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The winding path of protein
methylation research: milestones

and new frontiers
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Abstract | In 1959, while analysing the bacterial flagellar proteins, Ambler and Rees
observed an unknown species of amino acid that they eventually identified as
methylated lysine. Over half a century later, protein methylation is known to have
a regulatory role in many essential cellular processes that range from gene
transcription to signal transduction. However, the road to this now burgeoning
research field was obstacle-ridden, not least because of the inconspicuous nature
of the methyl mark itself. Here, we chronicle the milestone achievements and
discuss the future of protein methylation research.

Post-translational modifications (PTMs)
of proteins regulate almost every aspect of
cell biology by altering the functional
properties of proteins, commonly in a
reversible manner and at a relatively low
energetic cost. Protein methylation is
widespread and is perhaps one of the most
functionally versatile forms of PTMs, with
the capacity to impinge on essentially any
cellular process. Accordingly, deregulation
of protein methylation has been associated
with a plethora of human disorders. First
reported in 1959 (REF. 1), protein methylation
initially garnered a lot of attention, but

it quickly became unpopular owing to

the slow progress in understanding the
physiological impact of this modification.
Then, at the turn of the 21st century, fueled
by a series of advances in molecular biology,
the field of protein methylation flourished,
and numerous discoveries were made that
unveiled much of the biology of protein
methylation that we know today.

In this Timeline article, we track the
history of research into protein methylation,
from its arduous beginnings until modern
times. We point out several landmark
discoveries that laid the foundations of
the field, which include the discovery
of the first methylated proteins, methyl-
modifying enzymes (methyltransferases and

demethylases; also known as methyl ‘writers’
and ‘erasers, respectively), ‘reader’ proteins
as effectors of methylation, the major
biological processes that are regulated by
this PTM, and the crosstalk between protein
methylation and cellular metabolism.

We discuss the historical reliance of the field
— in particular, studies related to chromatin
biology — on the availability of tools and
technologies, and consider the prospect of
novel quantitative proteomic approaches.
We conclude with a summary of some of the
key unanswered questions and challenges,
and discuss potential directions that the field
might take in the future.

Thrilling early discoveries

The story of protein methylation finds its
deepest roots in studies of the metabolism of
Lys, which Fred Sanger carried out as part
of his Ph.D. thesis under the mentorship of
Albert Neuberger, and which earned him

a doctorate in 1943. In his work, the young
Sanger observed that e-N-methyl-lysine

(in which the methyl group is attached

to the side-chain amino group of Lys;
herein referred to as methyl-lysine),

but not a-N-methyl-lysine (in which the
methyl group is attached to the terminal
amino group of Lys), can readily substitute
for Lys — an essential amino acid — in the

diet of weaning rats®. Sanger reasoned

that this was because only the e-N-methyl
compound could be converted into Lys or
incorporated into proteins. He favoured
conversion to Lys as the more likely of

the two processes, in light of his own
experiments showing that ‘demethylation’
of the e-amino group of Lys readily occurs
in kidney slices®. These findings were

far ahead of their time and touched on
several facets of an unsuspected regulatory
mechanism, the inner workings of which
did not become clear until the 21st century.
However, Sanger made another far-reaching
contribution to the field of protein
methylation: the techniques of protein
sequence determination he developed laid
the foundation on which many of the early
discoveries in the field were based.

The occurrence of protein methylation
in living cells was first reported by Richard
Ambler and Maurice Rees in 1959 (REF. 1).
While analysing bacterial flagellar proteins
(flagellins), Ambler observed that flagellin
from Salmonella typhimurium contained
a substantial amount of methyl-lysine,

“an amino acid that has not been previously
found to occur naturally” (REF. 1) (BOX 1).
Two years later, Ambler and colleagues
found that a gene separate to the gene
encoding flagellin determined the presence
or absence of methyl-lysine in flagellin, the
first observation to suggest that methylation
might occur post-translationally*. Given that
several but not all lysines in flagellin were
modified, Ambler further speculated on the
existence of an enzyme that might methylate
select Lys residues in a pre-formed protein.
Together, the work of Sanger and Ambler set
the methodological and intellectual base that
instigated much of the progress in the field
in the ensuing 30 years (FIC. 1).

Following on from these studies, the
detection of methyl-lysine in hydrolysates
of mammalian histones in 1964 by
Kenneth Murray was a discovery of
particular significance’. In contrast to
Ambler’s flagellin, Murray observed
consistently low and highly heterogeneous
levels of the methylated residue in different
histone fractions, which led him to
speculate that histone methylation might
be a highly specific process’. However,
Murray was unable to tell whether
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methylation occurred before or after
histone synthesis. This issue was elegantly
resolved by two independent studies, which
showed that histones were methylated after
synthesis of their polypeptide chains was
completed. First, Allfrey and colleagues
demonstrated that the translational
inhibitor puromycin effectively blocked
the incorporation of amino acids but had
no effect on the incorporation of methyl
groups into histones®. Consistent with this
result, in 1965 Kim and Paik found that
methyl-lysine could not be conjugated

to tRNAs, which ruled out the possibility
of its incorporation during translation’.

Despite the intriguing insights that were
gathered by the mid-1960s, the newborn field
of protein methylation was missing a critical
component in order to prosper — biological
relevance. A major conceptual advance
came with the demonstration in 1964 by
Allfrey and colleagues that “acetylation of
the histones can lower their effectiveness
as inhibitors of RNA polymerase
reaction” (REF. 6). This formed the basis
for their visionary hypothesis that histone
modifications (including methylation) could
regulate gene transcription, a premise that
sparked a lot of excitement across numerous
scientific communities.

Box 1| Discovery of protein methylation

Richard P. Ambler (1933-2013) was an English molecular biologist and a skilled practitioner of the
techniques for protein sequence determination that were developed by, amongst others, his Ph.D. and
postdoctoral adviser, Fred Sanger. Ambler employed protein sequencing to study the evolutionary
relationships between organisms, predominantly bacteria. He is best known for having published, in
1963, the first sequence of a bacterial protein, and for his groundbreaking research into horizontal gene
transfer, the primary reason for the spread of antibiotic resistance in bacteria. As a graduate student at
the University of Cambridge, UK, Ambler worked together with Maurice W. Rees of the Agricultural
Research Council’s Virus Research Unit in Cambridge, UK, on the amino acid composition of flagellin

in different strains of bacteria. Commenting on the amino acid analysis performed on 11 May 1958,
Ambler wrote in his laboratory notebook: “There is a kink (shoulder) on Lys peak that could very well be
due to another amino acid, present in quite large amounts (10-15 residues say [numbers corrected to
5-10]). Rees is having a better look for it. He is also going to do a cysteic analysis some time.” (see the
figure, part a). lon-exchange chromatography with the indicated ‘shoulder’ (see the figure, part b)

and two-dimensional paper chromatography of hydrolysates of Salmonella typhimurium flagellin

(see the figure, part ) indicated the presence of a ‘new amino acid’, e-N-methyl-lysine (NML), in
bacterial flagellins. These analyses, together with an elemental analysis of the purified NML, provided
the key evidence for the occurrence of protein methylation in living cells. Images in parts a and b
courtesy of A. Ambler, UK. Part c reproduced with permission from REF. 1, Macmillan Publishers Limited.

a

Decades of stagnation
The apparent involvement of enzymes
and their conservation in species
as evolutionarily distant as bacteria
and mammals suggested that protein
methylation might serve important
physiological functions. This seemed even
more likely in light of the discovery of other
PTMs at the time, which included protein
phosphorylation in 1954 and acetylation
in 1963, whose functions in the regulation
of biological processes were just beginning
to emerge®®'!. However, much to the
frustration of many aspiring investigators,
no such physiological roles for protein
methylation were documented until the
late 1990s (FIC. 1). Given the complexity of
protein methylation (BOX 2), this is perhaps
not surprising from our current perspective.
With functional data lacking, the focus
of the nascent field of protein methylation
shifted to identifying the putative enzymes
involved. Paik and Kim were particularly
productive in this area in the 1960s and early
1970s. Together with other investigators,
they defined the first methyltransferase
activity that could transfer a methyl group
from S-adenosylmethionine (SAM) to Lys,
Arg, Asp or Glu residues of proteins”'*™.
These studies laid the groundwork for the
identification of new methylated proteins
as well as definition of different methylation
states of Lys (mono-, di- or trimethyl) and
Arg (N“-monomethyl or N°N¢-dimethyl,
which could be symmetric or asymmetric;
NE refers to either of the two terminal
nitrogen atoms of the guanidino group)
(BOX 2), all of which were described by
1971 (REFS 15-18). In 1964, building on
the early work of Sanger in the 1940s,
Paik and Kim reported the identification
of an e-alkyllysinase, which removed
methyl groups from free methyl-lysine®.
They further reported a cellular activity
— curiously enriched in the kidney —
that appeared to remove methyl groups
from histones, resulting in the production
of formaldehyde®'**. However, the
formation of the crucial reaction product,
the demethylated histones, was not
demonstrated. It also remained unclear
whether this cellular activity was due to the
e-alkyllysinase or another factor. At around
the same time, two other groups found
that the turnover rate of methyl groups
on histones was comparable to that of
the histones themselves, which suggested
that histone methylation was irreversible*.
This latter view remained the dogma
in the field until it was disproved three
decades later.
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Despite the mechanistic insights
gathered by the early 1970s, the continued
lack of evidence for a biological role
rendered protein methylation a rather
unattractive subject of study. Isolated
indirect links to biological processes began
to emerge in the early 1990s from studies of
carboxyl methylation (that is, methylation
of terminal and side-chain carboxyl groups,
which results in the formation of methyl
esters) and Arg methylation of various
proteins implicated in signalling pathways
and RNA processing, although in several
cases the specific roles of methylation were
not determined®-2.

The golden age
The long struggle to establish a definite
functional role for protein methylation
finally ended in the late 1990s owing to
progress in genetics and molecular biology.
The increased availability of genomic
sequence information and the development
of techniques to study chromatin biology
were particularly critical to the rebirth of
the field. Chromatin immunoprecipitation
(ChIP) coupled with analysis of the
precipitated DNA provided time- and
location-resolved information about the
in vivo associations of histones, their
modifications and regulatory proteins
with specific genomic regions®”*. Another
major boost to the field came in 1996
with the identification of the first histone-
modifying enzymes, an acetyltransferase
and a deacetylase, by the groups of Allis and
Schreiber, respectively®**. Together, these
advances not only led to a resurgence of
interest in protein methylation but also
swayed the field towards chromatin biology
— in particular, histone methylation.
However, the first evidence of a regulatory
role for protein methylation came from the
‘non-histone’ world.

In 1996, a year after Klein and
Houtz cloned the first gene that
encodes a methyl-modifying enzyme,
a ribulose-1,5-bisphosphate carboxylase/
oxygenase (RuBisCO) large subunit
N-methyltransferase (LSMT; encoded
by RBCMT) (FIC. 1)*!, the groups of Silver
and Herschman isolated the gene for
protein arginine N-methyltransferase 1
(PRMT1) from yeast and mammalian
cells, respectively*>**. With the cloned
genes in hand, the investigators were
able to produce large amounts of defined
methylating enzymes and study their
properties. In 1998, the function of Arg
methylation — catalysed by the yeast
PRMT1 homologue Hmtl — in the

nuclear export of heterogeneous nuclear

ribonucleoproteins (HNRNPs) was
demonstrated, which provided the

long sought-after evidence that protein

methylation is indeed physiologically
important® (FIC. 1).

General protein methylation

Ambler and Rees detect N-methyl-
lysine in bacterial flagellar protein’

Kim and Paik propose enzymatic catalysis
of protein methylation, and identify
S-adenosylmethionine (SAM) as a methyl
donor’

Klein and Houtz clone the first PMT, large
subunit N-methyltransferase (LSMT) of
RuBisCO?!

Silver and colleagues demonstrate a
biological role for protein methylation®*

‘ First structures of PMTs determined®®*°

Mann and colleagues develop
heavy methyl SILAC for
proteome-wide quantitative
identification of methylation sites®

The groups of Garcia and Nguyen carry
out a global analysis of PMT substrates'*?
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Linking histone methylation to epigenetic
control. More than three decades after its
proposal, Allfrey’s hypothesis about the
impact of histone methylation on gene
transcription could finally be tested. The
first evidence that supported a role for

Histone methylation

Murray reports the occurrence of
&-N-methyl-lysine in mammalian
histones®

[
Allfrey and colleagues
propose that histone
modifications might
regulate gene expression®

Stallcup and colleagues find an
Arg-specific histone PMT (CARM1)
and link its enzymatic activity to
transcription activation?

Jenuwein and colleagues discover a
Lys-specific histone PMT associated with
heterochromatin®”

HP1 is identified as a histone
methyl reader protein***

First structures of an ‘aromatic
cage’ pocket and SET domains
determined*6:47151-1%%

Shi and colleagues identify LSD1
(KDM1A) as a histone demethylase®

JMJC family of histone
PDMs discovered®*

Jenuwein and colleagues synthesize
a selective histone PMT inhibitor?®
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SAM found to serve as a link between
metabolism and histone methylation***133

Figure 1| Milestones in protein methylation research. Events listed on the right of the timeline are
associated with histone methylation, whereas those on the left refer to more general studies of protein
methylation (including non-histone proteins). The first structures of su(var)3-9, enhancer-of-zeste and
trithorax (SET) domain-containing enzymes are described in REFS 152-156. CARM1, coactivator-
associated arginine methyltransferase 1; HP1, heterochromatin protein 1; JMJC, Jumonji C-terminal
domain; KDM1A, lysine-specific histone demethylase 1A; LSD1, lysine-specific demethylase 1; PDM,
protein demethylase; PMT, protein methyltransferase; RuBisCO, ribulose-1,5-bisphosphate carboxylase/
oxygenase; SAH, S-adenosylhomocysteine; SILAC, stable isotope labelling with amino acids in cell culture.

NATURE REVIEWS | MOLECULAR CELL BIOLOGY

ADVANCE ONLINE PUBLICATION | 3

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



PERSPECTIVES

histone methylation in transcriptional
regulation was provided in 1999 by Stallcup
and co-workers®. Using a yeast two-hybrid
screen and a sequence comparison with
the PRMT enzymes known at that time,

the team discovered an Arg-specific protein
methyltransferase (PMT), coactivator-
associated arginine methyltransferase 1
(CARM1; also known as PRMT4), which
methylated histones in vitro. Markedly,

Box 2 | Biophysical properties and the readout of protein methylation

Methylation stands out among other common post-translational modifications (PTMs) in terms of
several biological and physicochemical properties. First, methylation can occur on the side chains
of at least nine of the twenty common amino acid residues (Met, Cys, Lys, Arg, His, Gln, Asn, Glu and
Asp)?, although Lys and Arg are by far the most commonly methylated residues. Second, the methyl
group is one of the smallest PTMs and contributes relatively little to the ‘steric bulk’ of the modified
side chains. Third, methylation of Lys or Arg does not affect the overall charge of these residues,

and their side chains remain positively charged even when methylated'*. Fourth, a Lys residue can
be methylated up to three times and an Arg residue up to two times. Each subsequent methylation
event removes a proton from the e-amino group of Lys or the guanidino group of Arg, thereby
decreasing their hydrogen-bonding capacity and increasing their hydrophobicity (see the figure,
part a)**°. Fifth, the turnover of histone methylation is much slower compared with some other
abundant PTMs, such as phosphorylation and acetylation'****'. The particularly slow kinetics of
di- and trimethylation of histone Lys residues was proposed to contribute to epigenetic stability
A lack of data on the kinetics of non-histone methylation, however, precludes extrapolation of these
findings to non-histone proteins.

Methylated and unmodified Lys or Arg residues are recognized by specific ‘reader’ proteins, usually
in a manner that is dependent on the flanking amino acid sequence. Methylated residues are
typically recognized by ‘aromatic cage’ pockets, as exemplified by recognition of trimethylated Lys4
of histone 3 (H3K4me3) by the plant homeodomain (PHD) finger of bromodomain and PHD
finger-containing transcription factor (BPTF; Protein Data Bank identifier (PDB ID): 2F6)) (see the
figure, part b)*®. The aromatic rings of two to four residues that line this aromatic cage stabilize a
methylated side chain by cation— interactions (the attraction force between a cation and the
partially negatively charged m-surface of an aromatic ring), as well as by hydrophobic contacts*®.

By contrast, an unmodified Lys can be recognized by acidic residues through electrostatic and
hydrogen-bonding interactions, as in the case of the recognition of H3K4me0 by the PHD finger

of BRAF35-HDAC2 complex 80kDa protein (BHC80; also known as PHF21A) that involves the
formation of two hydrogen bonds (PDB ID: 2PUY) (see the figure, part c). The selectivity of readers
for different Lys methylation states is typically achieved by tuning the ratio of aromatic versus acidic
residues in the aromatic cage'®.
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mutation of conserved residues within
the SAM-binding domain of CARM1
abolished its methyltransferase activity
concomitant with a substantial drop in
transcriptional activation®.

A few months later in the same year,
the team of Allis made the case for Lys
methylation. Using biochemical approaches
and microsequencing of Tetrahymena
thermophila, yeast and mammalian
histones, the investigators showed that
Lys4 of H3 (H3K4) is a highly conserved
site of methylation and suggested that it
may facilitate transcription®. Then, in 2000,
Jenuwein and colleagues observed sequence
similarity between the heterochromatic
protein SUV39HI1 and the RuBisCO LSMTs.
This similarity, together with elegant
biochemical and gene ablation experiments
led the group to identify SUV39HI as
the first Lys-specific histone PMT, and
to link methylation of its target H3K9 to
the establishment of transcriptionally
less-permissive heterochromatin®. Of note,
this report mapped the methyltransferase
activity of SUV39HL1 to the conserved
su(var)3-9, enhancer-of-zeste and trithorax
(SET) domain, which is the catalytic core of
the largest clade of Lys-specific PMTs known
to date™.

These studies set the stage for a flurry
of discoveries of additional histone PMTs,
their structures®*, their interacting proteins
and their biological roles. In just over a
decade, some fifty SET domain-containing
proteins, many of which were validated
as Lys-specific PMTs, were identified.
This was accompanied by the discovery of
nine Arg-specific seven-f-strand PMTs,
designated PRMT1-PRMT?9, as well as the
H3K79-specific PMT DOT1-like protein
(DOT1L). Altogether, these enzymes
were capable of methylating all canonical
Lys and Arg residues on histones, which
include Arg2, Lys4, Arg8, Lys9, Argl7,
Arg26, Lys27, Lys36 and Lys79 on H3,
and Arg3 and Lys20 on H4 (reviewed
in REF. 41). Notably, the location and the
degree of methylation of a particular
residue, determined by antibody-based
and quantitative proteomic approaches as
well as the co-occurrence of other PTMs,
could often be associated with a particular
transcriptional state or chromatin structure.

Also in 2000, the amalgamation of
diverse associations of histone methylation,
acetylation and phosphorylation with
transcription and chromatin structure
kindled the hypothesis that distinct patterns
of histone marks might encode a language
or ‘histone code’ REF. 42). Although there
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have been different views about this
hypothesis®, it is now generally accepted
that histone modifications — including
methylation — serve as signals for the
recognition by effector or reader proteins,
which impact chromatin structure and
function (FIG. 2a, top panel). The first
experimental support for this concept came
in 2001 from a functional scrutiny of the
SUV39H1-associated heterochromatin
protein 1 (HP1) by the groups of Jenuwein
and Kouzarides***. HP1 had been

known to localize to heterochromatin

and to facilitate gene silencing, but

the reason why these processes were
strictly dependent on SUV39H1 and the
conserved chromodomain of HP1 were
obscure. The investigators found that by
methylating H3K9, SUV39H]1 creates an
epitope that is specifically recognized by
the HP1 chromodomain, which allows the
recruitment of HP1 to heterochromatin and,
in turn, the HP1-dependent propagation
of transcriptional silencing. The crystal
structure of HP1 in a complex with
trimethylated H3K9 (H3K9me3) was
determined in 2002 and provided the first
insight into the principles that underlie
methyl-lysine recognition by the ‘aromatic
cage’ pockets'®*” (BOX 2).

A rapid flow of discoveries that followed
unveiled the largest family of methyl readers,
the plant homeodomain (PHD) finger-
containing proteins, as well as numerous
additional reader modules, which include
Tudor domains, malignant brain tumour
(MBT) repeats, ATRX-DNMT3-DNMT3L
(ADD) domains, chromodomains,

WD40 repeats and others (reviewed in

REFS 48-50). Different readers, together
with their associated effector complexes,
were found to mediate different biological
outputs through site-specific recognition of
methylated Lys or Arg residues on a histone
tail. For example, recognition of H3K4me3
at active promoters by TBP-associated
factor 3 (TAF3), a component of the basal
transcription factor TFIID, could explain the
crosstalk between H3K4me3 and positive
regulation of RNA polymerase II-mediated
gene transcription®.

Demethylases join the party. With reports
on histone methylation pouring in during
the early 2000s, several cases made it clear
that mechanisms for the removal of methyl
groups must also exist. For example, H3K9
methylation, which enables repression of
the cyclin E gene during the G1 phase

of the cell cycle, needs to be removed every
time cells enter S phase and to be reinstated

PERSPECTIVES
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Figure 2 | Interfaces between protein methylation and biological processes. a| Regulatory poten-
tial of protein methylation. Protein methylation is thought to exert its biological function primarily
indirectly, by recognition of methyl marks by effector proteins (also termed ‘readers’; top panel).
For example, readers that recognize histone methyl marks enact transcriptional changes or recruit
other proteins to do so. Growing evidence also supports direct actions of protein methylation (bottom
panel), which include modulation of the interaction of RNA-binding protein (RBPs) with RNA
(bottom left panel); changes to protein structure (bottom centre panel), as is the case for dimethylation
of Lys79 of histone 3 (H3K79me2) and H4K20me3, which regulate nucleosome surface and higher-
order structure of chromatin, respectively™’; and competition with other PTMs such as the acetylation
of H3K9 and H3K27 (REFS 158,159) (bottom right panel). b | Metabolism can, in principle, affect protein
methylation through changes in the availability of cofactors (which include S-adenosylmethionine
(SAM), a-ketoglutarate (a-KQG) and flavin adenine dinucleotide (FAD)) of protein methyltransferases
(PMTs) and protein demethylases (PDMs), as well as through the generation of reaction products, which
include S-adenosylhomocysteine (SAH), succinate and a reduced form of FAD, FADH,, all of which are
intermediate metabolites. In addition, fumarate, a metabolite of the citric acid cycle, has been shown
to modulate PDM activity by acting as a competitor of a-KG. It has also been reported that oncogenic
mutations in the genes that encode cytoplasmic and mitochondrial isocitrate dehydrogenases
(IDHs; encoded by IDH1 and IDH2, respectively) lead to the generation of 2-hydroxyglutarate (2-HQ)
from a-KG, which results in PDM inhibition. The question mark denotes speculation that the formalde-
hyde generated in a demethylation reaction could be converted back to SAM>3. Dashed lines indicate
effects for which the mechanism is incompletely understood.

soon afterwards™. How could such dynamic
changes in methylation be accomplished?
In 2002, Kouzarides and colleagues
discussed three possible scenarios: histone
exchange, histone tail clipping and active
demethylation®. The first two possibilities
were supported by some experimental
evidence®**, whereas active demethylation
was not. In the face of the longstanding
dogma that histone methylation was
an irreversible process, the existence of
enzymes that would catalyse active removal
of methyl groups seemed unlikely.

In 2004, our attention was drawn to a
known but uncharacterized component
of several co-repressor complexes,
KIAA0601, a conserved protein that shares

extensive sequence similarity with flavin
adenine dinucleotide (FAD)-dependent
amine oxidases**%. Using a number of
biochemical and in vivo assays, we identified
KIAAO0601 as a Lys-specific demethylase —
hence we termed it LSD1 (also known as
KDMI1A) — which has substrate specificity
for H3K4mel and H3K4me2 (REF. 61).

The enzymatic activity of LSD1 provided
definitive proof that protein methylation

is a reversible process that is catalysed by
demethylases (FIC. 1). A year later, LSD1
was shown to also possess H3K9mel and
H3K9me2 demethylase activity®?, but the
biochemical mechanism has remained
incompletely understood. The discovery

of LSD1 thus dismissed the decades-old
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dogma that histone methylation was
static and irreversible, and revealed the
dynamic nature of the regulation of
histone methylation.

As recombinant LSD1 was not reactive
towards lysines at other positions on H3
and could not demethylate H3K4me3
(REF. 61), we speculated that additional
histone protein demethylases (PDMs) must
exist. In 2006, several groups, beginning
with Zhang and colleagues, discovered a
class of a-ketoglutarate (a-KG)-dependent
Jumonji C-terminal domain (JMJC)-
containing PDMs that used an alternative
mechanism for demethylation®-* (FIC. 1;
see also FIG. 2b). In contrast to LSD1, which
oxidized the e-amino group of Lys, the JMJC
PDMs were found to oxidize the attached
methyl groups, a mechanism that allowed
for the demethylation of mono-, di- and
trimethyl-lysine. The numerous JMJC PDMs
discovered since then were found to target
all key methylated histone lysines, with the
exception of H3K79 (reviewed in REF. 67).

Probing methylation of non-histone
proteins. The expansion in the number of
histone methylation studies in the 2000s
largely overshadowed the research of other
methylated proteins. This bias was heavily
influenced by a relatively slow development
of quantitative proteomic versus genomic
tools and the simple fact that most proteins
are orders of magnitude less abundant than
histones. Nonetheless, the realization that
many histone methyl modifiers and readers
also targeted non-histone proteins had
begun to illuminate the vast regulatory scope
of protein methylation.

A pioneering report in 1998 on
methylation-controlled HNRNP shuttling
indicated that protein methylation might
be involved in RNA biology*'. Indeed,
within a few years, methylation of individual
RNA-binding proteins (RBPs) had been
associated with regulation of RNP assembly
and localization, pre-mRNA splicing, mRNA
stability and small RNA biogenesis® 7.

In contrast to histones, for which methylation
of lysines has drawn most attention, Arg has
emerged as the predominant methylated
residue in RBPs. Methylarginines were
found to facilitate the recognition of RBPs
by Tudor domain-containing readers, or
were proposed to directly interfere with
RNA binding**7>7¢. By the early 2000s, most
known Arg-methylated proteins were found
to be associated with RNA metabolism”,
and overrepresentation of RBPs among the
Arg-methylated proteins was confirmed in
later proteome-wide studies (see below).

In 2004, Reinberg and colleagues
reported that a SET domain-containing
protein 7 (SETD7)-dependent methylation
of a specific Lys in the TP53 tumour
suppressor protein promoted its nuclear
stability, transcriptional activity and cellular
apoptosis’. Remarkably, follow-up studies
showed that methylation of four lysines
and three arginines dictated the activity of
TP53, either as an activator or as a repressor,
in a site-specific manner”*2. In 2007, the
team of Berger found that TP53, as the first
non-histone protein, could also undergo
enzymatic demethylation. The investigators
found that by demethylating K370me2
of TP53, LSD1 removed the recognition
site for the methyl reader p53-binding
protein 1 (53BP1), thereby repressing TP53
function in the DNA damage response®.
The reversibility, site-specific effects and
readout of TP53 methylation suggested that
this PTM could provide similar regulatory
complexity for histones and non-histone
proteins (FIG. 2a).

The dawn of protein methylomes
The few-dozen methylated proteins
known by the early 2000s were mostly
nuclear proteins that participate in gene
transcription and RNA metabolism*”.
However, methylated substrates such as
myosin*, cytochrome ¢*, and myelin
basic protein®, together with the apparent
promiscuity of a growing number of histone
PMTs, had many wondering whether
protein methylation might serve a broader
regulatory role. However, the question
could not be adequately addressed with
conventional biochemical approaches
alone. Once again, the field required a
technological breakthrough.

In 2004, Mann and colleagues described
a revolutionary mass spectrometry-based
approach, called heavy methyl stable
isotope labelling with amino acids in cell
culture (heavy methyl SILAC), for the
quantitative identification of methylation
sites in vivo* (FIC. 1). The method relied
on labelling of methylation events with a
‘heavy’ methyl group comprising carbon-13
and three deuterium atoms, *CD,, which
was achieved through the endogenous
conversion of the supplied [*CD,]
methionine to the sole biological methyl
donor, [*CD;]S-adenosylmethionine.
Heavy-methyl labelling in vivo followed by
antibody-based enrichment of methylated
peptides allowed for proteome-wide
identification of methylation events by mass
spectrometry. Using a methylarginine-
specific antibody, these investigators

detected 59 methylation sites in 33 different
proteins, which considerably expanded the
repertoire of known methylation events®.

The capability to reliably detect
methylation events provided an opportunity
to obtain a global view of protein
methylation. However, the difficulty of
generating methyl-specific — in particular,
methyl-lysine-specific — antibodies
prevented a more efficient enrichment of
methylated proteins and in-depth analysis of
methylproteomes by mass spectrometry®*.
Intense efforts over the next decade to
tackle this challenge led to the development
of ‘pan-methyl’ antibodies with improved
affinity®**, as well as alternative enrichment
strategies, including the use of natural
methyl-binding domains (chromodomains
or MBT repeats)’** and chemical labelling
methods®*. To date, these efforts — in
combination with high-resolution mass
spectrometry — have identified, in total,
over 16,000 unique Lys and Arg methylation
events in more than 5,500 human
proteins (FIC. 3).

One of the more intriguing predictions
that emerged from these proteomic analyses
was that protein methylation, which is
kinetically slow (at least for histones), might
have important regulatory roles in some
of the most dynamic cellular processes,
including signal transduction, which
is typically driven by phosphorylation
cascades (reviewed in REF 97; see also
BOX 2). Indeed, Lys and Arg methylation
of components of the major signalling
pathways, such as the mitogen-activated
protein kinase (MAPK), WNT, nuclear
factor-kB (NF-kB) and Janus kinase
(JAK)-signal transducer and activator
of transcription (STAT) pathways, was
shown to either promote or impede
phosphorylation to affect the strength
and duration of signalling®-'*%

The dramatic increase in the number of
known methylproteomes established protein
methylation as a globally important PTM
that has regulatory roles in most essential
cellular processes, which range from gene
transcription and RNA processing to
protein translation and cell signalling.

Drugging protein methylation
Functional and structural characterization
of methyl writers, readers and erasers

in the 2000s paved the way for probing
protein methylation using small-molecule
inhibitors. Of primary interest was the
potential for therapeutic targeting of
methyl-modifying enzymes — in particular,
Lys-specific histone PMTs and PDMs that
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are associated with chronic conditions such
as cancer and inflammation. In contrast

to the wide and shallow methyl-binding
pockets of most readers®, writers and erasers
were found to contain at least two domains
that could be readily targeted for enzymatic
inhibition: the substrate channel and the
cofactor-binding site.

The first selective methylation
inhibitor, BIX-01294, was reported in
2007 (REF. 103) (FIG. 1). As a substrate-
competitive inhibitor, BIX-01294
exhibited selectivity for euchromatic
histone-lysine N-methyltransferase 2
(EHMT?2; also known as G9A) and the
closely related EHMT1 (also known as
GLP1), both of which methylate H3K9
and several non-histone substrates'**!®,
Although cytotoxic and with limited
affinity, BIX-01294 served as the lead
compound for the development of highly
selective and potent inhibitors of EHMT1
and EHMT2; some of these compounds
have shown potential for treatment
of EHMT2-overexpressing human
cancers'®'%, Therapeutically relevant
substrate competitors were also designed to
target SET and MYND domain-containing
protein 2 (SMYD?2), an oncogenic PMT
that, through methylation, functionally
represses TP53 and retinoblastoma
protein (RB)™>!1°"1% In 2016, an Arg
channel-blocking PRMTS5 inhibitor,
GSK3326595, entered a phase I clinical
trial for the treatment of solid tumours and
non-Hodgkin lymphoma, which marks a
clinical transition for substrate-competitive
PMT inhibitors'®!°.

PMT inhibitors that compete for binding
with the cofactor SAM have made the most
progress towards therapeutic use in humans.
The addiction of leukaemic cells that
harbour oncogenic genome rearrangements
involving myeloid/lymphoid or mixed-
lineage leukaemia protein 1 (MLLI, also
known as KMT2A) to the enzymatic activity
of DOT1L, the only known human H3K79
PMT, has spurred the development of
selective DOT1L inhibitors'". Beginning
in 2011 with a SAM-competing compound,
EPZ004777, highly selective DOT1L
inhibitors with picomolar and nanomolar
potencies have been generated and are
currently being evaluated in cancer clinical
trials'®!>'3, SAM-competing inhibitors
found further use in targeting enhancer
of zeste homologue 2 (EZH2), the H3K27
methylating component of the Polycomb
repressive complex 2 (PRC2) that is
frequently amplified in solid tumours and
presents with gain-of-function mutations
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Figure 3 | Protein methylation in numbers. The graph summarizes the growing number of publica-
tions and known methylated proteins. Cumulative (light blue line) and normalized (red line) numbers
of publications about protein methylation were obtained from PubMed. The normalized values show
the number of relevant papers per 100,000 papers published per year. Note that the normalized value
for the year 2016 is missing. Cumulative numbers of known methylated human proteins (cumulative
proteins) or methylated side chains of any residues within these proteins (cumulative methylation sites)
were obtained from the PhosphoSitePlus database, and span the period from 1959 until October 2016.
Only proteins with determined methylation sites were included in the analysis. The right y-axis indi-
cates the normalized values, whereas the left y-axis corresponds to cumulative values. Note the
increase in publication numbers following the discoveries, between 1998 and 2000, of the first func-
tional roles of protein methylation and the first histone post-translational modifications*****’. The
surge in the number of known methylated sites and proteins shortly after the description of heavy
methyl stable isotope labelling with amino acids in cell culture (heavy methyl SILAC) in 2004 (REF. 87)
is apparent. See also FIC. 1. The inset shows the number of known methylated Lys and Arg residues
categorized by the degree of methylation into mono-, di- and (for Lys only) trimethyl modifications.
Recent large-scale, mostly quantitative methylproteomic studies are included in these analyses,
although their lists may not be exhaustive.

in B cell lymphomas'*''8. Since the report
of the first selective EZH2 inhibitor in
2012, several derivative EZH2-specific
compounds have moved forwards to
early phase clinical trials'**'*!2°, Recent
discoveries of allosteric inhibitors of PRMT3
suggest that allosteric binding sites could
also be exploited for the design of potent
and selective PMT inhibitors'?"'?2,

Among the demethylases, LSD1 has
been targeted with the greatest success.
As demonstrated in 2006, the amine oxidase
activity of LSD1 could be inhibited by
non-selective monoamine oxidase (MAQ)
inhibitors, in particular tranylcypromine
(TCP), a US Food and Drug Administration
(FDA)-approved drug for the treatment of
psychological disorders'”. Development
of LSD1-selective TCP derivatives, all of
which form a covalent adduct with FAD in
the cofactor-binding site, was stimulated
by observations that inhibition of LSD1
could promote the differentiation of acute

myeloid leukaemia cells'**'?. In 2014, LSD1
inhibitors, alone and in combination with
all-trans retinoic acid or histone deacetylase
inhibitors, entered clinical trials for the
treatment of haematological malignancies'.
Selective inhibition of JMJC PDMs
has proven more challenging owing to
the structural similarity of these enzymes.
However, the a-KG-competitive selective
inhibitors of lysine demethylase 5B
(KDM5B; also known as PLU1) and the
KDMB6 family members KDM6B (also
known as JMJD3) and KDM6A
(also known as UTX) suggest that in the
future the JMJC group of PDMs could be
exploited pharmacologically'> ",

Crosstalk with metabolism

It is intriguing to note that essentially all
PMTs and PDMs discovered to date utilize
cofactors that are intermediary metabolites
in core metabolic pathways, including
SAM, FAD and a-KG (FIG. 2b). This inspired
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a tantalizing hypothesis, which proposed
that changes in metabolism might induce
adaptive responses through changes in
the methylation of proteins, especially
histones'?. Recent evidence suggests that
this may indeed be the case.

In 2013, the teams of Daley and
Cantley found that a reduced production
of SAM in embryonic stem cells,
induced by restricted metabolism of
Thr, substantially decreased the global
H3K4me3 level, which led to slowed growth
and a loss of pluripotency'®. In line with
these findings, Cravatt and colleagues
reported that overabundant nicotinamide
N-methyltransferase (NNMT) in human
cancers caused overconsumption of SAM,
which resulted in hypomethylation of
H3K4, H3K9, H3K27 and H4K20 (REF. 134)
(FIG. 1. Interestingly, histone PMTs with
lower affinity for SAM were found to be
particularly sensitive to excessive NNMT
levels. Finally, in 2015, Locasale and
colleagues showed that a crosstalk between
SAM metabolism and histone methylation
also occurs in vivo'*. The investigators found
that the amount of dietary methionine could
dictate the level of H3K4me3 methylation
by modulating SAM availability. The
induced changes in H3K4me3 led to altered
gene transcription and provided feedback
regulation that decreased the consumption
of SAM by alternative pathways.

Circumstantial evidence obtained since
2012 also supports a potential ‘sensing’
of the metabolic state by PDMs. For
example, Thompson and colleagues found
that experimental reduction of a-KG
levels in embryonic stem cells resulted
in hypermethylation of multiple histone
Lys residues, presumably by reducing
the enzymatic activity of JMJC PDMs'*
(FIG. 2b). These researchers also found
further support for such a connection in
the cancer-associated mutations in the
genes of the cytoplasmic and mitochondrial
isocitrate dehydrogenases, IDHI and IDH2,
respectively’?’. The mutant IDH enzymes
convert their normal product, a-KG, to
2-hydroxyglutarate (2-HG)"**'*, and the
latter was found to inhibit the activity of
sensitive PDMs (FIC. 2b), including KDM4C,
leading to a block in cell differentiation'”.
In an analogous manner, Nakao and
colleagues proposed that LSD1 could
sense the metabolic state by modulation
of its demethylating activity depending
on the availability of FAD (with FAD
promoting demethylation)' (FIC. 2b).
Together, these studies established that
fluctuating concentrations of metabolically

regulated cofactors of PTMs and PDMs
could be sufficiently dynamic to affect
the activities of these enzymes, thereby
making protein methylation sensitive to
metabolic alterations.

The reaction products
S-adenosylhomocysteine (SAH) and
succinate — intermediary metabolites
that competitively inhibit PMTs and JMJC
PDMs, respectively — also participate in the
crosstalk between protein methylation and
metabolism'"" (FIC. 2b). In 2012, it was found
that excessive accumulation of succinate or
fumarate, another metabolic competitor of
a-KG, in human cancers broadly inhibited
a-KG-dependent PDMs, resulting in
potentially oncogenic hypermethylation
of histones'*. It remains to be seen how
these and other metabolism-induced
changes in protein methylation contribute
to metabolic adaptations, pathology and
transgenerational inheritance.

Future prospects

One important task for the future will be

to define the proteome-wide substrate
specificity of individual PMTs and PDMs.
Most of these enzymes are known chiefly
for their histone methyl-modifying
activities; however, a growing number of
reports, including a recent PMT-specific
proteome-wide study'*®, suggest the
existence of a myriad of additional,
non-histone substrates. The definition of the
complete targeting repertoires of individual
PMTs and PDMs will be especially crucial if
these enzymes are to serve as drug targets for
therapy in humans.

Furthermore, it is unclear whether the
dominance of Arg- versus Lys-methylated
sites and the low overall proportion
of residues with a higher degree of
methylation (di- and trimethyl) (FIC. 3)
reflect the true methylation state in vivo
or an experimental bias. The latter could,
at least in part, result from differences in
the quality of the antibodies that are used
for the enrichment of methylated species
before mass spectrometry analysis, or a less
efficient enzymatic digestion at residues
with a higher degree of methylation'*.
Methyl-specific antibodies with improved
affinity might, for example, be raised
against a library of degenerate peptides
that contain a methylated residue flanked
by 1-3 more or less random amino
acids. A similar strategy using a library
of much longer peptides recently yielded
encouraging results, although the length of
the flanking sequences may have reduced
the methyl-specificity®. The latest advances

in mass spectrometry-based approaches
that enable ultra-deep analyses of proteomes
inspire hope that it might be possible

to eliminate the need for enrichment

of methylated peptides altogether

(J. Olsen, personal communication).

Beyond the identification of methylation
events, it will be critical to investigate their
regulatory roles. The challenge should be
tackled from a systems perspective, using
quantitative proteomics to study dynamic
changes (for example, time- or stimulus-
dependent changes) in methylproteomes.
This will allow for methylation networks
to be inferred, which might exist to
connect different proteins into functionally
coherent modules. In addition, knowledge
of methylation stoichiometry, that is, the
proportion of molecules methylated at
a particular site, will inform about the
dynamic range (and thus the extent)
of regulation by methylation. The few
known ‘static’ values indicate substantial
differences between different methylation
sites. For example, up to 80% of all
available H4K20 sites are dimethylated, and
H3K9mel is at around 30%, whereas the
level of H3K4me3 is below 0.01%. Similar
methylation stoichiometry ranges may be in
place for non-histone proteins (REF. 145; and
O. Gozani, personal communication).

At present, little is known about the
readout of protein methylation beyond
histone methylation, mainly because few
methyl sites on non-histone proteins have
had their cognate readers determined.

As Mann and colleagues demonstrated,
quantitative mass spectrometry can be a
powerful asset in the designation of readers
for specific methyl sites, and it would be

of interest if mass spectrometry-based
approaches with a higher throughput could
be developed>"'.

Curiously, a substantial number of
methylated sites appear to be buried deep
within nucleic acid-binding proteins where
they are unlikely to be accessible to methyl
reader proteins’. In RBPs, many of these
buried sites are located in the immediate
vicinity of the bound RNA, which suggests
that protein methylation could directly affect
protein—-RNA interactions*7*’ (FIC. 2a,
bottom left panel). A recent large-scale
analysis revealed that RNA-binding sites
are hotspots for protein methylation'*.
Strikingly, Lys methylation and, to a lesser
extent, Arg methylation were found to
be more than 16 times more common at
the RNA-binding sites compared with
non-RNA-binding regions within RBPs'*,
Future studies are warranted to explore the
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significance of these methylation events in
more detail.

Finally, several fundamental questions
about protein methylation remain open.
For example, how are PMTs and PDMs
specifically recruited to their target residues?
Are these enzymes constitutively active
or is their activity regulated in the cell,
and if so, how? How is the slow kinetics of
histone and, potentially, non-histone protein
methylation coupled to dynamic cellular
responses? Is the observation from 1973 that
mitochondria contain the highest histone
Lys ‘demethylating’ activity — particularly
in the kidney, of all organs® — supported
by modern biochemistry? If so, what is the
explanation for this enrichment? What is the
fate of the highly reactive formaldehyde that
is released during enzymatic demethylation?
Are there PDMs dedicated to the removal of
methyl groups from arginines, H3K79 and
buried methylated residues? Does histone
methylation directly affect transcription?

It is clear that we still have much
to learn about the molecular details of
protein methylation. As defects in protein
methylation networks have been linked
to human pathologies, an in-depth
understanding of the biology of this PTM will
be essential to harness the full potential of
protein methylation for the development
of therapies to treat disease in humans.

Conclusion

The evolution of the field of protein
methylation reflects its heavy and
continuous reliance on technological
breakthroughs. Most milestone discoveries
in the field were based on one or more

of the three key inventions, starting

with the methods for protein sequence
determination in the 1950s, continuing with
the renaissance in genetics and molecular
biology approaches in the 1990s, and ending
with the advent of modern proteomic
technologies about a decade later (FIC. 1).
These quantum leaps have transformed our
view of protein methylation from it being an
obscure epiphenomenon into what we now
consider a powerful regulator of essentially
every cellular process. Technological
advances are sure to continue driving the
evolution of this exciting field in the future.
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