AARKS) by 30,000 fold. This result suggests that the presence of a citrulline
residue rather than the absence of an arginine residue at the “-1” position diminishes the
reactivity of H3K27 as EZH2’s substrates.(151)

Accumulated evidence strongly argues that many SET domain-containing PKMTs such as
SET7/9,(152) G9a,(153) GLP1,(99, 140-143) SETD8(146, 154) and EZH2(124, 149, 150)
can bind multiple substrates in a promiscuous manner. A possible working model is that
their substrate-binding pockets are structurally flexible and thus can adopt multiple
configurations to accommodate different substrates. An alternative but nonexclusive
explanation for substrate promiscuity is that a binding pocket recognizes many substrates
mainly through their backbones rather than side chains. In addition, structurally flexible
substrates may also adopt multiple conformations for optimal binding by PKMTs.
Computational modeling showed that SMYD3 can engage in substrate interactions through
multiple conformations of substrate peptides.(155, 156) On the basis of this model, a few
proteins were identified as novel substrates of SMYD3.(155, 156) While these hypotheses
could be readily tested by examining 3-D structures of the corresponding PKMT-substrate
complexes, the so-far solved structures of PKMT-substrate complexes do not cover a broad
scope of PKMT substrates. As indirect evidence, CARM1, an arginine protein
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methyltransferase with a structural topology similar to that of DOTLL, recognizes its
substrates mainly through amide backbones and with minimal interactions with the side
chains of these substrates.(157) In contrast to SET domain-containing PKMTSs, no 3-D
structure of an enzyme-substrate complex has been solved for non-SET domain PKMTs.
Many of non-SET domain PKMTs (e.g., DOT1L)(54, 118, 158, 159) recognize full-length
proteins rather than truncated peptides as active substrates.

4.5. Lysine binding pockets of PKMTs.

Although it is difficult to predict consensus sequences and binding modes for PKMTSs to
recognize their substrates, SET domain-containing PKMTs do follow some general rules to
position the side chains of their substrates (Lys, Kmel and Kme2) into catalytic sites. All
SET domain-containing PKMTs bind the side chains of Lys, Kmel and Kme2 through a
hydrophobic channel mainly consisting of aromatic amino acids (Tyr, Phe and occasionally
Trp).(71) These structural motifs are expected to achieve maximal engagement with lysine,
Kmel and Kme2 through both desolvation of their C4 hydrocarbon (hydrophobic effect) and
cation-t interactions through their positively charged e-amine moieties. The hydroxyl
residue of a highly-conserved Tyr (e.g., Y1154 in G9a, see Figure 12), which is located at
the interface of the SAM cofactor and the e-amine substrate, also forms a strong hydrogen
bond with the e-amine nitrogen. Such an interaction locks this e-amine moiety and positions
its lone-pair electrons in a ready configuration for subsequent methylation. Lysine-binding
pockets of SET domain-containing PKMTSs are thus well tuned to engage substrates for
catalysis. It has also been noted that certain PKMTs such as SUV420H1/2(160) and EZH2
Y641F/N/S/H/C mutants(161-165) prefer pre-methylated lysine residues as substrates.
Given that no similar aromatic-rich pocket can be mapped for Class-I PKMTSs such as
DOT1L, METTL10, METTL20, METTL21A, METTL21B, METTL21C, METTL21D
(VCP-KMT), METTL22, eEF1A-KMT1, eEF2-KMT, and CaM-KMT, these PKMTs likely
adopt different strategies to engage their substrates for catalysis.

Lysine deprotonation in PKMT-catalyzed methylation reaction.

Besides efficient engagement of substrates, catalytic sites of SET domain-containing
PKMTs are also elegantly structured to remove one proton from Lys, Kmel and Kme2
substrates and thus activate them for subsequent methylation. With SET7/9 as an example, a
rudimentary mechanism of substrate deprotonation was speculated to involve SET7/9’s
Y335 as a general base.(166) However, this mechanism was soon ruled out because of the
comparable pK; between the phenolic hydroxyl group of Tyr (pKa = 10.5) and the e-amines
of Lys, Kmel and Kme2 (pK; = 10.2 ~ 10.7) (Figure 2). Cation-mt interactions between the
e-amine of Lys (free or Kmel/2) and nearby aromatic residues in lysine-binding pockets
further increases the pKa of Lys, Kmel and Kme2 to favor their protonated states. The
phenoalic hydroxyl group with pKa around 10 is thus not sufficient to remove the proton
from the e-amine group at physiological pH of 7.4. Despite the lack of a general base at the
catalytic site of SET7/9 (other SET-domain PKMTSs as well), computational modeling
revealed that deprotonation of the Lys e-amine can occur through transient formation of
dynamic water channels around SET7/9’s catalytic site.(167) Molecular dynamics
simulations and quantum mechanical/molecular mechanics (QM/MM) calculations further
suggest that the SAM binding by SET7/9 at its catalytic site induces electronic repulsion
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between the positive sulfonium moiety of the SAM cofactor and the protonated e-amine of
Lys, and thus further decreases the pK; of the latter to 8.2.(167) The formation of the
dynamic water channels and the proximity between SAM’s sulfonium and the substrate
lysine were proposed to be essential for efficient catalytic turnover of SET7/9.
Computational modeling also showed that similar deprotonation activation also occurs for
SETD8 to methylate its H4K20 substrate,(168) likely for other SET domain-containing
PKMTs in general. It remains to be investigated whether the formation of dynamic water
channels is also required for non-SET-domain PKMTSs to catalyze their methylation
reactions, given similar lack of a general base for lysine deprotonation at catalytic sites.

4.7. Transition state stabilization of SET domain-containing PKMTs.

Stepwise progression of protein lysine methylation is accompanied by changes of bond
order and vibrational modes of the sulfonium methyl moiety of the SAM cofactor and the e-
amine moiety of the substrate Lys.(98) Multiple computational and experimental methods
have been implemented to elucidate molecular features of the transition states of PKMT-
catalyzed methylation reactions.(98, 111, 167-175) The structures of the transition states of
PKMT-catalyzed methylation can be probed experimentally with kinetic isotope effects
(KIESs) in combination with computational modeling.(98, 111) Computational modeling can
afford an unbiased set of candidate structures of transition states. KIEs (e.g., the methyl
group of SAM and the e-amine of the substrate Lys) of individual PKMTSs are then used as
electrostatic and geometric constraints to define the best matched transition state structure(s)
with atomic resolution. While KIEs are conventionally determined by ratios of steady-state
kinetic parameters (k.5t and Kpy,) with a pair of isotopic substrates, more precise approaches
with a mixed isotopic pair in a competition format are required for PKMT-catalyzed
methylation, for which KIEs are often within a range of a few percent from unity.(98, 111,
176) Among successful approaches to determine precisely KIEs of PKMT-catalyzed
methylation are remote radioactive labeling and isotope ratio mass spectrometry (MS).(98,
111)

For NSD2-catalyzed H3K36 methylation, the Schramm laboratory relied on the remote
radioactive labeling method to determine intrinsic [14CH3]-SAM, [36S]-SAM, [CT3]-SAM
and [CD3]-SAM KIEs (Figure 13).(111) A large primary [1*CHs] KIE of 1.113 and a nearly
extreme [36S] KIE of 1.018 are characteristic for a Sy2 transition state with the methyl
transfer reaction as a rate-limiting step.(111) [CT3]-SAM and [CD3]-SAM of NSD2-
catalyzed H3K36 methylation show inverse KIEs of 0.77 and 0.83, respectively (Figure 13).
To measure KIEs of SETD8-catalyzed H4K20 methylation, we developed a set of
mathematic algorithm, in combination with matrix-assisted laser desorption ionization time-
of-flight (MALDI-TOF) mass spectrometry (MS), to determine isotopic ratios of
monomethylated H4K20.(98) SETD8 showed a characteristic primary intrinsic [13CHs]-
SAM KIE of 1.04 for a SN2 transition state and an inverse intrinsic a-secondary [CD3]-
SAM KIE of 0.90 (Figure 13).(98) Here the different KIEs between SETD8 and NSD2
argue two distinct transition states with certain commonly shared Sy2 characters.(98) Using
these KIEs as experimental constraints, in combination with computational modeling, NSD2
was revealed to adopt a late, asymmetric Sy2 transition state with its N-C distance of 2.10 A
and S-C distance of 2.53 A (Figure 13).(111) In comparison, the transition state of SETD8
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was characterized with an early, asymmetric Sy2 character with its N-C distance of 2.38 A
and S-C distance of 2.05 A (Figure 13).(98)

Besides the transition state structures of NSD2 and SETD8 solved with KIEs as
experimental constraints, unconstrained computational modeling also revealed the transition
state structures of several SET domain-containing PKMTs including SETD8 and SET7/9
(Figure 14).(167-175) The computationally modeled transition state structure of SETDS8 is
consistent with an early, asymmetric Sy2 transition state with the KIEs as experimental
constraints.(168) Interestingly, the modeled transition state structures of SET7/9 are
substrate-dependent with symmetric Sn2 characters for histone 3 lysine 4 peptide substrate
(comparable N-C and S-C distances of 2.2~2.4 A) and with late, asymmetric Sy2 characters
for p53 lysine 372 peptide substrate (Figure 14).(167, 170) Remarkably, all of the known
transition state structures of PKMTSs feature a relatively fixed distance of 4.4~4.6 A between
the nitrogen nucleophile and the sulfonium leaving group but differ in the position of the
transferred methyl group (Figure 14).

Computational modeling further revealed that the reaction path of SET7/9-catalyzed lysine
methylation toward its transition state features less degree of electrostatic change in
comparison with that of a solution-phase Sn2 methylation reaction.(171, 173) SET7/9’s
methylation reaction is accelerated by pre-organization of an electrostatic environment at its
catalytic site.(171, 173) Several pieces of nonexclusive evidence support the preorganized
electrostatic environment in SET7/9 and likely many other SET domain-containing PKMTs
for enzyme catalysis. SET7/9 binds SAM in the ground state partially through leveraging
three essential non-canonical CHee+O hydrogen-bonding interactions of SAM’s methyl
group with the two amide oxygens of H293 and G264 and the phenolic oxygen of Tyr336
(Figure 9).(113-116) On the path toward the transition state, these CHee*O hydrogen-
bonding interactions are expected to be maintained and thus construct an electrostatic pore
to confine the motion of the sulfonium methyl at a catalytically ready conformation. In the
course of examining methylation reactions catalyzed by catechol-O-methyltransferase,
glycine-N-methyltransferase and their mutants, the Klinman group obtained inverse 2°
kinetic isotope effects (KIEs) of [CT3]-SAM and found that the magnitude of these inverse
KIEs positively correlates with their catalytic efficiency.(177, 178) The origin of these
inverse KIEs was attributed to the compaction of active site residues toward SAM’s methyl
group at the transition states.(179) The compaction model proposed for catechol-O-
methyltransferase and glycine-N-methyltransferase can be also applied to rationalizing how
SET7/9 and other PKMTSs pre-organize their electrostatic environment to align SAM’s
methyl group along the nearly linear trajector of a Sy2 transition state for enzyme catalysis.
This rationale is consistent with the inverse a-secondary [CD3]/[CT3]-SAM KIEs of 0.77
and 0.83 for NSD2 and 0.90 for SETD8 (Figure 13), whose magnitude is too large to be
rationalized solely by noncanonical carbon-oxygen (CHee+O) hydrogen-binding interactions
of SAM’s methyl group upon binding PKMTSs.(98, 111) Whereas the large inverse KIEs can
be readily attributed to the axial compression of the N-S distance along the linear trajectory
of the transition state, computational modeling suggests that other modes such as equatorial
compression can also lead to comparable KIEs.(179) It is likely that the equatorial
compression through non-canonical CHee«O hydrogen-bonding interactions and the N-S
axial compression act together for assembling transition states of diverse PKMTs.(98, 179)
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4.8. Product specificity of PKMTs.

A lysine side chain of PKMT substrates can be subjected to methylation for up to three
times to generate mono-, di- and tri-methylated products (Kme1/2/3), respectively. This
product specificity is controlled by multiple factors including the topology of catalytic sites
of PKMTs, amino acid sequences and prior methylation states of substrates, as well as their
biological contexts such as the presence of coactivators. The molecular mechanism
underlying the product specificity can be summarized by the following general principle: a
methylation reaction can only occur if PKMTSs can assemble a lysine substrate (Lys, Kmel
and Kme2) and the SAM cofactor into an active transition-state configuration. In the context
of the reaction path discussed above (Figure 7), the whole process of catalysis demands
PKMT to bind the Lys(Kme1/2) substrate and SAM in a manner so that a water channel for
deprotonation can be formed at the catalytic site and thus free the lone pair of electrons of
the e-amine as a nucleophile; the activated e-amine needs to be aligned in proximity with
SAM’s sulfonium methyl group and in a nearly linear trajectory for a Sy2 reaction. This
general principle can then be applied to rationalize the product specificity of many PKMTSs.

It has been well characterized that most SET domain-containing PKMTs can leverage a
Phe/Tyr switch to control product specificity with a smaller Phe residue preferred for higher
methylation states (di, tri) and a bulkier Try residue for lower methylation states (mono, di)
(Figure 15).(180, 181) For instance, human G9a, which has F1152 as the Phe/Tyr switch
site, can di- and tri-methylate histone H3K9, whereas its F1152Y mutant can only
monomethylate this substrate (Figure 15).(182) In contrast, SET7/9 and SETD8, which have
a Tyr residue (SETD8’s Y335 and SET7/9’s Y305) as their Phe/Tyr switch, are in general
characterized as the PKMTSs for monomethylaitoin (Figure 15).(181, 183) Structural
characterization of SET7/9, SETD8 and their Tyr-to-Phe switch mutants indicates that native
SET7/9 and SETD8 rely on the phenolic oxygen of the Try residue to immobilize a water
molecule at their catalytic sites (Figure 15).(181, 183) As further revealed by the structures
of the Y335F mutant of SETD8 and the Y305F mutant of SET7/9, the absence of the
phenolic oxygen will liberate the water molecule and thus spare a cavity to accommodate the
methyl group of methyllysine substrates. This mode of interaction thus allows positing the
lone-pair electrons of methyllysine’s e-amine adjacent to SAM’s methyl moiety for
catalysis. (183)

It is worth noting the exception for the rule of the Phe/Tyr switch. For instance, although
SET7/9 and SETD8 have been classified as the PKMTs harboring monomethylation activity
because of their characteristic Tyr switch, several exceptions have been reported that the two
PKMTs can also carry out dimethylation reactions for certain substrates /n vitro and under
cellular settings. Among the characterized dimethylated products are K2076 of MINT(123)
and K140 of STAT3 for SET7/9(124) and K158 of Numb for SETD8.(146) Although
alternative interpretation of these observations could be that SET7/9 and SETDS8 carried out
monomethylation and other PKMTs added the second methyl group under a cellular setting,
computational modeling indeed suggests that SET7/9 can carry out dimethylation by
releasing the Tyr-bound water molecule via a channel formed by the G292, A295, Y305 and
Y335 residues around the catalytic site of SET7/9.(184)

Chem Rev. Author manuscript; available in PMC 2019 July 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luo

Page 16

Setl/COMPASS complex is the yeast homolog of human MLL and SET1 complexes.(185)
Although yeast Setl, human MLL and human SET1 all contain a Tyr residue (Y1052 for
yeast Setl) at the Phe/Tyr switch site, they can mono, di-, and trimethylate H3K4 in vivo.
(81, 186) With the yeast Setl as a model, Cps40/Ypl138 was shown to be essential for the
activity of H3K4 trimethylation and thus proposed to induce the conformational change of
Y1052 upon interacting with Setl for a higher degree of methylation.(187-189) This
observation thus presents the feasibility to modulate product specificity of SET domain-
containing PKMTSs via their binding partners. Besides modulating the conformation of the
Phe/Tyr switch, other regions of SET domain-containing PKMTSs can also be tailored to alter
product specificity. For instance, the Y641 residue of EZH2, which is located in the opposite
side of the switch residue F724 of EZH2, is often mutated to F/N/S/H/C in human B-cell
lymphomas.(161-165) The Y641F/N/S/H/C mutants elevate the catalytic activity of EZH2
toward trimethylation products likely through expanding its catalytic site to accommodate
bulkier mono/di-methylated histone H3K27 substrates. For non-SET-domain PKMTs, the
full-length DOT1L mainly monomethylates histone H3K79 in the absence of its binding
partner AF10, whereas the presence of AF10 alters the specificity of DOT1L toward the
dimethylated product.(190) Collectively, product specificity of PKMTs can be determined
not only by their primary sequences such as the canonical Phe/Tyr switch but also by the
features of substrates and biological contexts of individual PKMTs.

Potential product inhibition of PKMTSs.

Methylated proteins and S-adenosylhomocysteine (SAH) are products and the byproduct of
PKMT-catalyzed methylation, respectively. While only limited kinetic studies were carried
out to explore potential product inhibition for PKMT-catalyzed methylation, the inhibitory
effect of methylated products was shown to be minimal. An unmethylated substrate and the
methylated product are structurally similar except at the site of lysine modification.
Methylated products at catalytic sites of PKMTs can often be competed readily by substrates
for multiple turnovers.

In contrast, the reaction byproduct SAH shows a broad range of inhibition against PKMTs
(e.g., Ky=23 uM for SET7/9 versus Ky = 0.36 pM for SYMD?2).(28) Here no general rule
can be found to predict Ky values of SAH against even closely-related PKMTs. For PKMTs,
SAM generally shows higher affinity than SAH, likely because of the formation of stronger
See«O chalcogen bonds via SAM’s sulfonium moiety.(117) In mammalian cells, SAH-
mediated byproduct inhibition of PKMTs is less concerned because intracellular SAH can
be efficiently degraded into adenine and homocysteine by SAH hydrolase (SAHH).(191,
192) Indeed, a common practice to increase intracellular concentrations of SAH is to treat
cells with SAHH inhibitors such as adenosine dialdehyde.(193) As an extreme case, the
level of intracellular SAH can be elevated by dysregulating a SAM-SAH-associated
metabolic pathway. For instance, certain cancers (e.g., lung, liver, kidney, bladder and colon
cancers) can upregulate intracellular SAH by rapid consumption of SAM by overexpressing
nicotinamide A-methyltransferase.(194, 195) The resulting elevation of intracellular SAH
and thus inhibition of a panel of PKMTs have been linked to an altered epigenetic state and
cancer malignancy.(195) Recent studies also showed that intracellular concentrations of
SAM are modulated in a context-dependent manner.(1) For instance, depletion of
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methionine (a precursor for SAM’s biosynthesis) via diet restriction can rapidly reduce the
level of intracellular SAM.(196) Meanwhile, the amount of intracellular SAM can be
indirectly affected by signaling enzymes.(1, 196) It is thus interesting to investigate how
SAH-mediated inhibition affects the activities of PKMTs in the context of varied
concentrations of intracellular SAM.

5. Molecular Recognition of Methyllysine-containing Proteins

5.1. Classification of reader domains that recognize protein methyllysine(s).

As protein lysine methylation progresses for mono-, di-, and to tri-methylated products, the
size of lysine side chain gradually increases without altering the overall +1 formal charge on
the e-amine at physiological pH (Figure 2). However, these methylation events can slightly
alter the ability of the target Lys to engage in cation-m interactions (increased dispersion of
+1 charge around neighboring hydrocarbons and decreased desolvation energy penalty upon
binding reader motifs). The progressive lysine methylation also alters the ability to form
hydrogen bonds as a donor and acceptor (Figure 2). The collective difference between Lys,
Kmel, Kme2 and Kme3, though subtle, can be distinguished by the proteins containing
methyllysine reader motifs (Table 2). A wealth of Lys(Kme1/2/3)-specific reader modules
have been discovered over the past decade and can be classified into at least 15 classes
(Table 2): ADD (e.g., a domain in DNMT3L),(197) ankyrin (e.g., domains in G9a and
GLP1),(198) BAH (e.g., a domain in ORC1),(199) chromo barrel (e.g., a domain in MSL3),
(200) chromodomain (e.g., a domain in HP1),(201) double chromodomain (e.g., a domain in
CHD1),(202) HEAT (e.g., a domain in Condensin I1),(203) MBT (e.g., domain in L3MBT1),
(204, 205) PHD (e.g., domains in TAF3, BPTF, ING2 and BHC80),(206-209) PWWP (e.g.,
domains in hMSH6 and NSD2: PDB 2GFU, 5VC8), SAWADEE (e.g., a domain in SHH1),
(210) tandem tudor domain (e.g., a domain in 53BP1),(205) Tudor (e.g., a domain in PHF1),
(211) WD40 (e.g., adomain in EED)(212, 213) and zf-CW (e.g., a domain in ZCWPW1).
(214, 215) It is worth noting that, while the list above contains all methyllysine reader
modules characterized so far, it does not mean that a protein containing such module(s) can
always interact with a methyllysine-containing protein. For instance, ADD (e.g., DNMT3a),
(216) Tudor (e.g., TDRD3, SMN and SPF30)(217-220) and WD40 (e.g., WDR5),(221)
though generally classified as methyllysine readers on the basis of sequence homology, can
also be reader proteins of methylarginine. In addition, cognate targets of many methyllysine-
specific reader modules remain to be uncovered; no homology model can predict
methyllysine-flanking sequences recognized by potential readers. For instance, L3MBTL1
harbors three MBT repeats with each containing a characteristic aromatic pocket (see
discussion later) for potential binding of methyllysine.(204, 222—-224) However, the binding
assays and crystallographic data of native LSMBTL1 and its binding pocket mutants
revealed that only the second MBT repeat involves the interaction with its binding partner
H4K20mel/2.(204, 222, 223) Given that most well-characterized binding partners of
methyllysine reader modules are restricted to histones and that nonhistone substrates of
PKMTs are rapidly emerging, it is of great interest to examine whether methyllysine reader
modules such as the first and third MBT repeats of L3AMBTL1 can recognize nonhistone
targets. It is likely that methyllysine reader modules can recognize cognate histone and
nonhistone peptides containing similar but not identical methyllysine sequence motifs.
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5.2. Mechanisms for reader modules to recognize methyllysine(s).

Selective recognition of Lys(Kmel1/2/3) by their matched reader modules is essential for
downstream functions of protein lysine methylation. Although it remains challenging to
predict binding partners of potential readers solely on the basis of sequence homology, the
accumulated structures of reader domains in complex with their methyllysine ligands have
shed light on several general mechanistic rules underlying such recognition. One common
trait for most methyllysine-specific readers is to recognize methyllysine(s) through a
hydrophobic pocket containing aromatic residues (e.g., Phe, Tyr and Trp). Given that Lys,
Kmel, Kme2 and Kme3 all carry the overall +1 formal charge at physiological pH, the
aromatic pocket serves as a preferred docking site for cation-m interactions. For an optimal
cation- interaction, an ammonium cation (Lys, Kmel, Kme2 and Kme3) is expected to be
poised perpendicular to an aromatic ring within its van der Waals contact.(44, 45) In contrast
ot the cation-r interaction, the hydrophobic effect of the aromatic pocket only plays a
secondary role in recognizing methyllysine.(225) It has been estimated that a favorable
cation-t interaction between an ammonium ion and an aromatic ring can gain 2.6 kcal/mol
net binding free energy.(44) This value is even higher than that gained via the formation of
an ammonium-carboxylate salt bridge, because of higher desolvation penalty for the
coulomb interaction, or via a modest hydrogen bond.(44)

While free energy gained through cation-rt interactions is the main driver in binding
methyllysine targets, the structures of these reader modules have also been tuned to
discriminate distinct states of lysine methylation by exploiting subtle differences of the
biophysical properties of Lys, Kmel, Kme2 and Kme3. As a general rule with few
exceptions, the reader domains that prefer Kme3 over Lys, Kmel, Kme2 often have their
binding pockets purely consisting of aromatic residues.(30, 31, 215) The size and geometry
of these aromatic pockets are well suited to maximize cation-m interactions with partially
charged &6-methylene and three e-N methyl groups. For the reader domains with the
preference of Kme3, replacing any of the three methyl groups with a hydrogen atom causes
the loss of the corresponding cation-r and van der Waals interactions. Such a loss is
gradually magnified when the second and third methyl groups are removed. Among the
known examples (Figure 16) are the interactions of the PHD finger domain of BPTF with
H3K4me3 (PDB: 2F6J);(207) the chromodomain of Polycomb and the WD40 domain of
EED with H3K27me3 (PDB: 1PFB; 311W);(212, 213) the Tudor domain of PHF and the
PWWP domain of ZMYND11 with H3K36me3 (PDB: 4HCZ; 4N4H);(211, 226) the tandem
chromodomains of human CHD1 (PDB: 2B2W).(202) One exception is ATRX’s ADD
motif, whose methyllysine-recognizing pocket consists of only one aromatic residue and
otherwise polar residues (PDB: 3QLA) (Figure 16).(227) The ATRX ADD domain slightly
prefers H3K9me3 over H3K9me2/1 through forming nonconventional carbon-oxygen
(CHee+0) hydrogen-bonding interactions between the pocket residues Y203, Q219 and
A224 and the e-N methyl groups (Figure 16).(227)

Unlike Kme3, Kme2 can form a hydrogen bond or salt bridge with an acidic residue such as
Glu and Asp. This difference is often exploited by reader modules that prefer Kme2 over
Kme3. The Kme2-binding pockets of these reader domains are mainly composed of
aromatic amino acids in combination with an acidic amino acid such as Glu or Asp (Figure
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17).(198, 199, 204, 205) The aromatic residues engage in cation-r interactions through the
partially charged 6-methylene and two e-N methyl groups of Kme2, while Glu or Asp forms
a salt bridge or hydrogen bond with the tertiary amine of Kme2 (Figure 17). Among these
examples are the interactions of the BAH domain of ORC1, the second MBT domain of
L3MBTL1, the tandem Tudor domain of 53BP1 with H4K20me2 (E93, D355, D1521 in
PDB 4DOW, 2PQW and 3LGF, respectively),(199, 204, 205, 224) and the ankyrin repeat of
GLP1 with H3K9me2 (E851 in PDB 3B95) (Figure 17).(198) Here it is worth noting that
the different modes of interaction between Kme2 and Kme3 often cause only a modest
difference in K (within 10-fold), likely because the loss of a salt bridge or hydrogen bond
for Kme3 can be compensated by hydrophobic and cation-m interactions of the extra e-
amine methyl group in Kme3. Similarly, the slight selectivity of the reader modules for
Kme2 over Kmel largely arises from the former’s ability to engage in cation-r and
hydrophobic interactions with aromatic residues. The complimentary contributions of
cation-rt and hydrophaobic interactions and the formation of a salt bridge or hydrogen bond
may rationalize the promiscuous recognition of H3K4me3/2/1 by the double chromodomain
of CHD1,(202) the PHD finger domain of Pygo-HD1-BCL9 complex (PDB 2B2W; 2VVPE);
(202) H3K4me2/3 by the tandem tudor domain of SGF29 (PDB 3MEA);(228)
H3K9me3/2/1 by the PHD-tandem Tudor domain of UHRF1 (PDB 3ASK);(229)
H3K9me3/2 by the chromodomain of HP1 (PDB 1KNE);(201) and likely H3K36me3/2 by
the PWWP domain of BRPF1 (PDB 2X4W) (Figure 18).(230) One exception is the
recognition mode of H3K9me2 by the SAWADEE domain of SHH1 (PDB 41UT), for which
no obvious polar interaction can be identified within its methyllysine-binding pocket (Figure
18).(210)

To solely recognize lower methylation states such as free Lys and Kmel, reader modules
engage in more salt bridges and hydrogen bonds rather than cation-m interactions. For
instance, the ADD domain of DNMT3L recognizes unmodified H3K4 through two salt
bridges and one hydrogen bond between its Glu88/Glu90/Asn93 residues and the e-amine of
H3K4 (PDB 2PVC) (Figure 19).(197) Given the limited space of this polar pocket, adding
one methyl group onto the free Lys was shown to significantly decrease the affinity to the
ADD domain and adding two or three methyl groups is expected to completely abolish this
interaction. As another example, the PHD finger domain of BHC80 recognizes unmodified
H3K4 by forming a salt bridge with D489, and hydrogen bonds with the backbone carbonyl
group of E488 and one water molecule (PDB 2PUY) (Figure 19).(209) The small polar
pocket likely can only accommodate one extra methyl group (Kmel). Interestingly, the
chromo barrel domain of MSL3 was uncovered as a methyllysine reader module to
recognize H4K20me through an aromatic-rich pocket (PDB 30A6) (Figure 19), whose
spatial arrangement is similar to those of the reader domains of Kme3.(200) It remains to be
determined how the chromo barrel of MSL3 distinguishes H4K20me from H4K20me2/3.

5.3. Strategies to amplify affinity and selectivity of individual methyllysine reader

While many methyllysine reader domains have been documented to recognize methyllysine
flanked by specific neighboring residues, the affinity and selectivity of a single reader
domain for its target is often modest. The majority of methyllysine reader domains interact
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with methyllysine peptides with dissociation constants (Kjy) in a range of high nanomolar to
low micromolar affinity.(30, 31, 215, 231) Additionally, many of these domains can only
modestly distinguish the targets that differ by one methyl group (e.g., Kme3 versus Kme2).
For instance, the PHD finger of human BPTF (Figure 20), the largest subunit of the ATP-
dependent chromatin-remodelling complex NURF (nucleosome remodelling factor), bind
H3K4me2/3 peptides with comparable Ky values of 5.0 uM and 2.7 uM (a difference of 0.4
kcal/mol of binding free energy).(207) The extremely modest gain (~2-fold) of the affinity
from H3K4me2 to H3K4me3 likely arises from the additional cation-rt interaction of Kme3
with aromatic residue(s) (Tyr10, Tyr17, Tyr23 and Trp32) in the methyllysine binding
pocket of BPTF (Figure 16).

Given limited affinity and selectivity of a single methyllysine reader module for its target,
one can envision that there are additional mechanisms to enhance recognition and binding to
these Lys marks in biological settings. One of these mechanisms is to increase local
concentrations of methyllysine proteins above threshold Ky values. If methyllysine targets
can be clustered to reach an extremely high local concentration (>10-fold above Kj), it is
likely that such an effect will facilitate recruitment of methyllysine readers. For instance,
HP1 (heterochromatin-associated protein, a small protein containing around 200 amino
acids) harbors a chromodomain to recognize H3K9me2/3 with modest Ky values of 2.5~7
UM (Figure 18).(201) In a cellular context, the efficient recruitment of HP1 to specific
chromatin loci is partially benefited from high local concentrations of H3Kme3 (Figure 21).
(232)

An alternative way to enhance target recognition of methyllysine reader proteins is to cluster
multiple cognate reader modules for a specific methyllysine motif within a single protein or
protein complex (Figure 21). This microenvironment is also expected to lower apparent Ky
values for target binding. Among many examples are the ankryin repeats of G9a and GLP1,
which recognize H3K9me1/2.(198) G9a and GLP1 have been shown to form a heteromeric
complex and depend on each other to execute their full functions.(198) Both of the proteins
harbor an ankryin repeat with the Ky values of 14 uM and 5 pM for H3K9me, and 6 uM and
7 UM for H3K9me2, respectively.(198) The local-concentration effect can be further
enforced by multiple-module reader proteins (or protein complexes) in combination with
regionally clustered cognate methyllysine proteins (a multivalent binding mode) (Figure 21).
(233) It appears that ZMET?2 and likely its homologs leverage such a mode to recognize
H3K9me2 marks and then deposit DNA methylation.(234) ZMET2 contains BAH and
chromo domains (PDB 4FT2), both of which interact with H3K9me2 (Figure 22).(234) The
proposed model of H3K9me2-directed DNA methylation is that ZMET2 recognizes
H3K9me2-containing nucleosomes through simultaneous binding of two H3K9me2-
containing tails with the BAH domain and chromo domain (Figure 22).(234) This
multivalent interaction then positions the DNA methyltransferase domain of ZMET2 for
subsequent methylation of nearby nucleosome DNA.

The multivalent binding mode can also rationalize enhanced affinity and selectivity of a
multiple-module reader protein (or protein complex) against a methyllysine in the context of
other matched binding motifs (Figure 21). In an ideal setting, the apparent Ky value of a
multiple-module reader protein in a prefect complex with its binding partners is expected to
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be the product of the individual Kj values.(235) The selectivity and affinity of a multiple-
module reader protein (protein complex) to a specific methyllysine can thus be fulfilled in
the presence of other matched binding partners. One example is the PHD-bromodomain
cassette of BPTF (Figure 20).(207) Here the PHD domain and the bromodomain are
separated by an a-helical linker, and recognize H3K4me3 and acetylated lysine,
respectively. The recognition of H3K4me3 is enhanced in the presence of H4K16 acetylation
(H4K16ac) but not other H4 acetylation marks such as H4K12ac and H3K20ac because of
the preferred distance between H3K4me3 and H4K16ac.(207)

On the other hand, the affinity for a specific methyllysine can also be suppressed in the
presence of an unmatched binding motif (Figure 21). For instance, the PHD finger of ING2
(PDB: 2G6Q) preferentially recognizes H3K4me3 with the K4me3 and the H3R2 separated
by Thr3 (Figure 23).(208) This was shown to form a preferred hydrogen bond between Thr3
and ING2’s K249. In contrast, the same PHD finger disfavors H3K9me3 and H3K27me3,
which contain an Arg (R8/R26) instead of Thr adjacent to Kme3 and likely abolish the T3-
involved hydrogen bond (Figure 23). Collectively, even though individual methyllysine
reader modules may recognize their binding partners with only modest affinity and
specificity, these effects can be significantly amplified via multivalent interactions associated
with a target methyllysine and its adjacent binding motifs (Figure 21). Interestingly, many
PKMTs or their complexes (e.g. NSD1-3 and MLL1-4) contain an array of reader modules
for methyllysine(s), as well as other posttranslational modification marks.(55, 72, 236) Such
an observation strongly argues that the enzymatic activities of PKMTs can be regulated
reciprocally by multivalent interactions of methyllysine reader domains.

6. Erasing Methyl Marks by Protein Lysine Demethylases (KDMSs).

6.1. Overview of human KDMs.

The chemically inert nature of methyllysine allows few options for enzymes to remove a
methyl group from the e-amine of a protein lysine residue. The two so-far well-characterized
mechanisms of enzymatic demethylation of protein methyllysine involve amino-oxidation
and hydroxylation.(33-35) The former is catalyzed by lysine-specific demethylases (LSD).
(237, 238) The human genome encodes 2 LSD enzymes (LSD1 and LSD2), which are
characterized by the presence of an amine oxidase-like (AOL) domain, known for several
metabolic enzymes, and a SWIRM domain, which is characteristic for chromatin-associated
proteins (Figure 24).(237, 238) The hydroxylation reaction of protein methyllysine is carried
out by KDMs bearing characteristic JnjC domains (Figure 25).(239) These JmjC domains
are expected to adopt a double-stranded p-helix topology, as observed for a superfamily of
2-oxoglutarate (2-OG) dioxygenases, with the catalytic sites of KDMs harbored at one end
(see KDM4A as an example, PDF 20Q6, Figure 26).(240) The human genome encodes
around 30 JmjC-domain-containing proteins, > 50% of which have been demonstrated as
active KDMs.(239) Human KDMs are further diverged into 7 subfamilies on the basis of the
sequence homology of their JmjC domains (Figure 25).(239)
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6.2. Catalytic motifs and reaction mechanisms of KDMs.

Although the net reaction of all KDMs is to remove a methyl group from the e-amine of a
protein lysine residue, they belong to two families of oxidoreductases (EC 1 in enzyme
nomenclature) according to their different catalytic mechanisms. LDS1 and LDS2 are
classified as EC 1.5.8 subfamily oxidoreductases with the CH-NH moiety of substrates as an
electron donor and a flavin cofactor as an electron acceptor (Figure 27). The crystal
structures of LDS1 and LSD2 revealed that their catalytic AOL domains fold into two well-
separated, intercalated subdomains with one binding to the FAD cofactor in an extended
conformation and the other binding to a methyllysine substrate on the opposite side (Figure
24).(237, 238) The center at the interface of the two domains harbors a spacious cavity as
the enzyme active site (Figure 24). This binding mode and the conformation of the FAD
cofactor in LDS1 and LSD2 closely resemble those of FAD-dependent oxidases.(241) After
recruiting their substrates, the side chain of methyllysine is poised adjacent to the flavin
moiety of the cofactor (Figure 27).(237, 238) Such proximity together with matched redox
potential promotes oxidation of the e-amine methyl group, coupled with reduction of FAD
into FADH2, to generate the corresponding imine intermediate (Figure 27).(241) The
catalytic cycle is then completed upon hydrolysis of the imine intermediate into
formaldehyde as a byproduct. Dioxygen-mediated oxidation of FADH2 restores FAD with
H,0, as a byproduct (Figure 27). The involvement of the key imine intermediate prevents
LDS1 and LDS2 from oxidizing Kme3 as a substrate because of the incapability of Kme3 to
be oxidized into an imine.(241)

JmjC-domain-containing KDMs, classified as EC 1.13 subfamily oxidoreductases, are
dioxygenases with an e-amine methyl moiety and 2-OG as electron donors. Structural
characterization of the JmjC catalytic core of KDM4A provided the first mechanistic insight
of KDMs (Figure 26, PDB 20Q6).(240) Sequence alignment and structural comparison
revealed that JmjC-domain-containing KDMs resemble cupin metalloenzymes in relation to
their double-stranded p-helix and jellyroll-like topology (Figure 26).(243) KDM-catalyzed
lysine demethylation involves two cofactors, Fe(ll) and 2-oxoglutarate, which are located at
one end of the jellyroll fold (Figure 28). In general, the catalytic Fe is coordinated with two
histidines and one acidic residue (HXX[D/E]---H) via a highly-conserved 2-His-1-
carboxylate facial triad (Figure 28).(239, 244) Other binding sites of the Fe cofactor are
either vacant or occupied by waters in the absence of 2-OG. The 2-OG cofactor chelates the
Fe cofactor through its 2-oxo carboxylate moiety (Figure 28). Interestingly, not all JmjC
KDMs bear the characteristic HXX[D/E]---H motif. One exception is PHF2 (Figure 29),
which was characterized as an H3K9me2 demethylase.(245) This enzyme appears to use a
Tyr (Y321) instead of the conserved His of the facial triad in other KDMs to coordinate with
the Fe cofactor (Figure 29).(245)

While a stepwise mechanism of KDM-catalyze demethylation remains to be elaborated,
dioxygen is anticipated to enter the catalytic cycle of KDMs by occupying a vacant Fe-
coordinate site at the 2-OG-bound stage (Figure 28).(239) Subsequent formation of an
Fe(IV) oxo species is facilitated by the electron transfer from Fe coupled with the oxidation
of 20G into succinate and CO,. In the proximity of the highly reactive Fe(1\VV)=0 species is
positioned the methyl group of a methyllysine substrate so that the Fe(IV)=0 intermediate
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can extract a hydrogen atom from the methyl group to yield Fe(l11)-OH and a N-methylene
radical. The following rebound of the N-methylene radical with Fe(I11)-OH leads to a hemi-
aminal lysine intermediate (Figure 28). Alternatively, the hemi-aminal intermediate can be
the product of Fe(1V)=0-mediated oxygen insertion (Figure 28). Between the two
mechanisms, the oxygen-radical rebound has been favored given a similar observation in a
model system.(242) The catalytic cycle is then completed upon hydrolysis of the hemi-
aminal lysine intermediate to release the byproduct formaldehyde (Figure 28). In
comparison with LDS1/2, which rely on the production of an imine intermediate and thus
can only act on Kme1/2 as substrates,(241) JmjC-domain-containing KDMs catalyze a
direct hydroxylation of methyllysine and thus can act on Kme1/2/3 as substrates. Recently,
an unconventional mechanism was reported for lysyl oxidase-like 2 protein (LOXL2) to
remove H3K4me3 through an oxidative deamination at the 6-carbon of methyllysine (Figure
30).(246) For this deamination reaction, though removing a methyllysine mark, installs a
novel allysine residue rather than restores an intact lysine residue as the final product.

6.3. Substrate specificity of KDMs.

KDMs recognize substrates through their methylation states and the sequences flanking
methyllysine residues. While JmjC-domain-containing KDMSs can remove methyl groups
from Kme1/2/3 and LSD1/2 can only act on Kmel/2 as substrates,(239, 241) it remains to
be determined whether LSD1/2 indeed could not bind Kme3 substrates or can bind them but
fail to promote catalysis. A general observation is that KDMs, harboring demethylase
activities towards the substrates with high degrees of methylation (e.g. Kme3/2), can act on
the cognate methyllysine substrates with lower degrees of methylation (e.g. Kmel1/2). The
structures of KDMs in complex with substrates reveal that these enzymes contain a cavity to
accommodate the methyllysine side chain of substrates (Figure 26,31).(237, 238, 240) The
methyllysine side chain, which is buried deeply near the Fe-(I1) cofactor, engages in few
specific interactions with KDMs (Figure 26).(240) It is thus expected that Kme2-binding
pockets of some KDMs provide certain steric constraints and thus prevent them from
binding Kme3-containing substrates. In contrast, it is ready for KDMs to accommodate the
cognate substrates with lower degrees of methylation.(244) Collectively, at least two factors,
the demethylation mechanism (JmjC enzymes versus LSD1/2) and the spatial restriction of
methyllysine binding pockets, determine whether a KDM can act on Kme3 as a substrate. In
contrast, demethylase activities of most KDMs have been demonstrated with Kme1/2 as
substrates.

Besides a specific methylation state of lysine substrates, sequences flanking a methyllysine
residue also play roles on substrate recognition of KDMs. The structures of KDMs (LSD1/2
and JmjC enzymes) in complex with substrates reveal long-range interactions for substrate
recognition (Figure 31).(237, 238, 240) For instance, the side chains of Arg2, GIn5, Thr6,
Arg8 and Ser10 of histone H3 involve intermolecular or intramolecular interactions for
recognition of LSD1’s substrate (Figure 31).(237) So far, most histone lysine methylation
marks are shown to be substrates of KDMs.(247) Similar to PKMTSs that can act on diverse
nonhistone substrates, KDMs have been shown to demethylate methyllysine in nonhistone
proteins such as E2F1,(122) DNMT1,(248) STAT3,(124) ERa(249) and HSP90a..(250)
Most of these nonhistone targets were characterized as LSD1’s substrates without well-
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defined sequence homology at their demethylation sites (Figure 31). This observation is
remarkable because LSD1 was shown to bind its H3K4me2 substrate in a highly sequence-
specific manner (Figure 31). The paradox between the promiscuous sequences and the
specific recognition of LSD1 substrates can be rationalized by at least two nonexclusive
mechanisms. First, the substrate-recognizing pocket of LSD1 can be flexible and thus adopt
multiple conformations to accommodate different substrates. Second, LSD1’s substrate
specificity is modulated through recruitment of other regulatory partners. For instance, the
SWIRM domain of LSD1 can associate with androgen receptors and this interaction alters
LSD1’s substrate preference from H3K4me2 to H3K9me2.(251) It is also of interest to
explore whether other KDMs like LSD1 act on diverse nonhistone substrates.

Profiling Protein Lysine Methylation

Given that PKMTs can function via methylating diverse histone and nonhistone targets,
many efforts have been made to interrogate global methylation profiles (methylomes) of
individual PKMTs.(21, 27, 141) However, it is not trivial to uncover PKMT-associated
methylomes with conventional methods for at least two reasons. First, distinct from other
lysine posttranslational modifications, protein lysine methylation does not alter the overall
+1 form charge of a lysine side chain (Figure 3). Secondly, adding a small methyl group
does not affect the overall size of a lysine residue (Figure 2). The similar electrostatic and
steric properties between lysine and methyllysine thus make it challenging to recognize
methyllysine-containing proteins in an efficient and selective manner. Such situations can be
further complicated if individual PKMTs act in a temporal and context-dependent manner or
a set of PKMTSs show redundant methyltransferase activities. As a result, many biologically
relevant protein lysine methylation events can be invisible in complicated cellular contexts.
To address these challenges, the most commonly used strategy relies on broadly specific
anti-methyllysine antibodies to enrich methylomes.(252—-254) In addition, sequence-
promiscuous methyllysine reader domains can be used as an antibody equivalent to enrich
methylomes.(140, 142, 255) Recent efforts in the Luo laboratory as well as others also allow
the development of SAM analog cofactors for chemical labeling of methylomes for target
enrichment and identification.(21, 27)

Uncovering lysine methylomes through chemical labeling.

PKMT-catalyzed protein lysine methylation is characterized by the transfer of SAM’s
sulfonium methyl group to protein lysine substrates through a Sy2 transition state.(98)
Given the challenge to profile proteome-wide lysine methylation events, an attractive
alternative is to uncover lysine methylomes through chemical labeling.(21) In this approach,
the sulfonium methyl group of the SAM cofactor can be replaced with its isotopic or
chemical isosteres (e.g., CD3, 13CD3, CT3, 14CHj, allyl and propargyl), which are
transferred by native or engineered PKMTS to their substrates.(141, 256-260) The distinct
properties of these methyl isosteres then allow more robust signal readouts or target
enrichment.
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7.2. Enzymatic labeling lysine methylomes with isotopic SAM cofactor.

For chemical labeling of a methylome with isotopic isosteres of the SAM cofactor (heavy
methyl labeling), $-[methyl-13C/2H]-SAM and radioactive S-[methyl-14C/3H]-SAM have
been broadly used.(257, 258) Because of SAM’s poor membrane permeability, the direct use
of the isotopic SAM cofactors is largely restricted for its use in /n vitro settings such as cell
lysates.(21) SAM is synthesized within living cells by highly-conserved methionine
adenosyltransferases (MATSs) with endogenous ATP and methionine as co-substrates (Figure
32).(19, 21) To label PKMT targets inside living cells with isotopically labeled SAM
cofactors, S-[methyl-2H/3H/L3C/14C]-methionine can be used as the precursors for the MAT-
catalyzed biosynthesis (Figure 32). The isotopically labeled methionine can be readily
internalized by living cells, likely through amino acid transporter(s), and processed into the
corresponding SAM cofactors by MATs for target labeling (Figure 32).(257, 258) In this
labeling process, protein translation inhibitors such as cycloheximide are added to prevent
direct incorporation of the isotopic methionine into protein through RNA translation
machinery.(258)

For S-[methyl-2H/13C]-SAM, which contain stable isotopes, [CH3]/[methyl-2H/13C]-SAM
are often used in a combination (Figure 32). The resultant [CH3]/[methyl-2H/13C]-labeled
PKMT targets can then be characterized unambiguously upon detecting the pair of [CH3]/
[methyl-2H/13C]-labeled products or in a more quantitaive manner by analyzing their
isotopic ratios with MS (Figure 32).(257) Ong and Mann pioneered chemical labeling of a
methylome with S-[13CD3]-methionine as the biosynthetic precursor of S-[13CD3]-SAM and
uncovered around 100 methylation events from the proteome of HeLa cells. The existence of
a pair of mass shifts of 14 Da for [CH3]-labeling and 18 Da for [13CDj3]-labeling is
characteristic upon revealing bona fide methylation events (Figure 32).(257) With the aid of
a recently developed mathematic algorithm, the isotopic ratios can be determined precisely
by MS with statistical errors within only a few percent.(98)

For chemical labeling of a methylome with S-[methyl-3H/14C]-SAM, these radioactive
cofactors are often used as tracers in a mixture containing a large amount of unlabeled SAM
as a cold carrier.(258) The limited use of radioactive materials can be due to the presence of
unlabeled cognates in available radioactive materials (e.g., for a high percentage of 12C-
SAM in 14C-containing SAM), cost of excessive radioactive materials and potential
environmental contamination. Therefore, using S-[methyl-3H/24C]-SAM as PKMT cofactors
is often restricted in well-defined /n vitro settings because of their poor membrane
permeability.(27) In contrast, S-[methyl-3H/14C]-methionine can be readily uptaken by cells
and processed by endogenous MATSs into S-[methyl-3H/14C]-SAM for target labeling inside
living cells. The resultant [methyl-3H/14C]-labeled targets can be probed by autoradiography
for characteristic radio emission. Detection thresholds and signal-to-noise ratios of S
[methyl-3H/14C]-SAM-labeled targets can be further improved in combination with
advanced sample enrichment strategies as discussed later.(141)

Recent work on KIEs of PKMTs with [CD3]-SAM cofactors and [CT3]-SAM further
revealed that [CD3]-SAM and [CT3]-SAM are more reactive than SAM on the basis of their
inverse KIEs and 20~30% larger A.qt/ Ki, Values in comparison with [CH3]-SAM.(98, 111)
This difference can originate from the increased steric impingement of vibrational modes of
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the methyl group of the SAM cofactor at the transition state in comparison with those in the
ground state (Figures 9, 10). Such an effect allows heavy SAM cofactors such as [CD3]-
SAM and [CT3]-SAM to react faster than native SAM. In contrast, [14CH3]-SAM is slightly
less reactive than SAM as reflected by its normal KIEs and 3~5% smaller Ao/ Kiyy values.
(98, 111) This rate decrease is due to the loss of the overall bond order of the transferred
methyl group at the transition state. Given low radiospecificity of 14C, [CT3]-SAM is
preferred over [“CH3]-SAM as a cofactor surrogate for target labeling.

7.3. Further chemical derivatization of lysine methylomes for MS analysis.

Besides enzymatic labeling of methylomes with isotopic SAM cofactors, proteome-wide
Kmel/2 sites as well as unmodified Lys can be subjected to further chemical derivatization
(Figure 33).(256, 261-263) For instance, Lys and Kmel can be modified by anhydrides
(e.g., propionic anhydride) to generate the corresponding acylated products (Figure 33).(256,
261) Free Lys and Kme1/2 can be modified by formaldehyde followed by NaBH4-mediated
reduction to yield the corresponding Kme3 products (Figure 33).(263) These chemical
modifications make the processed protein samples more homogenous for trypsin digestion
and MS analysis. In the process of methylome profiling, methyllysine-containing proteins
are often subjected to proteolytic digestion by trypsin alone or in combination with other
proteases followed by MS analysis.(263) While trypsin primarily cleaves the amide bonds
after basic amino acid residues such as Lys and Arg, my laboratory noted that there is
residual activity of trypsin to cleave the amide bonds after a Kmel site. In contrast, the
amide bonds of acylated Lys and Kme1/2 are inert for trypsin cleavage (an observation in
the Luo laboratory). As a result, the pattern of MS-revealed peptide sequences after trypsin
digestion can alter according to the sites and degrees (Lys, Kmel, Kme2 and Kme3) of
protein lysine methylation. This chemical derivatization step essentially spares all Lys sites
from trypsin digestion (Figure 33) and thus allow a homogenous, ArgC-like proteolytic
digestion pattern regardless of the prior status of Lys methylation. For the formaldehyde-
involving reductive amination, isotopically labeled formaldehyde can be used to further
distinguish the methylation events associated with chemical derivatization from those
catalyzed by PKMTs.(263) In addition, the processed peptides have Kme3 at all Lys sites.
The prior states of lysine methylation thus have no effect on their ionization efficiency for
quantitive MS analysis. Collectively, the distinct chemical properties and thus selective
derivatization of Lys, Kmel, Kme2 and Kme3 allow the production of more homogenous
lysine methylome samples for trypsin digestion and MS quantification (Figure 33).

7.4. Chemical labeling by native PKMTs with clickable SAM analog cofactors.

Given the merit of terminal-alkyne/azide-containing moieties for copper-catalyzed
cyclization addition (click reaction), terminal-alkyne/azide-containing (clickable), activity-
based probes have been developed to examine protein posttranslational modifications.(27)
While the utility of clickable SAM analogs was documented for methyltransferases in 2006,
it was until 2010 that there was the first report of an active clickable SAM analog to label
PKMT targets (Figure 34).(27) The Weinhold group first showed that (£)-pent-2-en-4-ynyl
SAM analog (EnYn-SAM) has the detectable activity as a SAM surrogate toward a fungal
PKMT (Dim-5) and two human PKMTs (MLL1 and MLL4).(264) Here EnYn-SAM
features SAM’s sulfonium methyl group replaced by a sterically bulky, clickable (£)-pent-2-

Chem Rev. Author manuscript; available in PMC 2019 July 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luo Page 27

en-4-ynyl moiety (Figure 34). To explore general applicability of sulfonium-alkyl SAM
analogs as cofactors of wild-type PKMTSs, the Luo laboratory evaluated five SAM analogs
(allyl-SAM, propargyl-SAM, EnYn-SAM, (£)-hex-2-en-5-ynyl-SAM (Hey-SAM) and 4-
propargyloxy-but-2-enyl-SAM (Pob-SAM) (Figure 34) against a panel of human PKMTs.
(191) Among the examined 5x5 pairs of PKMTs and SAM analogs, only native SUV39H2,
G9a and GLP1 are active towards allyl-SAM. In contrast, the bulky SAM analogs such as
EnYn-SAM, Hey-SAM and Pob-SAM showed undetectable activities as cofactors of the 5
examined native PKMTSs.

The lack of activity of propargyl-SAM particularly caught our attention given that the
overall structure of this SAM analog is comparable to that of allyl-SAM, which is an active
cofactor for several PKMTs.(21, 27, 143, 191, 259, 265) Propargyl-SAM was envisioned as
the smallest SAM surrogate containing a clickable moiety for the transfer reaction and
subsequent target characterization with the well-established alkyne-azide click chemistry
(Figure 34).(259) Unfortunately, progargyl-SAM, though was characterized to be stable at
an acidic pH, is unstable at physiological pH with a half-life time shorter than 1 min, a time
scale that is too short to label PKMT targets in an efficient manner.(259) At physiological
pH, progargyl-SAM can be subjected to deprotonation at the double-activated alkyne-
sulfonium carbon and decompose into keto-SAM via a putative allene intermediate (Figure
34).(259) Our laboratory as well as the Weinhold laboratory independently overcome the
stability issue by replacing the sulfonium with selenium to lower the acidicity at the double-
activated carbon center (Figure 34).(266) The resultant ProSeAM (propargylic Se-adenosyl-
L-selenomethionine) has a half-life time of 1-2 hours at physiological pH with its
decomposition mechanism different from that of propargyl-SAM.(259) Consistent with the
activity profile of allyl-SAM, ProSeAM is active toward human SUV39H2, G9a and GLP1,
which harbor di-/tri-methylation activities (Figure 34).(259, 260) Under a steady-state,
GLP1 processes ProSeAM as a cofactor with A, of 0.375 min~ and Ky, of 45.4 uM, which
are only 5- to 15-fold different from gy of 1.97 min~! and K, of 3.1 uM of the native
cofactor SAM. 247 Although the work of the Weinhold group showed that ProSeAM is also
active toward SET7/9, which was known for its monomethylation activity,(266) the weak
activity of SET7/9 on ProSeAM likely arises from a highly sensitive assay used there.
Collectively, the activity profile of ProSeAM towards PKMTs strongly argues that ProSeAM
is an active SAM surrogate cofactor for the PKMTs (e.g., SUV39H2, G9a and GLP1) whose
enzymatic active sites are spacious enough for di-/tri-methylation.

7.5. Chemical labeling with allele-specific PKMT-cofactor pairs.

Although ProSeAM and EnYn-SAM are active cofactors for native PKMTs and have
demonstrated their use for target characterization through their clickable moieties, the
labeling efficiency of these SAM analogs is modest and their general applicability towards a
broad family of PKMTs remains to be examined.(143, 265) More importantly, it is
challenging to correlate the revealed targets to the activities of specific PKMTs because
ProSeAM and EnYn-SAM are active towards multiple endogenous PKMTs.(259, 260, 264)
It is also challenging to associate an altered lysine methylome of a designated PKMT
activity through specific perturbation, given the potential cascade effect of such perturbation.
To address these challenges as well as low activities of wild-type PKMTSs toward sulfonium-
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alky SAM analogs, we envisioned a Bioorthogonal Profiling Protein Methylation (BPPM)
technology (Figure 35).(27, 99, 143, 265, 267) In BPPM, highly conserved SAM-binding
pockets of PKMTs are engineered to process bulky sulfonium-alky SAM analogs (e.g., Hey-
SAM or Ab-SAM), which are otherwise too steric to be accommodated by wild-type
PKMTs.(99, 143)

Upon searching engineered PKMT-cofactor pairs for BPPM, we first focused on G9a and
GLP1 given their well-characterized /n vitro methyltransferase activities.(99, 143) The
Y1154A mutant of G9a and its equivalent Y1211A mutant of GLP1 but not wild-type G9a
and GLP1 were shown to be active towards Hey-SAM and 4-azidobut-2-enyl SAM (Ab-
SAM). Remarkably, the apparent Acar/ Ki cofactor Values of the two PKMT variants with Hey-
SAM as a cofactor are comparable to those of wild-type G9a and GLP1 with the native
cofactor SAM.(99, 143) Benefited from the clickable terminal-alkyne/azido moieties of
these SAM analog cofactors, the resultant labeled substrates can be readily visualized
through conjugation with fluorescent dyes or enriched with biotin reporters (Figure 36).(268,
269) Since these engineered PKMTSs contain a single-site mutation, which is remote from
their substrate-binding pockets, these mutations are not expected to affect substrate
recognition. This argument is further supported by ready validation of many BPPM-revealed
substrate candidates.(268, 269)

Allyl-SAM, ProSeAM, EnYn-SAM, Hey-SAM, Pob-SAM and Ad-SAM have demonstrated
cofactor activities towards native or engineered PKMTSs.(99, 143) One common structural
feature of these active SAM analog cofactors is that the sp® carbon center is double-activated
by its immediate adjacent sulfonium and sulfonium-p sp2/sp? carbons for a Sy2 transfer
reaction (Figure 34).(99, 143) The sulfonium-p spl/sp? carbons are indispensable for S-alkyl
SAM analogs to be active towards PKMTs (native or engineered), whereas the equivalent &
alkyl SAM analogs lacking the sulfonium-g spl/sp? carbons are typically inert as
methyltransferase cofactor surrogates.(99) A direct rationale for this observation is that the
sulfonium-B spl/sp? carbons conjugate and thus stabilize Sy2 transition states of the PKMT-
catalyzed transalkylation reaction (Figure 37).(99) Consistent with partial S-C bond
breaking at SN2 transition states of PKMTSs revealed by KIEs, the replacement of the
sulfonium in S-alkyl SAM analogs with selenium only slightly accelerates the rates of the
transalkylation reaction of a small set of PKMTs (native or engineered).(260)

Structural analysis on native PKMTs suggests that the highly conserved Tyr residue in SET
domain-containing PKMTSs (e.g., Y1154 of G9a and Y1211 of GLP1) is essential for their
transmethylation reactions.(99) Small but significant inverse BIEs upon binding [CD3]-SAM
and [CT3]-SAM by PKMTs suggest the steric impingement of the surrounding environment
of SAM’s methyl group (Figure 13).(98, 111, 112) The observed inverse BIEs could
partially originate from noncanonical CHee+O hydrogen-bonding interaction.(98, 111, 112)
Such interaction is expected to construct an electrostatic pore to confine the motion of the
sulfonium methyl group to assemble a Sy2 transition state (Figure 7).(98, 111, 112)
Disruption of this interaction with Ala mutation in G9a and GLP1 leads to a 300-fold
decrease of the catalytic efficiency with the SAM cofactor (Figure 37).(99) We envision that
the loss of the noncanonical CHeeO hydrogen-bonding interaction in G9a Y1154 mutant
and GLP1 Y1211 mutant with the native SAM cofactor can be partially compensated by the
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transition-state stabilization through the sulfonium-B sp? carbons of these SAM analogs.
This model is consistent with the 10-fold higher A4 value of the allyl-SAM than that of the
native SAM as the cofactors of G9a Y1154 mutant and GLP1 Y1211 mutant (Figure 37).
(99) Remarkably, double-activated sulfonium-p-alkenyl SAM analogs show comparable
affinity to the Y1211A/Y1154A mutants as reflected by less than 5-fold difference of their
K values (12-80 pM for Y1154 and 8-40 uM for Y1211A), despite the dramatic difference
in the size of their sulfonium-&-substituents. In contrast, the corresponding A4 vValues can
alter by 100-fold (Figure 37).(99) This observation suggests that the two PKMT mutants are
spacious and flexible enough to accommodate structurally diverse S-alkyl SAM analogs.(99)
However, the optimal binding of structurally matched S-alkyl SAM analogs is essential to
correctly position the double-activated sp3 carbon center for a linear S\2 transition state
(Figure 37). Collectively, two essential structural features for allele specific S-alkyl SAM
analog cofactors are (i) sterically matched &-substituents for optimal cofactor binding to
assemble Sy2 transition states; (ii) the sulfonium-B-sp? moiety to lower the energy barrier of
SN2 transition states.

7.6. Bioorthogonal profiling of protein lysine methylation inside living cells.

Similar to the native SAM cofactor, S-alkyl SAM analog cofactors show poor membrane
permeability and thus are not suitable for target labeling in living cells.(21, 270) Inspired by
the success of BPPM in uncovering the methylome of designated PKMTs with cell lysates,
we advanced the BPPM technology for living cells (Figure 38).(21, 270) The key step of
implementing BPPM inside living cells is to hijack the biosynthetic pathway of SAM with
engineered MATSs and membrane-permeable S-alkyl methionine analogs for /n situ
production of the corresponding S-alkyl SAM analogs. The three-step BPPM within living
cells consist of the biosynthesis of SAM analogs from methionine analog precursors by
MAT2A 1117A mutant, /n situtarget labeling by engineered PKMTSs, and subsequent
enrichment of the distinct modified targets via the click chemistry (Figure 38).(21, 270)
Human MAT2A 1117A variant was shown to be the so-far most efficient enzyme to process
bulky S-alkyl methionine analogs into the corresponding SAM analogs.(19, 270) With G9a
and GLP1 as examples, we showed that (£)-hex-2-en-5-ynyl homocysteine (Hey-methionine
analog) can be processed by the 1117A variant of human MAT2A into the corresponding
Hey-SAM.(270) In the presence of the BPPP-feasible G9a and GLP1 mutants (Y1154A of
G9a and Y1211A of GLP1), histone H3 and other chromatin targets of G9a and GLP1 can
be efficiently labeled. The subsequent chromatin enrichment with a biotin-azide probe
followed by genome-wide sequencing revealed the preferred chromatin loci harboring the
methyltransferase activities of G9a and GLP1.(270) Besides robust enrichment through the
clickable moiety and unambiguous assignment of the targets to specific PKMTs, the BPPM
method in living cells has the merit to capture dynamic methylation events that are subjected
to rapid demethylation by KDMs. Bulky lysine modifications by alkyl-SAM cofactors are
expected to be more inert for the removal by KDMs.

Recognizing lysine methylomes through physical interaction.

Because methyllysine-containing proteins often account for a small fraction of a cellular
proteome, efficient enrichment of methyllysine-containing proteins is essential to increase
signal-to-noise ratios for subsequent characterization.(21, 27) Given the similarity of the
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overall physical properties between free lysine and methyllysine, a current hurdle for
methylome profiling is to access reagents that can distinguish methyllysine versus free
lysine of a broad spectrum of otherwise cognate proteins. While many high-quality anti-
methyllysine antibodies were developed to recognize specific methyllysine modifications
within well-defined peptide sequences, broad recognition of these antibodies for
methyllysine-containing proteomes remains to be improved.(41) In parallel with the effort to
develop high-quality pan-anti-methyllysine antibodies, methyllysine reader domains can also
be utilized to recognize and enrich lysine methylomes.(140-142, 255) These reagents, in
combination with advanced MS technologies, have become valuable additions to elucidating
methylomes.

7.7.1. Antibody-based immuno-enrichment of lysine methylomes.—The Mann
group documented an early effort to enrich a lysine methylome with broadly specific anti-
Kme antibodies.(257) In this case, likely because of low quality of the anti-Kme antibody as
a single enrichment reagent, only H3K27 and H4K20 were identified to contain
methyllysine modifications.(257) Given potential limitation for individual anti-methyllysine
antibodies to recognize a broad spectrum of methyllysine-containing peptide epitopes, recent
efforts often rely on a pool of anti-Kme antibodies to recognize methyllysine-containing
proteins. For instance, the Bonaldi group combined a broad collection of commercially
available anti-Kme antibodies against 5 methyllysine epitopes.(252) In combination with the
heavy methyl labeling, fractionation and high-resolution LC-MS analysis, 74 lysine
modification sites were revealed in HeLaS3 cells.(252) With three sets of in-house-
developed broadly specific anti-Kme antibodies as enrichment reagents, coupled with the
heavy methyl labeling, fractionation and LC-MS analysis, the Garcia group identified 413
methyllysine proteins and 552 methyllysine sites in HeLa cells.(271) With a pool of broadly
specific anti-Kme polyclonal antibodies, the Garcia group identified 1032 Kmel sites in
esophageal squamous cell carcinoma (ESCC) cells and 1861 Kmel sites in ESCC cells
overexpressing SMYD2.(272) Among the revealed 1861 Kmel sites, the levels of 35 Kmel
sites showed the negative correlation with both shRNA-mediated knockdown of SMYD?2
and the selective inhibition of SMYD2 by LLY-507.(272) In a similar manner, Guo et al.
developed three broadly specific anti-Kme antibodies as enrichment reagents and applied
them to uncover 130 methyllysine proteins and 165 methyllysine sites in HCT116 cells.
(254) Some of these anti-methyllysine antibodies can also be used as far Western Blotting
reagents in recognition of methyllysine-containing proteins. Interestingly, there is no
significant overlap among the methyllysine sites revealed in these different settings, likely
due to the lack of pan-anti-methyllysine property of these antibodies even used in
combination. It will be useful to examine the structures of these antibodies in complex with
methyllysine epitopes of different peptide sequences and evaluate the feasibility to further
improve the quality of broadly specific anti-methyllysine antibodies.

7.7.2. Recognition and enrichment of methylomes with methyllysine reader
domains.—While methylation only slightly alters physical properties of a lysine residue,
such difference can be distinguished to a certain degree by proteins containing methyllysine
reader domains. Given that some readers recognize methyllysine with no significant
involvement of neighboring residues, these reader domains can be utilized in a similar
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manner as pan-anti-methyllysine antibodies. For instance, as revealed by the structure of the
three Malignant Brain Tumor domains (3xMBT) in complex with the target peptide, this
methyllysine reader motif preferentially recognizes Kmel/2 over Lys and Kme3 independent
of methyllysine-flanking sequences (Figure 17).(140-142) The selectivity of Kmel/2 over
Lys and Kme3 can attribute to the preferred cation-r and hydrogen bond interaction
between the methyl ammonium of Kme1/2 and the D355 residue of 3xMBT in its
geometrically matched binding pocket (Figure 17).(204, 205) Promiscuity of 3xMBT toward
methyllysine-flanking sequences was further supported by its comparable Ky values upon
binding H3K4me1/2, H3K9me1/2, H4K20me1/2, and p53 K382mel/2 peptides.(204, 205)
The Gozani group first advanced this observation to utilizing 3xMBT as an enrichment
reagent for Kmel/2-containing peptides. With a GST-tagged 3xMBT protein, they
uncovered several hundreds of Kmel/2-containing protein candidates from the nuclear
extract of HEK293T cells.(140-142) Additionally, the well-defined structure of the 3xMBT-
peptide complex allowed the use of the D355N mutant of the GST-tagged 3xMBT protein as
a negative control.(140-142)

The Li group presented another example using methyllysine reader domains to enrich a
methylome.(255) While the chromo domain of HP1p has been well characterized to
recognize H3K9me2/3 peptides (Figure 18), Li and colleagues envisioned the utility of this
chromo domain to recognize other Kme2/3-containing proteins.(201) With the immobilized
HP1p chromo domain as an enrichment reagent, they identified 109 candidates.(255)
Because only the native HP1p chromodomain but no inactive variant of HP1B
chromodomain was used as the enrichment reagent in this work, it remains to be determined
whether these candidate proteins contain Kme2/3 sites for the recognition by HP1p chromo
domain or simply interact with HP1p chromodomain in a Kme2/3-independent manner.
With the 3xMBT domain and the HP1p chromodomain as two examples, it is interesting to
explore the potential utility of other methyllysine reader domains as methylome-enriching
reagents. While the structures of many reader domains in complex with methyllysine-
containing peptides have been reported,(30, 31, 215) there is no structural report about how
anti-methyllysine antibodies preferentially recognize peptides containing methyllysine
epitopes. Such structural information can be valuable to develop new methyllysine-
recognizing entities for methylome enrichment.

8. Small-molecule Inhibition of Methyltransferase Activities of PKMTs

PKMTs have received much attention in the past decade given their emerging roles as
epigenetic modulators. PKMTs are multifunctional proteins containing a methyltransferase
domain for catalysis as well as other motifs to interact with diverse binding partners.(33, 34,
38, 40) The methyltransferase domain of PKMTSs functions through methylating diverse
histone and nonhistone substrates in a highly context-specific manner.(38) Among the most
common biological methods for perturbation of individual PKMTSs is ShRNA/siRNA-
mediated silencing of PKMT transcripts. However, this approach generally targets full-
length PKMTs rather than their catalytic domains and itself is not sufficient to
unambiguously define the functional roles of the methyltransferase activities of PKMTs. The
phenotypes associated with the methyltransferase activities of PKMTSs, after sShRNA/SiRNA-
mediated silencing, need to be validated by successful rescue with wild-type PKMTSs but not

Chem Rev. Author manuscript; available in PMC 2019 July 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luo

Page 32

catalytically dead mutants. Another emerging approach to perturb PKMTs is to rely on
CRISPR/Cas9-mediated genome editing, which can target specific domains as well as full-
length PKMTs. However, this approach is irreversible and lack of temporal control. In
contrast, small-molecule inhibitors of PKMTSs can be developed with the specificity against
their methyltransferase activities.(27, 38) Like other chemical tools, small-molecule
inhibitors have the merit to perturb PKMTs in a temporal (accurate timing), spatial (defined
location) and dose-dependent manner.(27, 38) Certain PKMT inhibitors can also be further
developed as therapeutic reagents.(33) In contrast, among potential concerns of using PKMT
inhibitors are their unpredictable off-target effects and lack of general applicability across
cell lines or species.(38) Many prior efforts have been made in academia and industry to
develop PKMT inhibitors and led to access to hundreds of inhibitors against human PKMTs.
(33) However, the overall quality of these PKMT inhibitors can greatly vary from a small set
of compounds that have been vigorously characterized /n vitro, in cellular contexts and in
animals to many others that were simply examined with in vitro biochemical assays.(38) The
lack of vigorous characterization of many PKMT inhibitors makes it challenging to select
suitable compounds for biological studies. There is always a risk to use well-characterized
PKMT inhibitors incorrectly and thus misinterpret their biological outcomes.(38) It is thus
essential to establish the criteria of high-quality PKMT inhibitors and define relevant
contexts for their correct use.

PKMT inhibitors can be classified according to their mechanisms of action (MOA).(38)
Defining MOAs is not only informative to optimize potency and selectivity of PKMT
inhibitors but also essential to interpret the biological outcomes of specific inhibitors. Along
the reaction path of a lysine methylation reaction, PKMTs first recruit the SAM cofactor and
substrates to two adjacent but relatively independent binding sites. PKMTs then promote
deprotonation of lysine nucleophile through dynamic water channels and catalyze the
transmethylation reaction through a Sy2 transition state (Figure 7).(98) For many PKMTs,
efficient catalysis also requires the participation of remote residues or the presence of other
regulatory PKMT-binding partners (e.g., WDR5 and RBBP5 for MLL1; EED and SUZ12
for EZH2).(79-83) Methyltransferase activities can be inhibited by competitive occupancy
of small molecules in the binding sites of the SAM cofactor, substrate peptides or regulatory
binding partners of PKMTSs. On the basis of these MOAs, representative PKMT inhibitors
will be discussed with a main focus on their correct use as chemical tools to interrogate
functions of PKMTs.

8.1. General criteria of PKMT inhibitors as chemical probes.

PKMT inhibitors can be developed either as chemical probes to perturb the
methyltransferase activities of specific PKMT(s) or as drug candidates for therapeutic use.
(38, 273) On the basis of these respective uses, different principles should be applied upon
evaluating overall quality of PKMT inhibitors.(274) To develop chemical probes, Frye
introduced five general principles in his article of “The Art of the Chemical Probe”.(274)
Upon rephrasing these principles in the current setting, high-quality PKMT chemical probes
should: (1) show sufficient /n vitro potency and selectivity against one or a set of designated
PKMT(s); (2) show decent in vivo or at least cellular potency and selectivity, which correlate
with the corresponding /n vitro data (in vivo or cellular ECgq versus /n vitro ICsg); (3) be
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well characterized in term of MOA /n vitroand in vivo or in a cellular context (e.g., SAM-
competitive, substrate-competitive, allosteric or covalent inhibitors); (4) demonstrate at least
one utilization (e.g., the treatment of a PKMT chemical probe recapitulates certain

biological readouts implicated by genetic perturbation of the PKMT); (5) be accessible
through well-described chemical methods or from commercial vendors. Additional criteria
required for drug candidates include proper pharmacokinetic, pharmacodynamic and toxicity
profiles.

While a well-defined spectrum of potential off-target effects is an essential parameter for a
PKMT chemical probe, a therapeutic index of the dose of efficacy versus toxicity is more
concerned for a drug candidate. Great caution should be made when PKMT inhibitors are
used under unprecedented biological settings (e.g., across different cell types, cellular versus
in vivo use, oral, intraperitoneal injection versus intravenous dose). Even for the best
characterized PKMT inhibitors, it is essential to reevaluate vigorously their target
engagement and inhibitory efficiency under different biological settings. Current efforts have
been mainly focused on developing small-molecule inhibitors against human PKMTs. While
the sequences of human PKMTs can be homologous across species, certain caution should
be made by assuming that the potency and selectivity of a PKMT inhibitor could be fully
maintained for sequence-related PKMT homologues. There are not short of examples that
single-point mutations are sufficient to alter potent inhibitors into completely inactive
compounds.(93) A PKMT inhibitor that is characterized for its use in human cell lines needs
to be reevaluated upon perturbing related PKMTSs across species.

Inhibition of PKMTs through SAM-competitive MOA.

A common strategy for developing PKMT inhibitors is to engage small molecules to occupy
SAM-binding pockets of PKMTSs and thus inhibit their catalysis.(38) Among well-
characterized SAM-competitive SAM analog inhibitors are EPZ004777 against DOTLL,
(275) Pr-SNF/Bn-SNF against SETD2 and Pr-SNF against NSD2 (Figure 39).(75, 77) A key
character of these SAM-competitive inhibitors is that their 1Csq values show a linear
increase in the presence of increased concentrations of the SAM cofactor. A SAM-
competitive MOA can be further supported by structural data of these PKMTSs in complex
with corresponding inhibitors, for which SAM-binding pockets are occupied by the
inhibitors.(75, 77, 276) As revealed by structural data, most of these PKMTs show dramatic
conformational changes upon binding these SAM-competitive inhibitors. For instance,
several SAM-binding loop regions of DOT1L, which used to interact with the a-amino
carboxylic acid moiety of the SAM cofactor, open up to accommodate the bulkier phenyl
urea moiety of EPZ004777; the autoinhibitory loop of SETD2, which used to be in a close
configuration upon binding SAM or SAM analogs, makes nearby a 180-degree flipping to
accommodate the bulky benzyl moiety of Bn-SNF.(75, 276) While Bn-SNF was
characterized as a SAM-competitive inhibitor, its parent 1Cgq also depends on the presence
of a H3K36 peptide substrate (Figure 39).(75) This inhibitor shows higher affinity toward
SETD?2 by forming a ternary inhibitor-SETD2-substrate complex. As a result, Bn-SNF is
better defined as a SAM-competitive, substrate-dependent inhibitor (Figure 39).(75)
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The pyridone-based GSK126(277, 278) and UNC1999 (EZH2 or dual EZH1/2 inhibitors),
(279) and several fragment-based DOTLL inhibitors recently developed by Novartis(280-
282) are the SAM-competitive PKMT inhibitors with no structural similarity to the SAM
cofactor (Figure 39). Like canonical SAM-competitive cofactor analog inhibitors (Figure
39), these non-nucleotide-based compounds also show linearly increased 1Cs values in the
presence of increased concentrations of the SAM cofactor. The SAM-competitive MOA is
also supported by their structural data with the SAM-binding pockets fully or partially
occupied by these compounds.(93, 280-282) Interestingly, upon binding most of these
compounds, both EZH2 and DOT1L show dramatic conformational changes around their
SAM-binding sites.(93, 276, 280-282) For instance, several newly released structures of
EZH2 or its homolog enzyme in complex with pyridone-based inhibitors showed that a loop
region adjacent to the adenine-binding pocket adopts a new conformation upon replacing
SAH with these inhibitors as ligands.(93) In the case of fragment-based DOTL1L inhibitors,
the binding of these compounds by DOT1L (Figure 39) also involves a distinct pocket
adjacent to its SAM-binding site and then induces the conformational changes that are
unfavorable for SAM binding.(280-282) The inhibitor-induced conformational changes
could also rationalize how these inhibitors selectively interact with specific PKMTSs but not
others even if they all share highly-conversed domains for SAM recognition. In most of
these scenarios, PKMTSs are subjected to dramatic conformational changes upon binding
these SAM-competitive inhibitors. Similar to the situation of protein kinases,(283) the
strong preference of certain PKMTSs through the exploration of their structurally matched
alternative conformations could be essential for the high potency and selectivity of these
PKMT inhibitors. Exploring and targeting structurally distinct conformers of PKMTs may
present a general strategy to developing potent and selective SAM-competitive inhibitors.

Multiple factors can affect the potency of SAM-competitive, substrate-noncompetitive
PKMT inhibitors inside cells. In general, canonical SAM-competitive PKMT inhibitors act
better in a cellular setting with a low concentration of endogenous SAM (Figure 39).
Nevertheless, as long as concentrations of these PKMT inhibitors is sufficient to compete
with SAM, the methyltransferase activities of the engaged PKMTSs should be inhibited
regardless of the presence of peptide substrates (Figure 39). Given that intracellular
concentrations of SAM may be dramatically affected by the level of other metabolites such
as methionine and vary by several folds across cell or tissue types,(1, 196) it is thus
important to evaluate the efficiency of SAM-competitive inhibitors in different cellular
contexts. The situation can be further complicated in the presence of PKMT complexes. For
instance, EZH2 requires the binding of EED and SUZ12 to form a core complex to
efficiently catalyze H3K27 methylation /n vivo.(82, 213, 284) The methyltransferase activity
of the core complex can be further enhanced allosterically through interaction of the EED
subunit with an H3K27me3 peptide.(82, 213, 284) Here, the SAM-competitive EZH2
inhibitor GSK126 showed around 10-fold increase of its affinity to the EED-SUZ12-EZH2
complex with the additional presence of an H3K27me3 peptide.(277) Given that DOT1L-
catalyzed H3K79 methylation can be accelerated upon forming the DOT1L-AF10 complex,
(190) it will be interesting to explore whether the SAM-competitive DOTLL inhibitor
EPZ004777 shows different affinity to DOT1L versus the DOT1L-AF10 complex. Target
engagement can be distinct for SAM-competitive, substrate-dependent inhibitors such as Bn-
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SNF for SETD2.(75) In these cases, the optimal cellular setting for the target engagement is
the presence of an substrate and the absence of the SAM cofactor to facilitate the maximal
formation of the ternary inhibitor-PKMT-substrate complex (Figure 39).(75)

Inhibition of PKMTs through substrate-competitive MOA.

Another MOA of PKMT inhibitors is to engage small molecules to occupy peptide-binding
pockets of PKMTSs (substrate-competitive inhibitors) (Figure 40).(33, 38) Given different
PKMTs may contain distinct peptide-binding pockets to recognize their substrates, the
substrate-competitive MOA is expected to be more feasible for developing selective PKMT
inhibitors. UNC0638/UNC0642 (G9a/GLP1 inhibitors),(285) (/)-PFI-2 (an inhibitor of
SETD7/9),(127) LLY-507(272) and A-893 (two inhibitors of SMYD2),(286) and A-196 (an
inhibitor of SUV4-20H1/2)(287) are examples of well-characterized substrate-competitive
PKMT inhibitors with cellular activities. Target inhibition of these compounds is
characterized by a linear increase of their apparent 1Csq values with increased concentrations
of substrates. The substrate-competitive MOA of these inhibitors is also consistent with the
binary PKMT structures in which the small-molecule ligands occupy the substrate-binding
pockets of PKMTs (Figure 40). Substrate-competitive PKMT inhibitors can be further
classified according to whether the SAM cofactor can be involved to form more stable
inhibitor-PKMT-SAM ternary complexes (Figure 40). The G9a/GLP1 inhibitors UNC0638
and UNCO0642 and the SUV4-20H1/2 inhibitor A-196 are canonical substrate-competitive
inhibitors with their apparent 1Csq independent upon the presence of the SAM cofactor.(285,
287) In contrast, (R)-PFI-2 is a substrate-competitive, SAM-dependent inhibitor with the
strong preference to form the inhibitor-SET7/9-SAM ternary complex and thus strengthen
the interaction of (R)-PFI-2 with SET7/9 in the presence of the SAM cofactor (decreased
apparent Ky values with increased concentrations of SAM).(127) AZ505, an analog of the
SMYD?2 inhibitor A-893, also showed a similar substrate-competitive, SAM-dependent
character.(86) It remains to be determined whether the presence of the SAM cofactor
increases the affinity of substrate-competitive inhibitors A-893 and LLY-507 to SMYD2.

Cellular target engagement of canonical substrate-competitive PKMT inhibitors negatively
correlates with the affinity of PKMTS to inhibitor-competitive substrates as well as their
intracellular concentrations. Because PKMTs may methylate diverse histone and nonhistone
targets with a broad range of Ky, supstrate Values and intracellular concentrations, ECs values
of substrate-competitive PKMT inhibitors will likely vary on different substrates. It is thus
likely to apply modest doses of substrate-competitive PKMT inhibitors to perturb the
methylation events associated with a subset of substrates with low affinity (high Ky, substrate)
and intracellular concentrations, but spare those substrates with high affinity (low

K substrate) and high intracellular concentrations from inhibition.(38)

It is worth noting that some PKMT inhibitors may partially occupy substrate-binding
pockets but do not show the expected substrate-competitive character (the increase of I1Csg
versus increased concentrations of substrates). For instance, EPZ030456 is a selective and
potent inhibitor of SMYD3 with a non-competitive character for its substrate MAP3K2.
(288) However, the structure of SMYD3 in complex with EPZ030456 shows that the
inhibitor residues in the pocket that is otherwise occupied by MAP3K2, a SMY D3 substrate,
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in the structure of the SMYD3-MAP3K2 complex (Figure 41).(288) The Lys-binding site of
the MAP3K2 substrate can also be occupied by the propyl dimethylamino moiety of the
SMYD3 inhibitor GSK2807 (Figure 41).(289) However, GSK2807 also does not show the
noncompetitive character against the substrate MAP3K2. To rationalize these paradoxical
observations, it was proposed that the optimal binding of MAP3K2 to SMYD3 may mainly
occur outside of the substrate pocket with minimal engagement of the lysine substrate and
its neighboring residue(s). As a result, the presence of the MAP3K2 substrate has no
inference in SMYD3’s binding to EPZ030456 and GSK2807. It therefore should be cautious
to conclude substrate-competitive MOA solely on the basis of potential steric clash between
inhibitors and substrates revealed by their PKMT complexes. The clashed occupancy of
inhibitors and substrates does not always grant a substrate-competitive MOA because they
may accommodate each other through alternative conformations without significant energy
penalty. In contrast, because of the well-defined binding mode of SAM in PKMTs, it is more
confident to conclude a SAM-competitive MOA upon observing even partial occupancy of
inhibitors in SAM-binding pockets of PKMTSs.

Inhibition of PKMTs by allosteric MOA.

Besides SAM-competitive and substrate-competitive MOAs, a distinct set of PKMT
inhibitors were developed by targeting the allosteric sites essential for catalysis (Figure 42).
It has been documented that the methyltransferase activities of certain PKMTs depend upon
the formation of higher-order complexes and thus participation of the residues remote from
their catalytic sites. For instance, the H3K4 methyltransferase activity of MLL1 depends on
the formation of a core complex with at least three binding partners WDR5, ASH2L and
RbBP5 with the MLL1-WDRS interaction essential for the catalysis.(79-81) MM-401(81)
and OICR-9429(79) were developed as the allosteric inhibitors of MLL1 by their
competitive occupancy of the central channel of WDRS5, which is otherwise occupied by
MLL1 to form the core complex for catalysis (Figure 6 and Figure 41). Similar strategies
have also been applied to develop MI-2/3/463(80, 290) and SAH-EZH2(83) as disruptors of
MLL1-Menin and EZH2-EED-SUZ12 complexes for allosteric inhibition of MLL1 and
EZH2, respectively (Figure 6 and Figure 41). The methyltransferase activity of the core
EED-SUZ12-EZH2 complex can be alloterically modulated through the interaction of the
aromatic cage of EED subunit consisting of F97, Y148 and Y365 with an H3K27me3
peptide. EED226, A-395 and their derivatives were developed by occupying this aromatic
cage.(82, 284) The induced conformational arrangement of the aromatic cage upon binding
these inhibitors is expected to be rendered to remote site(s) to perturb catalysis (Figure 6 and
Figure 41). The PKMT inhibitors characterized as allosteric MOA often engage their targets
at the sites remote from the catalytic pockets and thus show noncompetitive characters
towards the SAM cofactor and substrates (ECsg independent upon the presence of substrate
and SAM) (Figure 42). PKMT inhibitors with the allosteric MOA are therefore
complimentary with SAM-competitive and substrate-competitive PKMT inhibitors for
engagement of PKMTs in a cellular context.

Inhibition of PKMTs through covalent or suicide MOA.

While the development of cysteine-targeted covalent inhibitors has been well documented
for kinases, few PKMTs inhibitors were developed through covalent MOA. With substrate-
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competitive SETD8 inhibitors UNCO0379 and MS2177 as lead scaffolds, the Jin laboratory
developed its analog MS453 by installing an electrophilic acrylamide group to selectively
target the C311 residue of SETD8 (Figure 43).(291, 292) MS453 showed time-dependent
target engagement and thus decreased 1Cgq values as extending preincubation time with
SETD8. This covalent MOA is also supported by the structure of SETD8 in complex with
MS453.(292) Upon screening > 5,000 commercial compounds, SPS811 (NSC663284),
SPS8I2 (ryuvidine) and SPS8I3 (BVT948) were identified as SETD8 inhibitors with modest
selectivity (Figure 43).(293, 294) These compounds as well as their derivatives such as
SGSS05-NS and SPECS21(295) feature a common quinone motif with anticipated covalent
modification of a Cys residue. SPS811 (NSC663284) and SPS8I2 (ryuvidine) were
characterized to covalently modify C311 of SETD8, while SPS8I3 (BVT948) may target
multiple Cys residues of SETD8.(293) To develop inhibitors against DOT1L, Yao and
coworkers described SAM-based suicide inhibitors (Figure 43).(110) These compounds are
expected to undergo an intracellular cyclization to generate a highly reactive aziridinium
(Figure 43). This intermediate then reacts with the K79 of the substrate H3 to generate a
binary substrate-inhibitor adduct for DOTLL inhibition (Figure 43).(110) A similar suicide
strategy was also reported to develop potent inhibitors of protein arginine
methyltransferases.(296) It remains to investigate whether covalent or suicide MOAs can be
generally applicable for PKMT inhibition.

Evaluation of target engagement of PKMT inhibitors.

Because complicated factors contribute to the potency of PKMT inhibitors, their cellular
target engagement should be evaluated. PKMT inhibitors are often appended with a
functional anchor (e.g., a terminal alkyne, azide or biotin moiety) at an inert position of
inhibition. This anchor can then be used to pull down engaged PKMT(s) from cell lysates.
(38) Alternatively, a cellular thermal shift assay (CTSA) can be implemented.(297) Here the
binding of inhibitors to PKMTSs is expected to increase their thermal stability. Target
engagement of PKMT inhibitors can also be evaluated indirectly through their efficiency to
block relevant methylation marks.(38) For canonical SAM-competitive and allosteric PKMT
inhibitors, complete target engagement simply requires to show a dose-dependent decrease
of relevant methylation marks (e.g. H3K27me3 for EZH1/2).(38) For canonical SAM-
competitive or allosteric MOAs, lack of PKMT-dependent methylation often indicates that
the current dose is sufficient for these inhibitors to fully occupy the SAM-binding pocket or
allosteric site of the targeted PKMT to prevent catalysis. In contrast, complete target
engagement of a substrate-competitive PKMT inhibitor should be evaluated with the most
robust substrate (the highest intracellular concentration and the lowest Ky substrate)- In
addition, the depletion of specific methylation marks also depends on the lifetime of the
examined protein substrates and antagonistic activities of demethylases. A longer period of
target engagement is required for more stable methylation marks to be suppressed.(38)

It is worth noting that, besides the inhibition of methyltransferase activities, the engagement
of PKMT inhibitors with their targets can lead to conformational changes of PKMTSs and
thus alter other binding events. While substrate-competitive PKMT inhibitors perturb the
catalysis through preventing PKMTs from binding their substrates, such perturbation is also
expected to alter the integrity of the whole PKMT complex (e.g. MM-401 disrupts the
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interaction of WDR5 with MLL1 in the MLL1-WDR5-ASH2L-RbBP5 complex).(81)
Therefore, the treatment of PKMT inhibitors can alter components of PKMT complexes and
have profound effects beyond the only inhibition of substrate methylation.

9. Semisynthesis of Proteins Containing Methyllysine or Methyllysine

Mimics

Given diverse functional roles of methyllysine-containing proteins, it is of critical need to
access high-quality methyllysine-containing proteins. Homogenous proteins containing
methyllysine modifications cannot be readily prepared through direct enzymatic labeling
because of low efficiency of PKMT-catalyzed methylation /in vitroand in living cells.(27) In
contrast, semisynthesis of methyllysine-containing proteins or their precursors have been
well documented.(27) These semisynthethic methods can be classified into three categories
in general: (a) cysteine-specific chemical conjugation, (b) nonsense-suppression-mediated
mutagenesis and (c) chemical ligation as will be detailed below.

9.1. Cysteine-specific chemical conjugation.

The free-thiol of cysteine in cysteine-containing proteins is often explored for site-specific
chemical installation of lysine, methyllysine or their analogs. With the free-thiol of cysteine
as a nucleophile, the Shokat laboratory first reported a semisynthetic approach to conjugate
an A-methyl aminoethyl moiety to proteins (Figure 44).(298) The resulting A-methylated
aminoethylcysteines are generated as methyllysine analogs (MLA) (Figure 44). The overall
similarity between methyllysine and MLA has been confirmed by their equivalent
recognition as epitopes by anti-methyllysine antibodies and methyllysine binders, and as
substrates of multiple PKMTSs.(298) For instance, Margueron e, a/. relied on this MLA
approach to prepare a series of MLA-containing histones and used them as substrates to
examine the crosstalk between the PRC2 complex (EED-Suz12-EZH?2) and various histone
methylation marks (e.g., H3K27, H3K36, and H3K9).(213) This work demonstrated that the
EED subunit of the PRC2 complex enhances EZH2’s catalysis by interacting with
nucleosomes containing the MLAs of H3K27me3 and H3K9me1/2/3 but not
H3K36mel1/2/3.(213) In a more systemic manner, the Zhu laboratory evaluated biochemical
compatibility of MLA-containing histones including their interactions with the reader
proteins 53BP1 and the G9a ankyrin repeats, and their reactivities as the substrates of 6
PKMTs and one KDM.(299) In comparison with natural methyllysine, the replacement of
the -y methylene moiety with the sulfide results in a slight increase of the corresponding
bond length by 0.28 A and a small decrease of p&a by 1.1 unit.(299) Such difference seems
to have more impact upon quantitative evaluation of MLAs as methyllysine surrogates, in
which natural methyllysine is often better than MLAS to engage binding partners.(300)

The Davis laboratory recently developed a cysteine-specific, radical-based semisynthetic
method to incorporate methyllysine as well as other side chains into proteins.(301) On the
basis of the prior work of 2,5-dibromohexanediamide (DBHDA) as a double-activated
electrophile, the coworkers in the Davis laboratory converted a cysteine residue in proteins
into dehydroalanine (Dha) (Figure 44).(301, 302) The resultant Dha-containing protein was
then subjected to NaBH4-mediated radical coupling with organic iodides to afford the
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corresponding methyllysine-containing products (Figure 44). With the newly-developed
semisynthetic method, they generated a wide range of methyllysine-containing proteins.
With H3K9me3-containing H3 as a demonstration, they showed that the semisynthetic
histone can serve as a substrate of KDM4A. This semisynthetic method to access diverse
methyllysine-containing proteins features its readiness, robustness and scalability. Yang and
coworkers independently reported a method to convert Dha into methyllysine through a
Zn/Cu-mediated radical coupling reaction (Figure 44).(303) Here a Dha residue is generated
from Cys by O-mesitylenesulfonylhydroxylamine (MSH), which can be accessed chemically
or introduced genetically in a site-specific manner through unnatural amino acid precursors
(see discussion below) (Figures 44,45).(303) In comparison with the DBHDA/MSH-
mediated production of Dha from a natural cysteine, site-specific incorporation of unnatural
amino acid precursors allows installing methyllysine without influence of other existing
cysteine residues.(303) One limitation for this radical-based semisynthetic method lies in the
introduction of a D,L-methyllysine mixture rather than naturally occurring L-methyllysine.
In addition, this method has not demonstrated its utility in living cells given relatively harsh
conditions for the radical reactions.

Incorporation of methyllysine precursors through nonsense suppressors.

Unnatural amino acids can be incorporated into proteins in a site-specific manner with
orthogonally engineered tRNA/tRNA synthetase pairs.(27) This method has been well
documented for its utility in a cell-free translational system, within bacterial, fungal and
mammalian cells, and in living animals.(304, 305) Given the challenge of recognizing the
small difference between methyllysine and free lysine by cellular translational machinery,
site-specific incorporation of methyllysine into proteins is often achieved by installing
methyllysine precursors or caged methyllysine, followed by additional chemical
modifications to yield methyllysine-containing proteins (Figure 45). For instance, the
Schultz laboratory reported the work to prepare proteins containing MLA through site-
specific phenylselenocysteine (SecPh) chemistry (Figure 45).(306) Here SecPh was
incorporated into proteins through a nonsense suppressor coupled with orthogonal tRNA/
tRNA synthetase pairs. The SecPh was then subjected to H,O,-mediated oxidation to afford
Dha.(306) In this situation, the authors reacted the Dha-containing protein with A-
methylated 2-mercaptoethylamine to generate the corresponding MLA-containing product
(Figure 45). Yang and coworkers recently reported a new synthetic path to access Dha-
containing proteins.(303) Distinct from the DBHDA-mediated production of Dha from
cysteine (the Davis laboratory)(301) and the H,O,-mediated production of Dha from SecPh
(the Schultz laboratory),(306) Yang and coworkers site-specifically introduced an O-
phosphoserine (Sep) with orthogonally engineered tRNA/tRNA synthetase pairs (Figure 45).
(303) The Sep residue was then chemically eliminated to afford Dha under basic conditions.
Theoretically, these Dha-containing protein intermediates can be subjected to either NA-
methylated 2-mercaptoethylamine to afford MLA-containing protein products or the
transition-metal-mediated radical coupling with the corresponding organic iodides to afford
methyllysine-containing protein products (Figures 44,45). It is worth noting that the Dha-
mediated chemistry always affords the D,L isomers of methyllysine or MLASs and needs to
be performed /n vitro with denatured proteins.
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To access proteins containing enantiomerically pure methylysine, the Liu laboratory recently
reported the amber-suppressor-mediated incorporation of A#-(4-azidobenzoxycarbonyl)-8,e-
dehydrolysine (AcdK) as a methyllysine precursor.(307) AcdK contains a liable §,e-
dehydrolysine side chain, which is protected by an azidobenzoxycarbonyl moiety (Figure
45). This moiety is readily subjected to phosphine-triggered self-cleavage to afford allysine
(AIK) through an unstable intermediate 6,e-dehydrolysine (Figure 45).(307) The subsequent
NaCNBH3-mediated reductive amination of AIK with monomethylamine or dimethylamine
yields corresponding methyllysine-containing proteins. In comparison with the Dha-
mediated incorporation of methyllysine and MLAs, the AcdK-AlK-based method is distinct
for its feature to install enantiomerically pure methyllysine (Figure 45). Given the
requirement of the reductive amination upon the conversion of AIK into methyllysing, this
approach can only be implemented for installation of Kmel and Kme2 but not Kme3 into
proteins (Figure 45).(307) Because of involvement of multiple chemical steps under
biologically incompatible conditions, the AcdK-AIK-based semisynthetic method, similar to
Dha-mediated incorporation of methyllysine, was developed for /n vitro biochemical
settings.

Another broadly used method to access methyllysine-containing proteins relies on amber-
suppressor-mediated incorporation of caged methyllysine precursors, followed by chemical
removal of the caging moieties (Figure 45). To prepare recombinant proteins containing site-
specific mononmethyllysine, the Schultz laboratory and the Liu laboratory documented A-
allyloxycarbonyl(308) and A-(ortho-nitro)benzyl methyllysine,(309) respectively, as
unnatural amino acid building blocks (Figure 45). With the aid of a pyrrolysine(Pyl)-based
genetic code expansion system, the two caged methyllysine building blocks can be
incorporated into proteins through site-specific nonsense suppressors. Methyllysine can also
be masked by a carboxybenzyl (Cbz)(310) or a fert-butyloxycarbonyl (Boc) group.(311,
312) The resultant methyllysine is readily unmasked upon transition-metal or acid-triggered
decaging reactions (Figure 45). In conjunction of developing natural amino acid caging
strategies, propargyloxycarboxyl,(313) derivatized (ortho-nitro)benzyl,(314) ortho-
azidobenzyloxycarbonyl(315) and 1-(frans-cyclooctene)oxycarbonyl(316) moieties have
been documented as lysine caging reagents.(317) The resultant lysine derivatives can be
readily recognized by corresponding engineered Pyl-tRNA synthetase (PyIRS)-tRNA
systems as natural amino acids for protein biosynthesis. The lysine decaging can be achieved
through transition-metal-, UV light-, phosphine- and tetrazine-based bioorthogonal cleavage
chemistry, respectively. These lysine-caging strategies are expected to be transferrable for
the site-specific incorporation of caged monomethyllysine (Kmel) into proteins (Figure 45).
More importantly, the metal-, photo- and small-molecule-induced lysine decaging chemistry
is bioorthogonal and biocompatible, and can be combined with amber-suppressor-mediated
translation to afford Kmel-containing proteins inside living cells.(317) The bioorthogonal
cleavage chemistry also provides the feasibility to release the caged lysine residues of
functional importance and interrogate the associated biology with a temporal control.
However, the lysine caging strategies can only be applied to install Kmel. To prepare
proteins containing dimethyllysine with the amber-suppressor system, the site-specific
dimethylation of target proteins has to be carried out in the context of globally protected
lysine residues.(312) Recently, the Li laboratory reported a lysine analog with a photo-labile
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diazirine appended at the -y-position of lysine (Figure 45). Given the similarity between the
diazirine lysine analog and free lysine, this lysine analog is caged as an unnatural amino acid
and then can be processed by orthogonally engineered tRNA/tRNA synthetase pairs for
amber-suppressor-mediated protein synthesis.(318) The peptide containing the diazirine
methyllysine analog can render photo-induced cross-linking reactivity to covalently capture
their binding partners /n vitro and inside living cells.(318, 319)

9.3. Chemical ligation.

In comparison with cysteine-specific chemical conjugation and nonsense suppressor-
mediated protein biosynthesis, chemical ligation features its ability to assemble a target
protein containing multiple types of lysine methylation.(27) Native chemical ligation (NCL)
and expressed protein ligation (EPL) are two chemical ligation methods to study protein
post-translational modifications including methylation (Figure 46).(320) A key
transformation of chemical ligation involves the coupling reaction between the C-terminal
thioester of a peptide and an N-terminal cysteine-containing peptide (Figure 46). The
residual cysteine, if unnecessary, can be converted into alanine through desulfurization.(320)
A key difference between NCL and EPL is that the latter involves an intein to generate a
recombinant thioester intermediate and then catalyze the subsequent ligation reaction.

With the aid of NCL, the Muir laboratory is able to semi-synthesize nucleosomes containing
more than 50 combinations of methylation with other posttranslational modifications.(321,
322) These nucleosomes can be individually DNA-barcoded and used as baits to dissect
their recognition partners by their effector proteins. With NCL strategies, the Danishefsky
laboratory chemically synthesized several biologically important glycosylated proteins
including erythropoietin and granulocyte-macrophage colony-stimulating factor.(323, 324)
Such efforts can be also readily transferred to chemically synthesize methyllysine-containing
proteins with modest complexity. To apply the expressed protein ligation (EPL) inside living
cells, the Muir laboratory recently reported protein semisynthesis using ultrafast frans-
splicing inteins (Figure 46).(325-327) Here they genetically fused the carboxylate end of the
N-terminal fragment of a target protein product with the N-terminal fragment of ultrafast
split intein. The complementary C-terminal fragment of the ultrafast split intein can be
chemically synthesized and fused with the C-terminal fragment of the target protein product
as well as a cell-penetrating peptide. The cell-penetrating peptide drives the cellular uptake
of the fused C-terminal intein and is cleaved intracellularly. The N-terminal intein and the C-
terminal intein then form the functional splicing complex to ligate the N-terminal and C-
terminal fragment to afford the target protein within living cells. Similar to NCL, installation
of methyllysine can be envisioned at the N-terminal fragment through a nonsense suppressor
or at the C-terminal fragment through chemical synthesis. One limitation of NCL, EPL and
trans-splicing intein ligation is that these reactions occur at a cysteine site or at sites with a
cysteine as the precursor for desulfurization. Such a requirement may not be fulfilled for all
protein targets but can be avoided potentially with subtiligase as reported recently by the
Cole laboratory (Figure 46).(328) Subtiligase is an engineered peptide ligase derived from
the protease subtilisin through mutagenesis, which renders peptidase activity toward
aminolysis and thus facilitates the coupling of a peptide containing activated C-terminal
esters with a peptide containing an N-terminal a-amine moiety. In addition, it is more

Chem Rev. Author manuscript; available in PMC 2019 July 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luo Page 42

convenient to implement NCL, EPL and #rans-splicing intein ligation to install methyllysine
at N-terminal or C-terminal region rather than in the central region of target proteins.

10. Summary and Perspective

In this review, lysine and three types of methyllysine residues were discussed in great details
along with their distinct use as protein building blocks. Conversion of lysine into
methyllysine in proteins is catalyzed by PKMTSs via a stepwise process consisting of
recognition of the SAM cofactor and diverse substrates, Lys deprotonation, and then
assembling of a Sp2 transition state. PKMTSs have been well tuned to catalyze the
methylation reaction in a context dependent manner. One of the key characters of
methyllysine, unlike other types of posttranslationally modified lysine, is the minimal
change of charge and size in contrast to an unmodified lysine. Therefore, methyllysine
reader proteins rely on multiple mechanisms to exploit the difference between free lysine
and Kme1/2/3. This ability to distinguish lysine and Kme1/2/3, though modest, can be
amplified by multivalent interactions between reader proteins and multiple posttranslational
modifications. Like many other posttranslational modifications, protein lysine methylation is
reversible and can be removed mainly by two families of demethylases via oxidative
mechanisms. However, our knowledge of biological roles of protein lysine methylation is
largely limited by the difficulty in determining unambiguously context-dependent substrate
profiles and downstream functions of PKMTSs. This review covers the recent progress of
developing chemical tools to address some of these challenges. However, there is still a great
demand for developing innovative and integrated approaches to examine protein lysine
methylation. While chemical properties of protein lysine methylation make it technically
challenging to probe methyllysine-associated biology, these distinct chemical properties
allow the avenues to examine protein methylation that may not be feasible for other types of
posttranslational modifications. It is well accepted that a protein does not exist in a rigid or
static conformation under a native setting but rather as an ensemble of enormous
conformational states in a dynamic equilibrium. Most of our understanding of protein lysine
methylation was derived from static structures of its writers, readers and erasers. We
anticipated more relevant understanding of protein lysine methylation in the context of
dynamic conformational landscapes of PKMTs. This review aims to highlight these
opportunities as well as the associated challenges. Importantly, these insights also rely on the
basic understanding of protein lysine methylation from a chemical and biochemical
perspective. As an emerging field with important biological relevance, our understanding of
protein methylation is expected to be facilitated by integrated approaches including chemical
methods.
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2-0G
2-oxoglutarate

53BP1
p53-binding protein 1

Ab-SAM
4-azidobut-2-enyl SAM analog

AcdK
NF-(4-azidobenzoxycarbonyl)-8,e-dehydrolysine

AF10
ALL1-fused gene from chromosome 10 protein

AHL(s)
acyl-homoserine lactone(s)
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L-allysine

AOL
amine oxidase like
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L-arginine

ASHI1L
scAsh1 like histone lysine methyltransferase
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Ash2-like protein

Asnor N
L-asparagine

Aspor D
L-aspartic acid

ATP
adenosine triphosphate

ATRX
a-thalassemia mental retardation X-linked protein

BAH
bromo adjacent homology

BHC80
BRAF35-HDAC complex protein

BIE(9)
binding isotope effect(s)

Boc
tert-butyloxycarbonyl

BPPM
Bioorthogonal Profiling Protein Methylation

BPTF

bromodomain and PHD finger-containing transcription factor

BRPF1
bromodomain and PHD finger-containing protein 1

C/EBP-B
CCAAT-enhancer-binding protein beta

CaM-KMT
calmodulin-lysine A-methyltransferase

CARM1
coactivator associated arginine methyltransferase 1

Cbz
carboxybenzyl

CHD1
chromodomain helicase DNA binding protein 1
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COMPASS
complex associated with Setl

Cps40/Ypl138

complex proteins associated with SET1 protein SPP1/Ypl138 gene product

CRISPR
Clustered Regularly Interspaced Short Palindromic Repeats

CTSA
cellular thermal shift assay

Cysor C
L-cysteine

DBHDA
2,5-dibromohexanediamide

Dha
dehydroalanine

DNA
2’-deoxyribonucleic acid

DNMT(s)
DNA methyltransferase(s)

DNMT1/3A/3B/3L
DNA methyltransferase 1/3A/3B/3L

DOT1L
disruptor of telomeric silencing 1-like

EPL
expressed protein ligation

Dpy30
protein dpy-30 homolog

E2F1
E2F transcription factor 1

EED
embryonic ectoderm development

eEF1A
eukaryotic translation elongation factor 1 alpha

eEF1A-KMT1
eEF1A lysine methyltransferase 1 alpha
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eEF2-KMT
eukaryotic elongation factor 2 lysine methyltransferase

Efm5

PKMT that trimethylates elongation factor 1-alpha at Lys79

EnYn-SAM
(E)-pent-2-en-4-ynyl SAM analog

ERa
estrogen receptor alpha

ETFB
electron transfer flavoprotein 8

EZH1
enhancer of zeste homologue 1

EZH2
enhancer of zeste 2 polycomb repressive complex 2

F or Phe
L-phenylalanine

FAD
flavin adenine dinucleotide

FDAS
5’-fluorodeoxyadenosine synthase

FOXO03
forkhead box protein O3

GLP1
G9a-like protein 1

Glnor Q
L-glutamine

Gluor E
L-glutamic acid

Glyor G
L-glycine

H3
Histone 3

H3K4
Histone 3 lysine 4
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H3K4me3
H3K4 trimethylation

H3K9
Histone 3 lysine 9

H3K9me3
H3K9 trimethylation

H3K 27
Histone 3 lysine 27

H3K27me3
H3K27 trimethylation

H3K 36
histone 3 lysine 36

H3K 36M
histone 3 K36M mutant

H3K36MNuc
nucleosome containing H3K36MNuc

H4
histone 4

H4K 20
histone 4 lysine 20

H4K 20mel/2/3
H4K20 mono/di-tri-methylation

Hey-SAM
(E)-hex-2-en-5-ynyl-SAM

Hisor H
L-histidine

hMSH6
human MutS protein homolog 6

IH-NMR
proton nuclear magnetic resonance

HP1
heterochromatin protein 1

HSP70/90/A1/A5/A8
heat shock protein 70/90/A1/A5/A8
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ING2

inhibitor of growth 2
JmjC

Jumonji C

JMJID2A
Jumonji domain-containing protein 2A

K
L-Lysine

Kmel/2/3
mono/di/tri-methylated lysine

KDM 2A/4A
lysine demethylase 2A/4A

KDM(s)
histone demethylase(s)

KI1E(S)
kinetic isotope effect(s)

L3MBTL/3
lethal(3) malignant brain tumor 1/3

LOXL2
lysyl oxidase-like 2

LRWD1
leucine-rich repeat and WD repeat-containing protein 1

LSD1/2
lysine specific demethylase 1/2

Lys
L-Lysine

MALDI-TOF
matrix-assisted laser desorption ionization time-of-flight

MAT(s)
S-methionine adenosyltransferase(s)

MAP3K 2
mitogen-activated protein kinase kinase kinase 2

MBT
malignant brain tumor
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METTL 10/20/21A/21B/21C/21D/22
methyltransferase-like 10/20/21A/21B/21C/21D/22

MINT
Msx2-interacting protein

MLA(s)
methyllysine analogs

MLLL/2/3/4
mixed lineage leukemia protein 1/2/3/4

MOA
mode of action

MOl
mode of interaction

MRNA
messager RNA

MSH
O-mesitylenesulfonylhydroxylamine

MSL3
male-specific lethal 3

MS
mass spectrometry

MYND
myeloid translocation protein-8, Nervy, and DEAF-1

N6AMT?2
N-6 adenine-specific DNA methyltransferase 2 (putative)

NaBH4
sodium borohydride

NaCNBH3
sodium cyanoborohydride

NCL
native chemical ligation

NSD1/2/3
nuclear receptor-binding SET domain-containing protein 1

NSM
Nonsense-suppression mutagenesis
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NURF
nucleosome remodelling factor

ORC1
origin recognition complex subunit 1

PCNA
proliferating cell nuclear antigen

PHD
plant homeodomain

Pheor F
L-phenylalanine

PHF1/2
PHD finger protein 1/2

PKMT(s)
protein lysine methyltransferase(s)

Pob-SAM
4-propargyloxy-but-2-enyl-SAM

ProSeAM
propargylic Se-adenosyl-L-selenomethionine

ppm
parts-per-million (1076)

PRMT(s)
protein arginine methyltransferase(s)

PRMT1-11
protein arginine methyltransferase 1-11

PRC2
Polycomb repressive complex 2

PRDM
PR (PRDI-BF1 and R1Z) domain containing

Pygo-HD1-BCL9

pygo/histone deacetylase 1/B-cell lymphoma 9 protein complex

Pyl
L-pyrrolysine

PyIRS
Pyl-tRNA synthetase
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QM

quantum mechanical

QM/MM
quantum mechanical/molecular mechanics

Rb
retinoblastoma protein

RbBP5
RB binding protein 5

RNA
ribonucleic acid

RORa
RAR-related orphan receptor alpha

SAM
S-5”-adenosyl-L-methionine

SAH
55’ -adenosyl-L-homocysteine

SAHH
SAH hydrolase

SalL
gene L for the biosynthesis of salinosporamide A

SecPh
L-phenylselenocysteine

Sep
O-phosphoserine

Seror S
L-serine

Setl
SET domain-containing protein 1

SET
Su(var)3-9, Enhancer-of-zeste and Trithorax

SETD2
SET domain containing 2

SETD8

SET domain containing (lysine methyltransferase) 8
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SET7/9
SET domain containing (lysine methyltransferase) 7

SETDB1
SET domain, bifurcated 1

SGF29
SAGA-associated factor 29

SHH1
SAWADEE homeodomain homolog-1

SIRT1
sirtuin (silent mating type information regulation 2 homolog) 1

SMN
survival of motor neuron

SMYD
SET and MYND domain containing

SMYD1-5
SET and MYND domain containing 1-5

SNF
sinefungin

SPF30
splicing factor spf30

STAT3
signal transducer and activator of transcription 3

Stk31
Serine/threonine-protein kKinase 31

SUV39H1
suppressor of variegation 3-9 homologue 1

SUV420H1/2
suppressor of variegation 4-20 homolog 1/2

SUzZ12
suppressor of zeste 12

SWI/SNF
switch/sucrose nonfermentable

SWIRM
small a-helical domain
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TAF3/7/10
TATA-box binding protein associated factor 3/7/10

TDRD3
tudor domain-containing protein 3

Thror T
L-threonine

tRNA
transfer RNA

Trpor W
L-tryptophan

TyrorY
L-tyrosine

UHRF1

Ubiquitin-like-containing PHD and RING finger domains protein 1

uTXx

ubiquitously transcribed tetratricopeptide repeat X-chromosome protein

VCP-KMT
valosin-containing protein lysine methyltransferase

WDR5
WD repeat-containing protein 5

WRAD
WDR5-RbBP5-Ash2L-Dpy30 complex

Yap
Yes-associated protein

zf-CW
zinc finger CW

ZCWPW1
zinc finger CW type with PWWP domain 1

ZMET2
zea methyltransferase2

ZMYND11
zinc finger MYND domain-containing protein 11
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Figurel.
Biosynthesis and bio-consumption of SAM. In general, SAM’s biosynthesis is carried out by

L-methionine adenosyltransferases (MATs or SAM synthetases) with L-methionine and ATP
as substrates. Occasionally, bacterial enzymes such as SalL and FDAS can generate SAM
with 5”-CI/F-5"-deoxyadenosine and L-methionine as substrates. Bio-consumption of SAM
can be classified as (i) homolytic, (ii) intramolecular heterolytic, (iii) intermolecular
heterolytic cleavage of two CH,-sulfonium bonds, and (iv) intermolecular heterolytic
cleavage of the methyl-sulfonium bond. The latter accounts for methylation with DNA,
RNA, proteins and small-molecule metabolites as substrates.
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Figure 2.
Biophysical and biochemical properties of free lysine (Lys) and methyllysine (Kmel/2/3).

The side chains of Lys and Kme1/2/3 are shown in a space-filling model and with
electrostatic potential surface. Their pKa values and capability to form a salt bridge and
hydrogen bonds at physiological pH of 7.4 are compared.
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Figure 3.
Structures and formal charges of posttranslationally modified Lys residues. Different from

other posttranslational modifications, lysine methylation is characterized by unaltered charge
(+1) at physiological pH and a minimal change of size relative to an unmodified lysine.
Relative sizes of the posttranslational modifications except ubiquitin, SUMO and Nedd8 are
compared in a space-filling model.
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Figure 4.

Structures and topology of PKMTs. The cartoon 3-D structures and 2—-D topology of G9a
(PDB 208J) and DOTL1L (PDB 1NW3) are shown as representative examples of SET
domain-containing PKMTs and Rossmann-fold-like (non-SET-domain) PKMTs,
respectively. The SAM binding of the two PKMTs and the “pseudoknot” fold of G9a in red
are highlighted.
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Phylogenic trees of SET domain-containing PKMTs and Rossmann-fold-like PKMTSs.
Classification and relative positions of PKMTs were referred in a previous report.(28, 73)
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Figure®6.
Representative PKMT complexes. Here shown are key components of catalytically active

MLL1-4 and EZH1/2 complexes.(90, 91) MLL1/2 contain cleavage sites for the threonine
aspartase Taspasel. (92) The relative topology of individual subunits was presented on the
basis of homogenous X-ray structures as reported.(90, 91, 93, 94)
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Figure 7.
Reaction path of PKMT-catalyzed lysine monomethylation and relevant biochemical

methods to examine this process. PKMT first recognizes the SAM cofactor and its substrate.
The e-amine of lysine is then subjected to enzyme-mediated deprotonation. The overall rate-
limitation step is expected to be the assembling of a Sy2 transition state, followed by
releasing methylated lysine and SAH as a product and a byproduct, respectively.
Reproduced with permission from Ref. (98) Copyright 2016 PNAS.
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Figure8.
SAM-binding modes of PKMTs. The interacting networks of SAM in SETD8 (PDB 3F9W)

and DOTL1L (PDB 1NW3) are shown as the representative examples of SET domain-
containing PKMTs and Rossmann-fold-like (non-SET-domain) PKMTs, respectively. Both
the stick mode generated with PyMOL and structural details of SAM binding are shown for
clarity.
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Figure.
Noncanonical carbon-oxygen (CHee+Q) interaction for SAM engagement. SET7/9 was used

as an example to illustrate the noncanonical CHee+O interaction. The hypothetic transition
state structure was generated upon aligning two PDB files 1XQH and 1N6C. Both the stick
mode generated with PyMOL and a chemical structure model are shown for clarity.
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Figure 10.
Inverse BIEs of CD3-SAM associated with SAM binding. Inverse BIEs of CD3-SAM were

reported for SETD8 and NSD2. The noncanonical CH...O interactions were highlighted
with the stick mode generated with PyMOL (PDB 3F9W for SETD8 and 5LSU for NSD2)
and with the chemical structures at proposed transition states. SAM in the NSD2-SAM
complex (PDB 5LSU) was used to depict the interactions of SETD8 and NSD2 at the
catalytic sites.
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Noncanonical sulfur-oxygen (Ses<O) interaction for SAM engagement. SET7/9 was used as
an example to illustrate the noncanonical chalcogen-oxygen interaction. The hypothetic
transition state structure was generated upon aligning two PDB files 1XQH and 1N6C. Both
the stick mode generated with PyMOL and the chemical structure model at a proposed
transition state are shown for clarity.
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SAM Cofactor

X-ray structure of G9a Putative transition state structure

Figure 12.
Substrate-binding mode of SET domain-containing PKMTs. With G9a as an example (PDB

208)), its lysine binding pocket consists of multiple aromatic residues to engage in cation-m
interactions with positively charged lysine or methyllysine residues. The hydrophobic pocket
positions the side chains of these residues in a ready linear trajectory for a Sy2 transition
state, partially through a hydrogen bond between their e-amine moieties and G9a’s Y1154
residue.
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Figure 13.
Transition states of NSD2 and SETD8. A late Sy2 transition state of NSD2 and an early Sy2

transition state of SETD8 were solved with their KIEs as geometrical constraints.
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Figure 14.

Summary of the reported transition states of PKMTs. Described here are the PKMTs, their
substrates, and characteristic C-S and C-N distances at the solved transition states.
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Phe-Tyr switch associated with product specificity of PKMTs. G9a can carry out
dimethylation. In contrast, SETD8 and SET7/9 mainly monomethylate their substrates. Such
product specificity is expected to be controlled by a characteristic Phe-Tyr switch and the
associated water molecule. The Phe residue allows a vacant space for dimethylation. The Tyr
residue binds a water molecule, which occupies the space otherwise for a monomethylated
substrate, and thus prevents further methylation at their transition states. PDB files of 208J,
2F9W and 1XQH for G9a, SETD8 and SET7/9, respectively.

Chem Rev. Author manuscript; available in PMC 2019 July 31.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Luo

Page 87
Protein Name PHD of BPTF Chromodomain of Polycomb EED of WD40 Tudor of PHF
Ligand H3K4me3 H3K27me3 H3K27me3 H3K36me3
PDB File 2F6) 1PFB 3w 4HCZ

g
2

o

2
&

>

o
x

g

2

Q

3
&
E

£

[V
S —i—NH H3K4me3 : H H3K27me3

! b me = | H3K27me3
PWWP of ZMYND11 Tandem chromodomain of CHD1 ADD of ATRX
H3K36me3 H3K4me3 H3K9me3
4N4H 2B2W 3QLA

g

2

Q

3

]

wv

>

o

3

) T h Tyr294

. Phe291 -

B __

2

& =0 o

E Suz .- rfﬁ”'_::o\

g 0, © /):mms

o ,' W
.5 “2 >\N (o]
; NH  H3K36me3 H
A LA HN  H3K4me3 Ny o
\ \ X H3K9me3
Figure 16.

Recognition of Kme3 by diverse reader domains. Shown here are a collection of reader
domains, their preferential Kme3 ligands and the associated PDB files. Both the stick mode
generated by PyMOL and chemical structures are shown for clarity.
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Figure 17.
Recognition of Kme2 by diverse reader domains. Shown here are a collection of reader

domains, their preferential Kme2 ligands and the associated PDB files. Both the stick mode
generated by PyMOL and chemical structures are shown for clarity.
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Figure 18.
Promiscuous recognition of methyllysine by diverse reader domains. Shown here are a

collection of reader domains, their promiscuous methyllysine ligands and PDB files. Both
the stick mode generated with PyMOL and chemical structures are shown for clarity.
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Figure 19.
Recognition of unmodified Lys and Kmel by reader domains. Shown here are a collection of

reader domains, their preferential low states of lysine methylation and the associated PDB
files. Both the stick mode generated with PyMOL and chemical structures are shown for
clarity.
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Figure 20.
Structure and topology of human BPTF. Human BPTF (PDB: 2F6J) contains two reader

domains to recognize H3K4me3 and H4K16ac in a synergistic manner. The 2-D topology
and 3-D cartoon structure of human BPTF are shown.
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Figure 21.
Modules to agonize or antagonize methyllysine reader domains. The interaction of

methyllysine reader domains and their ligands can be strengthened in the presence of locally
high concentrations of these ligands or through additional interactions of reader domains
with other posttranslational marks. In contrast, such interactions can be antagonized in the
presence of unmatched ligands.
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Figure 22.
Structure and topology of human ZMET2. ZMET2 (PDB 4FT2) contains BAH and chromo

domains, and is expected to recognize H3K9me2-containing nucleosomes through binding
two H3K9me2 simultaneously. Such multivalent interactions positions the DNA
methyltransferase domain of ZMET2 to methylate nearby nucleosome DNA. The 2-D
topology and 3-D cartoon structure of ZMET?2 are shown.
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Figure 23.
Structure of the PHD finger of ING2 and its preferential ligand. The PHD finger of ING2

(PDB 2G6Q) recognizes H3K4me3, which is separated from H3R2 by Thr3. In contrast, this
PHD finger disfavors H3K9me3 and H3K27me3, which are adjacent to an Arg residue (R8/
R26).
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Figure 24.
Topology and 3-D structures of LSD1 and LSD2. The structures of LSD1/2 were generated

on the basis of PDB files 2H94 and 4GUO with PyMOL, respectively.(237, 238)
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Figure 25.
Phylogenic tree of JmjC-domain-containing human KDMs. Classification and relative

positions of KDMs were referred in a previous report.(33-35)
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Figure 26.

Representative structure and catalytic site of JmjC domain-containing KDMs. KDM4A

(PDB 20Q6) is shown here as an example.
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Figure 27.
Chemical mechanism of demethylation reaction catalyzed by LSDs.
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Figure 28.
Proposed chemical mechanism of a demethylation reaction catalyzed by JmjC-domain-

containing KDMs. Two possible mechanisms: a stepwise radical reaction versus a concerted
reaction. The stepwise radical mechanism is consistent with a model system.(242)
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Structure and distinct catalytic site of the H3K9me2 demethylase PHF2. PHF2 appears to
use a Tyr (Y321) instead of the conserved His of the facial triad in other KDMs to

coordinate the Fe cofactor.
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Figure 30.
Proposed catalytic cycle of a LOXL2-catayzled deamination reaction.
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Figure 31.
Structure, specific long-range substrate recognition and promiscuous substrate sequences of

LSD1.
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Figure 32.

Isotopical labeling of methylomes within living cells. To label PKMT targets with isotopic
SAM cofactors in living cells, S-[heavy-methyl] methionine can be used as the substrates of
MAT. The resultant biosynthesized SAM will be used as cofactors by native PMTSs to label
their substrates. Alternatively, a mixture of S-[heavy-methyl] L-methionine and unlabeled L-
methionine with known ratios can be used. The resultant labeled PKMT targets can be
identified upon detecting the light/heavy pair of labeled products in a quantitaive manner.
Adapted from Epigenetic Technological Applications, Luo M., “Chapter 10: Current
Methods for Methylome Profiling” 187-212, Copyright 2015 with permission from Elsevier.
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Methylome derivatization with isotopic bar codes. Characteristic light-to-heavy isotopic
mass shifts can be introduced at various stages of sample processing. Their relative MS
ratios will be used for MS quantification. Free amine group can be labeled with isotopic
propionic anhydride or formaldehyde. Free carboxylic group can be labeled with isotopic
methanol. *Positions for isotopic labeling. Adapted from Epigenetic Technological
Applications, Luo M., “Chapter 10: Current Methods for Methylome Profiling” 187-212,
Copyright 2015 with permission from Elsevier.
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Figure 34.
Methylome chemical labeling with SAM analogs. SAM analog cofactors containing

clickable sulfonium-alkyl moieties such as terminal alkyne or azide groups can be processed
by some native PKMTs for substrate labeling. The terminal alkyne or azide groups feature
their ready conjugation with other probes (e. g. dye and biotin) via the well-established
Huisgen cycloaddition reaction (the click chemistry).
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Figure 35.
Bioorthogonal Profiling of Protein Methylation (BPPM). For BPPM, SAM-binding pockets

of PKMTs are engineered to accommodate S-alkyl SAM analogs, which are otherwise too
bulky to serve as cofactors of native PKMTSs. The engineered PKMTSs can then transfer the
distinct alkyl moieties to the substrates of native PKMTs. The BPPM approach allows the
distinctly-labeled targets to be assigned to individual (engineered) PKMTSs in an
unambiguous manner. Reproduced from ACS Chem. Biol. 2012, 7, 443-463, Copyright
2012 American Chemical Society.
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Figure 36.
Workflow of methylome profiling by BPPM. Cells were transfected with a PKMT mutant

plasmid and then lysed, followed by treatment with SAM analog cofactors. BPPM-labeled
targets were then conjugated with fluorescent dyes for in-gel fluorescence or with cleavable
azido-azo-biotin probes for target enrichment. Adapted from Epigenetic Technological
Applications, Luo M., “Chapter 10: Current Methods for Methylome Profiling” 187-212,
Copyright 2015 with permission from Elsevier.
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Figure 37.

Structure-activity-relationship for efficient BPPM. Engineered G9a was used as an example
to rationalize how structurally matched G9a variants and SAM analog cofactors facilitate
target labeling by increasing kg rather than decreasing Kp,. Such an observation is expected
to associate with more readily assembled transition states for structurally matched enzyme-
cofactor pairs. Adapted with permission from Ref. (99) Copyright 2013 PNAS.
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Figure 38.
BPPM in living cells. SAM biosynthetic pathway is hijacked by engineered MATS to

process membrane-permeable S-alkyl methionine analogs for /n situ production of the
corresponding S-alkyl SAM analogs. The three-step BPPM within living cells consist of the
biosynthesis of SAM analogs from methionine analog precursors by engineered MATS, in
situtarget labeling by engineered PKMTs, and subsequent enrichment of the distinct
modified targets via the click chemistry. Adapted from Epigenetic Technological
Applications, Luo M., “Chapter 10: Current Methods for Methylome Profiling” 187-212,
Copyright 2015 with permission from Elsevier.
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Figure 39.
MOA and representative structures of SAM-competitive PKMT inhibitors. The PKMT

targets of these inhibitor are shown in parenthesis. Partially adapted with permission from
Ref. (38) Copyright 2015 Future Medicine Ltd.
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Figure 40.
MOA and representative structures of substrate-competitive inhibitors. These inhibitors can

be further classified as SAM-noncompetitive or SAM-dependent inhibitors on the basis of
their ability to form more stable PKMT-SAM-inhibitor ternary complexes. Partially adapted
with permission from Ref. (38) Copyright 2015 Future Medicine Ltd.
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SMYD3 in complex with the MAP3K2 SMYD3 in complex with the MAP3K2
substrate (blue) and EPZ030456 (pink) substrate (blue) and GSK2807 (pink)
Figure41.

Structures of SMYD3 in complex with its substrate and inhibitors. The overall structure of
SMYD3 (green) is displayed with its substrate MAP3K2 (blue) and the SMYD3 inhibitors
EPZ030456 (pink in left) and GSK2807 (pink in right). The two inhibitors show potential
steric clashes with the substrate.
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Figure 42.
MOA of allosteric inhibitors of PKMTs and their representative structures. Partially adapted

with permission from Ref. (38) Copyright 2015 Future Medicine Ltd.
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Figure 43.
Representative structures of covalent inhibitors of SETD8 and a suicide inhibitor of DOT1L.
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Figure 44.

Semi-synthesis of proteins containing site-specific methyllysine analogs via direct chemical
conjugation. Cys and Dha are the sites allowing chemical incorporation of methyllysine side
chains into proteins.
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Figure 45.
Biosynthesis of proteins containing site-specific methyllysine residues or methyllysine

analogs via nonsense-suppression mutagenesis. A dozen of nonnatural methyllysine
precursors can be incorporated into proteins through nonsense-suppression mutagenesis and
then converted into corresponding methyllysine or methyllysine analogs.
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Biosynthesis of proteins containing site-specific methyllysine residues via diverse chemical
ligation strategies. Native chemical ligation, expressed protein ligation and u/ftrafast trans-
splicing ligation can be implemented to incorporate methyllysine-containing truncated

peptides into full-length products.
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Nomenclature of human PKMTs.

Table 1.
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SET domain PKMTs | Auto-inhibitory SET domain

Classification Common Abbreviation Full Name Standardized Name | Common Alternatives
SUV39H1 Suppressor of variegation 3-9 homolog KMT1A
1
SUV39H2 Suppressor of variegation 3-9 homolog KMT1B
2
G9%a N.A. KMT1C EuHMTase2
GLP1 G9a-like protein 1 KMT1D EuHMTasel
SETDB1 SET domain bifurcated 1 KMT1E ESET
SETDB2 SET domain bifurcated 2 KMT1F CLLL8
SETD8 SET domain-containing protein 8 KMT5A Pr-SET7
Canonical PKMTs
SUV4-20H1 Suppressor of variegation 4-20 KMT5B
homolog 1 (Su(var)4-20 homolog 1)
SUV4-20H2 Suppressor of variegation 4-20 KMT5C
homolog 2 (Su(var)4-20 homolog 2)
SET7 SET domain-containing protein 7 KMT6 SET7/9
SETD3 SET domain-containing protein 3 SETD3
SETD4 SET domain-containing protein 4 SETD4
SETD5 SET domain-containing protein 5 SETD5
SETD6 SET domain-containing protein 6 SETD6
ASH1L Absent small and homeotic disks KMT2F
protein 1 homolog
SETMAR SET domain and mariner transposase SETMAR Metnase
fusion gene-containing protein
SETD2 SET domain-containing protein 2 KMT3A HYPB
NSD1 Nuclear receptor-binding SET domain- KMT3B
containing protein 1
NSD2 Nuclear SET domain-containing NSD2 WHSC1/MMSET
protein 2
NSD3 Nuclear SET domain-containing NSD3
protein 3
PKMTsactivein complexes MLL Myeloid/lymphoid or mixed-lineage KMT2A ALL1/HRX
leukemia protein
MLL2 Myeloid/lymphoid or mixed-lineage KMT2B ALR
leukemia protein 2
MLL3 Myeloid/lymphoid or mixed-lineage KMT2C
leukemia protein 3
MLL4 Myeloid/lymphoid or mixed-lineage KMT2D
leukemia protein 4
MLL5 Myeloid/lymphoid or mixed-lineage KMT2E
leukemia protein 5
SET1A SET domain-containing protein 1A KMT2F
SET1B SET domain-containing protein 1B KMT2G
EZH2 Enhancer of zeste homolog 2 KMT6
EZH1 Enhancer of zeste homolog 1 EZH1
SMYD1 SET and MYND domain containing KMT3C
protein 1
. SMYD2 SET and MYND domain containing SMYD2
MY ND-inserted protein 2
SMYD3 SET and MYND domain containing SMYD3

protein 3

Chem Rev. Author manuscript; available in PMC 2019 July 31.




1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Luo

Page 119

Classification Common Abbreviation Full Name Standardized Name | Common Alternatives
SMYD4 SET and MYND domain containing SMYD4
protein 4
SMYD5 SET and MYND domain containing SMYD5
protein 5
PRDM1 PR (PRDI-BF1 and RIZ) domain KMT8 BLIMP1
proteins 1
PRDM2 PR (PRDI-BF1 and RIZ) domain PRDM2 RIZ
proteins 2
PRDM3 PR (PRDI-BF1 and RIZ) domain PRDMS3 MDS1-EV1/MSP1
proteins 3
PRDM4 PR (PRDI-BF1 and R1Z) domain PRDM4
proteins 4
PRDM5 PR (PRDI-BF1 and R1Z) domain PRDM5
proteins 5
PRDM6 PR (PRDI-BF1 and RIZ) domain PRDM6
proteins 6
PRDM7 PR (PRDI-BF1 and RIZ) domain PRDM7
proteins 7
PRDM8 PR (PRDI-BF1 and RIZ) domain PRDM8
proteins 8
. PRDM9 PR (PRDI-BF1 and RIZ) domain PRDM9
PR-inser ted proteins 9
PRDM10 PR (PRDI-BF1 and R1Z) domain PRDM10
proteins 10
PRDM11 PR (PRDI-BF1 and R1Z) domain PRDM11
proteins 11
PRDM12 PR (PRDI-BF1 and RIZ) domain PRDM12
proteins 12
PRDM13 PR (PRDI-BF1 and RI1Z) domain PRDM13
proteins 13
PRDM14 PR (PRDI-BF1 and RIZ) domain PRDM14
proteins 14
PRDM15 PR (PRDI-BF1 and RIZ) domain PRDM15
proteins 15
PRDM16 PR (PRDI-BF1 and R1Z) domain PRDM16
proteins 16
PRDM17 PR (PRDI-BF1 and R1Z) domain PRDM17
proteins 17
DOTIL Disruptor of telomeric silencing-1-like KMT4
METTL10 Methyltransferase-like protein 10 METTL10
ETFP-KMT Lysine methyltransferase of the P- METTL20
subunit of the electron transfer
flavoprotein
METTL21A Methyltransferase-like protein 21A METTL21A
eEF1A-KMT3 Lysine methyltransferase 3 of human METTL21B
eukaryotic elongation factor 1 alpha
Non-SET domain PKMTs METTL21C Methyltransferase-like protein 21C METTL21C
VCP-KMT Valosin-containing protein lysine METTL21D VCP-KMT
methyltransferase
METTL22 Methyltransferase-like protein 22 METTL22
eEF1A-KMT1 Lysine methyltransferase 1 of human eEF1A-KMT1
eukaryotic elongation factor 1 alpha
eEF2-KMT Lysine methyltransferase of human eEF2-KMT1 FAMB86A
eukaryotic elongation factor 2
CaM-KMT Calmodulin-lysine N-methyltransferase CaM-KMT
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Classification Example(s)
ADD DNMT3L
Ankyrin G9a/GLP1
BAH ORC1
Chromo barrel MSL3
Chromodomain HP1
Double chromodomain CHD1
HEAT Condensin 11
MBT L3MBT1
PHD TAF3/BPTF/ING2/BHC80
PWWP hMSH6/NSD2
SAWADEE SHH1
Tandem tudor domain 53BP1
Tudor PHF1
WD40 EED
Zf-CW ZCWPW1

Chem Rev. Author manuscript; available in PMC 2019 July 31.




	Abstract
	Graphical Abstract
	Introduction
	General Properties of Lysine and Methyllysine as Protein Building Blocks
	L-Lysine.
	Epsilon-N-monomethyl lysine (Kme1).
	Epsilon-N-dimethyl lysine (Kme2).
	Epsilon-N-trimethyl lysine (Kme3).

	Classification of Protein Lysine Methyltransferases (PKMTs)
	Overview of protein methylation.
	SET domain-containing PKMTs.
	Non-SET domain PKMTs.

	PKMT-catalyzed Methylation: Cofactor, Substrates and Enzyme Catalysis
	Overview of PKMT-catalyzed methylation.
	SAM-binding modes of PKMTs.
	Histone and nonhistone targets of PKMTs.
	Sequence motifs and binding modules of PKMT substrates.
	Lysine binding pockets of PKMTs.
	Lysine deprotonation in PKMT-catalyzed methylation reaction.
	Transition state stabilization of SET domain-containing PKMTs.
	Product specificity of PKMTs.
	Potential product inhibition of PKMTs.

	Molecular Recognition of Methyllysine-containing Proteins
	Classification of reader domains that recognize protein methyllysine(s).
	Mechanisms for reader modules to recognize methyllysine(s).
	Strategies to amplify affinity and selectivity of individual methyllysine reader modules.

	Erasing Methyl Marks by Protein Lysine Demethylases (KDMs).
	Overview of human KDMs.
	Catalytic motifs and reaction mechanisms of KDMs.
	Substrate specificity of KDMs.

	Profiling Protein Lysine Methylation
	Uncovering lysine methylomes through chemical labeling.
	Enzymatic labeling lysine methylomes with isotopic SAM cofactor.
	Further chemical derivatization of lysine methylomes for MS analysis.
	Chemical labeling by native PKMTs with clickable SAM analog cofactors.
	Chemical labeling with allele-specific PKMT-cofactor pairs.
	Bioorthogonal profiling of protein lysine methylation inside living cells.
	Recognizing lysine methylomes through physical interaction.
	Antibody-based immuno-enrichment of lysine methylomes.
	Recognition and enrichment of methylomes with methyllysine reader domains.


	Small-molecule Inhibition of Methyltransferase Activities of PKMTs
	General criteria of PKMT inhibitors as chemical probes.
	Inhibition of PKMTs through SAM-competitive MOA.
	Inhibition of PKMTs through substrate-competitive MOA.
	Inhibition of PKMTs by allosteric MOA.
	Inhibition of PKMTs through covalent or suicide MOA.
	Evaluation of target engagement of PKMT inhibitors.

	Semisynthesis of Proteins Containing Methyllysine or Methyllysine Mimics
	Cysteine-specific chemical conjugation.
	Incorporation of methyllysine precursors through nonsense suppressors.
	Chemical ligation.

	Summary and Perspective
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Figure 9.
	Figure 10.
	Figure 11.
	Figure 12.
	Figure 13.
	Figure 14.
	Figure 15.
	Figure 16.
	Figure 17.
	Figure 18.
	Figure 19.
	Figure 20.
	Figure 21.
	Figure 22.
	Figure 23.
	Figure 24.
	Figure 25.
	Figure 26.
	Figure 27.
	Figure 28.
	Figure 29.
	Figure 30.
	Figure 31.
	Figure 32.
	Figure 33.
	Figure 34.
	Figure 35.
	Figure 36.
	Figure 37.
	Figure 38.
	Figure 39.
	Figure 40.
	Figure 41.
	Figure 42.
	Figure 43.
	Figure 44.
	Figure 45.
	Figure 46.
	Table 1.
	Table 2.

