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Abstract

Protein methylation plays an integral role in cellular signaling, most notably by modulating proteins bound at
chromatin and increasingly through regulation of non-histone proteins. One central challenge in
understanding how methylation acts in signaling is identifying and measuring protein methylation. This
includes locus-specific modification of histones, on individual non-histone proteins, and globally across the
proteome. Protein methylation has been studied traditionally using candidate approaches such as
methylation-specific antibodies, mapping of post-translational modifications by mass spectrometry, and
radioactive labeling to characterize methylation on target proteins. Recent developments have provided new
approaches to identify methylated proteins, measure methylation levels, identify substrates of methyltrans-
ferase enzymes, and match methylated proteins to methyl-specific reader domains. Methyl-binding protein
domains and improved antibodies with broad specificity for methylated proteins are being used to characterize
the “protein methylome”. They also have the potential to be used in high-throughput assays for inhibitor
screens and drug development. These tools are often coupled to improvements in mass spectrometry to
quickly identify methylated residues, as well as to protein microarrays, where they can be used to screen for
methylated proteins. Finally, new chemical biology strategies are being used to probe the function of
methyltransferases, demethylases, and methyl-binding “reader” domains. These tools create a “system-level”
understanding of protein methylation and integrate protein methylation into broader signaling processes.

© 2014 Elsevier Ltd. All rights reserved.
Introduction

Post-translational methylation of arginine and
lysine on histone proteins has well-established
functions in epigenetics and chromatin regulation,
and methylation of non-histone proteins has recently
emerged as an important actor in broader biological
regulation (Fig. 1, discussed in several recent
reviews [1–3]). Arginine methylation has many
critical functions such as in signal transduction [4],
regulation of mRNA splicing and translation [5], and
physiological processes such as glucose homeosta-
sis [6] (reviewed in Refs. [7–9]). Non-histone lysine
methylation regulates pathways including tumor
suppression by p53 and signaling by NFκB [10,11]
(reviewed in Ref. [12]). Until recently, most sites of
protein methylation had been identified through
candidate approaches, arising through detailed
investigation of individual proteins.
er Ltd. All rights reserved.
Development of high-throughput approaches to
identify and characterize methylated proteins has
been ongoing for the past decade. In the last two
years, many of these techniques have reached fruition,
revealing thousands of sites of arginine methylation
and hundreds of sites of lysine methylation across the
human proteome. These discoveries raise important
questions about the function and regulation of protein
methylation. For example, which of the at least nine
known protein argininemethyltransferases (PRMTs) in
the human proteome are responsible for all these
methylation events, or doadditional enzymes remain to
be discovered [3], andwhich lysinemethyltransferases
(KMTs) act to regulate non-histone methylation
[13,14]? The SPOUT family of RNA methyltransfer-
ases has recently been shown to methylate arginine in
yeast, perhaps this or other families are also acting in
mammalian systems [15]. How is methylation regulat-
ed during dynamic biological processes, and how does
J. Mol. Biol. (2014) 426, 3350–3362
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Fig. 1. Methylation states of argi-
nine and lysine.(a) Arginine residues
are methylated by PRMTs at an NG

position to form MMA and then meth-
ylated at the same or the opposing
nitrogen to form SDMA and ADMA.
(b) Lysine residues aremethylated by
KMTs at the ε-nitrogen to form mono-,
di-, or tri-methyl lysine.
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it interact with othermodes of regulation such as kinase
signaling, transcription factor activity, and mRNA
splicing? Addressing these questions will require a
combination of traditional biological approaches along
with new system-level tools to investigate methylation
across the entire proteome.
In this review, we will focus on emerging “system-

level” tools to investigate protein methylation. We
discuss approaches for proteome-wide identification of
methylated proteins using target enrichment and
tandem mass spectrometry [liquid chromatography
and tandem mass spectrometry (LC-MS/MS)], affinity
and high-throughput screening to identify PRMT and
KMT substrates, and chemical biology approaches to
investigate methylation signaling and discover PRMT
andKMTsubstrates.These technologies havealready
enabled the first steps toward integrating methylation
with broader signaling processes. We expect that
future developments will make it possible to track
methylation signaling dynamics directly and to exam-
ine how methylation contributes to signaling that
regulates development and disease.
Introduction to Methods for
Proteomic Analysis of Arginine
and Lysine Methylation

Most strategies for proteomic analysis of post-
translationalmodifications begin by enrichingmodified
proteins from cell lysate or by digesting the lysate into
short peptides and then enriching modified peptides.
Such techniques are well established for phosphory-
lation, where selective resins are used to enrich
phosphorylated peptides from complex mixtures [16].
Other modifications, notably phosphorylated tyrosine,
lysine acetylation, and ubiquitinylation, have been
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targeted effectively with “pan-specific” antibodies that
bind modified peptides with little or no dependence on
the local amino acid sequence [17–19]. Oncemodified
peptides are enriched, they can be identified by
LC-MS/MS [20] (Fig. 2). It has become routine to
incorporate isotopic labels or other quantitative
approaches to compare modifications across multiple
biological conditions [21].
Similar techniques were first used to study arginine

methylation more than a decade ago but only since
2012 have they improved to the point that analysis of
the arginine methylation proteome could begin to
become routine [22,23]. Arginine methylation is
especially abundant, occurring on close to 1% of
arginine residues in some types of mammalian cells
[24]. Antibodies recognizing methylated arginine in
the context of an Arg-Gly motif have been very
effective for enriching modified proteins and peptides
[22,25,26], and recent developments have extended
this approach to thousands of arginine methylation
sites [23]. In contrast, it has proven difficult to develop
antibodies capable of enriching lysine methylation
from crude protein extracts or digested peptides [26].
Only in the past year have several groups reported
successful large-scale identification of lysine methyl-
ation using antibodies, while other groups have
developed alternative approaches based on promis-
cuous methyl-lysine binding protein domains [23,27–
30] (Table 1 summarizes the proteomic studies of
protein methylation discussed here.) These tech-
niques will make it possible to address system-level
questions about the regulation and function of arginine
and lysine methylation.
Global Approaches for Proteome-wide
Analysis of Arginine Methylation

Foundations of arginine methylation proteomics
using broad-specificity antibodies

The group of Stéphane Richard conducted early
work to identify protein complexes containing symmet-
ric or asymmetric di-methylated arginine [symmetric
Fig. 2. Enriching and identify methylated peptides by pep
enzymes such as trypsin, Arg-C, or Glu-C to generate a pred
residues are isolated by IP with a broad-specificity antibody a
di-methyl arginine (SDMA) and asymmetric di-methyl
arginine (ADMA)] using broadly specific antibodies in
2003 [22]. They used antibodies recognizing ADMA
and SDMA embedded in Arg-Gly sequences frequent-
ly methylated by PRMT1 and PRMT5 (which generate
ADMA and SDMA, respectively). This work identified
over 200 proteins enriched by immunoprecipitation
(IP) using antibodies against ADMA or SDMA but it did
not directly identify any of their methylated residues.
Unlike approaches that enrich modified peptides from
digested protein, enriching modified proteins requires
that modified residues be identified in a separate
experiment or by high-coverage MS/MS of the
precipitated proteins. This work suggested that argi-
nine methylation is a widespread modification and
formed a groundwork for proteomic identification of
specific modified residues. Similar approaches have
identified additional methylated proteins bound by the
same antibodies, such as the PRMT1 substrate
MRE11 [31].
Building on this idea, Ong and Mann conducted

protein IP with an antibody recognizing methyl-
arginine to enrich methylated proteins from lysate
of HeLa S3 cells [26]. They used LC-MS/MS to
identify 57 methylated arginine residues containing
various methylation states of arginine across 31
proteins. Importantly, this work pioneered the use of
in vivo heavy isotopic labeling to generate a
distinctive mass shift for methylated residues. The
authors prepared cells in media containing methio-
nine labeled with deuterium and carbon-13 at the
side-chain methyl group (13CD3). This methionine is
converted by cells into S-adenosyl methionine
(SAM) with isotopic label at the sulfonium methyl
group, which is then transferred to proteins during
the methylation reaction (Fig. 3). Changing the mass
shift for methylation from 14 Da to 18 Da increases
confidence in identification of methylated residues
because it differentiates legitimate methylation sites
from artifacts arising by chemical methylation, such
as conversion of acidic residues to methyl esters due
to methanol used during processing [32]. Ong and
Mann also attempted to enrich methylated lysine but
found identified peptides containing histone H3
lysine 27 and histone H4 lysine 20 from
tide IP and LC-MS/MS.A protein sample is digested with
ictable mixture of peptides. Peptides containing modified
nd then identified using LC-MS/MS.

image of Fig.�2


Table 1. Summary of proteome-wide studies identifying protein methylation

Studya Year Techniques No. of proteinsb No. of
sitesb

Boisvert et al. [22]
(Stéphane Richard)

2003 Protein IP for di-methyl-R N200 enriched (R) NA

Ong et al. [26]
(Mattias Mann)

2004 Protein IP for methyl-R and K
Isotopic labeling with heavy methionine in cell culture

31 (R)
2 (K)

57 (R)
2 (K)

Uhlmann et al. [25]
(Oreste Acuto)

2012 Peptide IP for methyl-R, SCX, isoelectric focusing, HILIC 131 (R) 249 (R)

Bremang et al. [39]
(Tiziana Bonaldi)

2013 Protein IP, heavy methionine labeling, fractionation by SDS-PAGE,
isoelectric focusing

139 323 (R)
74 (K)

Fisk et al. [35]
(Laurie Read)

2013 Protein IP for di-methyl-R followed by SCX and reverse phase
chromatography (T. brucei mitochondria)

167 (R) 253 (R)

Lott et al. [36]
(Laurie Read)

2013 Protein IP for di-methyl-R followed by SCX and reverse phase
chromatography (T. brucei)

676 (R) 1332 (R)

Moore et al. [28]
(Or Gozani)

2013 Methyl-K binding domain pull-down
Heavy methionine labeling

313 enriched (K) 24
direct (K)

26 (K)

Liu et al. [30]
(Shawn Shun-Cheng)

2013 Methyl-K binding domain pull-down
Computational site prediction

109 enriched (K) 29
direct (K)

40 (K)

Cao et al. [27]
(Benjamin Garcia)

2013 Peptide IP and SCX 413 (K) 540 (K)

Guo et al. [23]
(Michael Comb)

2014 Peptide IP for methyl-R and K N800 (R)
130 (K)

N1000 (R)
165 (K)

Sylvestersen et al. [37]
(Michael Nielsen)

2014 Peptide IP for mono-methyl-R and SCX 494 (R) 1027 (R)

a Studies are listed by first author with corresponding author shown in parentheses.
b The number of modified proteins or sites is the number directly shown to be methylated, except when indicated otherwise (Boisvert et

al., Moore et al., and Liu et al.). Methylation sites are indicated as arginine (R) or lysine (K) unless the original publication does not
distinguish. Studies used mammalian cells or tissues unless indicated otherwise.
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methyl-lysine IP. They noted that only a small
fraction of proteins recovered by IP for methyl-lysine
seemed to be were methylated and that they actually
seemed to recover some amount of methylated
arginine, indicating that available antibodies were
limited in their selectivity.
Subsequent work focused on biochemical tech-

niques to separate methylated proteins or peptides,
optimizing mass spectrometry methods and improv-
ing antibodies and techniques for IP. Li and col-
leagues used 2-dimensional polyacrylamide gel
electrophoresis (2D-PAGE) and Western blotting for
methyl-arginine to select spots for identification by
LC-MS/MS [33]. This approach identified a small
number of methylated proteins, but the authors noted
that many spots were identified as abundant proteins
enzyme methionine adenosyl transferase. The labeled sulfo
PRMTs and KMTs to produce methylated residues with a dis
that are likely to co-migrate with proteins producing
methyl-arginine signals in the Western blot. A similar
strategy was used by Lin and colleagues to identify
changes in protein methylation in LA29 rat fibroblasts
expressing a temperature-sensitive form of the v-Src
oncogene [34]. They used in vitro methylation of cell
lysates from cells grown at different temperatures to
identify differential methylation and 2D-PAGE with
LC-MS/MS to identify likely methylated targets. As
with earlierwork using 2D-PAGE, thiswork identified a
small number of likely methylated proteins. These
were all very abundant proteins with roles in transla-
tion, metabolism, or cellular structure. Further im-
provements in antibody specificity and mass
spectrometry techniques would be needed to achieve
truly proteome-wide analysis of arginine methylation.
Fig. 3. In vivo labeling of meth-
ylated residues with heavy isoto-
pes.Cells are grown in media
containing methionine with a spe-
cific isotopic label. Labeled methi-
onine is taken up from the media
and converted to SAM by the

nium methyl group is finally used as a methyl donor by
tinctive mass shift.
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Global proteomic analysis of argininemethylation
using antibodies and high-throughput LC-MS/MS

Several studies published since 2013 have im-
proved antibodies and mass spectrometry tech-
niques to extend proteomic analysis of arginine
methylation to thousands of methylation sites. Read
and colleagues used protein IP with several com-
mercial antibodies to identify 167 arginine methyla-
tion sites in mitochondria of the parasite
Trypanosoma brucei [35]. They separated material
from each IP into 25 fractions using strong cation
exchange (SCX). They increased the number of
peptides identified by employing multiple strategies
to fragment each peptide in the MS/MS analysis. In
addition to the standard collision-induced dissocia-
tion, they fragmented peptides using electron trans-
fer dissociation because of its utility in identifying
post-translational modifications (reviewed by Afjehi-
Sadat et al. [20]). They also increased coverage by
performing additional analyses using the protease
Glu-C instead of trypsin. Glu-C cleaves C-terminus to
glutamic and aspartic acids depending on the buffer
conditions, producing peptides that provide informa-
tion complementary to those produced by trypsin. In
subsequent work, the same group analyzed arginine
methylation across the entire T. brucei proteome [36],
reporting 1332 sites of argininemethylation. This work
shows that the techniques for enrichment and
analysis of arginine methylation have reached the
point where deep coverage can be achieved. It will be
exciting to see how directly these data apply to the
human arginine methylome.
Comb and colleagues produced rabbit monoclonal

antibodies using peptide libraries containing mono-
methyl arginine (MMA) at the central position, MMA
in the context of an RGG motif, or ADMA at four
positions [23]. These antibodies were used for
peptide IP to identify sites of MMA and ADMA in
HCT116 lung adenocarcinoma cells, mouse brain
tissue, and mouse embryos. In total, they identified
over 1000 sites of MMA and ADMA. They also used
label-free quantitation to compare the abundance of
arginine methylation sites between mouse brain and
embryo samples. In contrast to earlier studies, this
analysis did not require additional fractionation or
multi-dimensional chromatography. Nielsen and
coworkers used the same antibodies for peptide IP
of MMA from HEK 293T and U2OS cell [37]. By
combining peptide IP with fractionation using SCX,
they identified 1027 sites of MMA. They also used
stable isotopic labeling by amino acids in cell culture
(SILAC) [38] to examine changes in arginine
methylation following transcriptional arrest by acti-
nomycin D, identifying dynamic arginine methylation
on many proteins involved in transcriptional regula-
tion. To our knowledge, these are the only examples
to-date of global quantitative analysis of arginine
methylation. We expect that such experiments will
make it possible to examine substrates of arginine
methyltransferases, track dynamic methylation dur-
ing signaling transduction, and measure how meth-
ylation changes through biological processes such
as cellular differentiation.

Biochemical techniques for analyzing the
methyl proteome

In addition to analyzing protein methylation using
antibodies, at least two recent studies have used
biochemical techniques to enrichmethylated peptides
for identification by LC-MS/MS. Acuto and colleagues
identified 41 arginine methylation sites using peptide
IP and compared these sites with several strategies to
enrich arginine methylation based on its chemical
properties [25]. They used SCX to enrich tryptic
peptides containing argininemethylation based on the
fact that cleavage of methyl-arginine by trypsin is
inefficient. This causesmethylated peptides to contain
both an internal arginine and a C-terminal arginine or
lysine and, thus, to carry a charge of at least +3 at pH
less than 3. In comparison, about 70% of non-methyl
tryptic peptides have +2 chargeat the samepH.Using
SCX, they identified 39 methylated residues, most of
which were not previously reported. The authors next
observed that most methylated peptides observed so
far are basic, with isoelectric point (pI) of close to 11.
They used isoelectric focusing to enrich and identify
66 methylated residues, again most of which were
novel. They finally observed that most methylated
peptides were highly hydrophilic and reasoned that
hydrophilic interaction liquid chromatography (HILIC)
would be able to separate methylated from non-
methyl peptides. After fractionating cell lysate using
HILIC, the authors identified 215 methylation sites,
most of which had not been identified using the other
techniques.
A similar study was conducted by Bonaldi and

colleagues [39]. They used protein IP with five
antibodies recognizing various methylation states of
lysine and six recognizing methylation states of
arginine. Protein IP was followed by separation into
fractions using SDS-PAGE and analysis by LC-MS/
MS. They compared methylation sites identified
using this approach to sites identified by direct
separation using SDS-PAGE and LC-MS/MS, as
well as by isoelectric focusing of peptides from a
tryptic digest. Importantly, they incorporated isoto-
pic labeling using the method of Ong and Mann
discussed above. These authors combined light and
heavy cell lysates in a 1:1mixture so that methylated
peptides could be identified by the distinctive mass
shift between their two isotopic forms. This work
identified in total 74 sites of lysine methylation
and 323 sites of arginine methylation. In contrast
to earlier work by Acuto and colleagues, this study
found that protein IP and fractionation by
SDS-PAGE was the most effective strategy to
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identify methylated residues (they used it to identify
54 and 254 methylation sites for lysine and arginine,
respectively). This difference is likely due to the use
of 11 distinct antibodies and deep protein sequenc-
ing by analyzing many molecular weight fractions
separated by SDS-PAGE.
A key observation of these studies is that many

arginine methylation sites are not contained within the
Arg-Glymotif enriched in earlierwork using peptide IP.
This result suggested that better pan-specific anti-
bodies could greatly increase coverage of the
methyl-arginine proteome. It is also notable that
there is little overlap among the methylation sites
identified by the different enrichment strategies. It may
be necessary to use multiple physical and chemical
approaches to achieve thorough coverage of arginine
methylation. Both of these studies separated their
samples into many fractions for analysis using
independent runs of the mass spectrometer. This
strategy can greatly increase peptide coverage but
also requires a large input of timeand resources. Even
with improvements in automated sample handling,
high-throughput LC-MS/MS, and better bioinformatics
tools, it is unclear whether such approaches can be
used routinely to characterize the methyl proteome
across biological contexts or to examine how dynamic
methylation contributes to cellular behavior.
Proteomic Strategies for Non-histone
Lysine Methylation

Over the past decade, many non-histone proteins
have been found to be modified by mono-, di-, or
tri-methylation of lysine, and thesemodifications have
been shown to participate in a wide range of signaling
pathways and regulatory processes [1,12]. Unlike
arginine methylation, early efforts to develop broad-
specificity antibodies recognizing the methylation
states of lysine were largely unsuccessful [26]. This
has made it difficult to establish a system-level
understanding of lysine methylation, instead requiring
methylated proteins to be identified and investigated
individually. It has been only since 2013 that
approaches have become available to probe lysine
methylation across the proteome using antibodies
and other methyl-lysine binding proteins [23,27–29].
We next discuss early efforts toward themethyl-lysine
proteome and then a series of recent breakthroughs in
antibodies and protein affinity tools that have made it
possible to examine lysine methylation at a proteomic
scale.

Lysine methylation proteomics using antibodies

An early effort to enrich lysine methylation for
proteomic analysis was described by Ong and Mann
along with their work discussed earlier on methylated
arginine [3]. Using methyl-lysine antibodies available
at the time, they were only able to identify one
methylation site each on the histones H3 and H4.
Further work was conducted over the next eight years
to develop antibodies against methylation states of
lysine, but they all suffered from some combination of
low-affinity, poor selectivity for methylation and spec-
ificity for particular peptide sequences (e.g., Iwabata et
al. [4] describe using an methyl-lysine antibody with
2D-PAGE and Western blotting and Levy et al. [5]
used peptide arrays to evaluate commercially avail-
able methyl-lysine antibodies).
In 2013, Garcia and colleagues developed a series

of polyclonal antibodies against mono-, di-, and tri-
methylated lysine [27]. They used these antibodies for
peptide IP, followedby separation intoup to11 fractions
usingSCX to increasecoveragebyLC-MS/MS. In total,
they reported 323 sites of mono-methylation, 127 sites
of di-methylation, and 102 sites of tri-methylation
across a total of 413 proteins. To our knowledge, this
is the most extensive single list of lysine methylation
produced so far. Similar tomuchof thework on arginine
methylation, the authors found it necessary to separate
material from the peptide IP into many fractions for
analysis by LC-MS/MS, suggesting that methylated
peptidesmakeuponly a small part of the total. It is likely
that the extensive fractionation was required because
of limited selectivity of the antibodies for methylated
relative to non-methylated peptides.
Independently, Comb and colleagues immunized

rabbits with peptide libraries containing mono-, di-, or
tri-methylated lysine to generate pan-specific methyl-
lysine antibodies [23]. Using these antibodies for
peptide IP identified 132 sites of mono-methylation,
35 sites of di-methylation, and31 sites of tri-methylation
from HCT116 lung adenocarcinoma cells (represent-
ing 111, 19, and 23 distinct proteins, respectively).
Unlike the Garcia laboratory, the authors did not
perform additional fractionation following peptide IP.
This difference may account for the larger number of
peptides identified in the earlier experiment. The
authors did not find any specific sequence motif
enriched by their methyl-lysine antibodies, suggesting
that sequence specificity was not a limiting factor. Both
this work and the study by Garcia and colleagues
identified many new methylated residues but also did
not identify many methylated lysine residues that have
been discovered by other approaches. It may be that
methylated species vary greatly between biological
contexts or that these antibodies have limited ability to
enrich low-abundance peptides from tryptic digest of
the entire proteome.
These two studies have shown that it is possible to

produce broad-specificity antibodies against methyl-
ated lysine and that these antibodies can be used to
identify hundreds of distinctmethylation sites. There is
little overlap in themethylation sites identified by these
two studies, perhaps indicating that the antibodies
have only partly overlapping specificity. It may also be
that lysine methylation changes dramatically between
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the cell types used in these studies. Future work will
help determine how thoroughly these experiments
probe the methyl-lysine proteome. It will also be
important to establish whether the depth of coverage,
reproducibility, and ease of use will allow these
techniques to be used for system-level investigation
into cellular signaling through lysine methylation and
how dynamic lysine methylation participates in bio-
logical regulation.

Proteomics using methyl-binding domains

As an alternative to antibodies, two groups have
recently used natural methyl-lysine binding domains
to isolate and identify proteins modified by lysine
methylation. This approach is based on the observa-
tion that somemethyl-lysine binding domains, such as
the triple MBT domains (3×MBT) of the protein
L3MBTL1, recognize methylated lysine through a
hydrophobic binding pocket that forms limited con-
tacts with surrounding residues [40,41]. Taken out of
their natural context, such domains can be used in
much the same way as pan-specific antibodies [28].
We established that 3×MBT will bind to almost any

protein or peptide containing mono- or di-methylated
lysine (Fig. 4a). We then introduced a structure-based
negative control by using a point mutant in the 3×MBT
hydrophobic pocket to disrupt binding to methylated
lysine [40] and used SILAC labeling to quantitatively
b

a

Fig. 4. Overview of enrichment and quantitative analysis of
are enriched from cell extract using immobilized 3×MBT [28,2
from the beads, the domain is depleted to recover methylated
subset of methylated residues is directly identified using thi
isotopically labeled arginine and lysine [38]. The two extracts a
control 3×MBTD355N. The two pull-downs are then combined a
methyl-dependent manner. The same approach can be used
conditions.
compare proteins captured by native 3×MBT and the
inactive point mutant (Fig. 4b). This work identified
several hundred proteins that are consistently enriched
by the MBT domain from nuclear extract of HEK 293T
cells, but only directly identifiedmethylated lysine on 26
of these. Importantly, only five of these methylation
sites were previously reported, strongly suggesting
that the majority of methylated residues remain to be
identified.Many of themethylated proteins identified by
peptide IP are strongly enriched in this experiment, but
there is little overlap among the methylation sites
identified directly. Advantages of this approach are that
3×MBT can be is easily produced in Escherichia coli,
that it has well-established specificity for a broad range
of peptide sequences, that protein methylation can be
measured even when methylated residues are em-
bedded in sequences difficult to identify by LC-MS/MS,
and that the point mutant provides a rigorous negative
control. The major disadvantage is that the domain
only efficiently enriches methylated proteins; thus,
additional experiments are often required to identify
specific methylated residues.
In the same work, we used SILAC labeling to

examine proteome-wide changes in lysinemethylation
after inhibiting the KMTs G9a and GLP (also called
EHMT2 and EHMT1) [42]. In addition to being major
methyltransferases producing di-methylation of his-
tone H3 lysine 9 [43,44], these enzymes methylate
numerous proteins in vitro and at least a fraction of
protein methylation using 3×MBT.(a) Methylated proteins
9]. The complex of domain with methyl-lysine is released
proteins, and proteins are identified by LC-MS/MS. Only a
s approach. (b) Cells are prepared in media containing
re incubated with immobilized 3×MBT or with the negative
nd analyzed by LC-MS/MS to identify proteins bound in a
to compare methylation levels between different biological

image of Fig.�4
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these in their biological context [45,46].Weobserved a
strong decrease in methylation of reported G9a
substratesWIZandACIN1, aswell as several potential
novel targets, but they we did not observe a decrease
in bulk methylation of H3, most likely because the
effect was buffered by methylation at other residues
such as lysines 4, 27, and 36. The ability to monitor
lysine methylation across the proteome in a quantita-
tivemanner opens thepossibility ofmore sophisticated
investigation into methyltransferase and demethylase
substrates, as well as providing a route to detailed
understanding of how methylation participates in
dynamic signaling processes. However, these appli-
cations will greatly benefit from residue-specific
information instead of total protein methylation.
Independently, Li and colleagues used a proteomic

strategy to investigate methyl-specific binding targets
of the chromodomain from the heterochromatin protein
HP1β [30]. They used immobilized HP1β chromodo-
main as bait to capture methylated proteins from cell
lysate, identifying a total in vitro interactome of 109
proteins in HEK 293T cells. They used peptide arrays
to characterize the sequence specificity of HP1β
chromodomain and then applied a bioinformatics
approach to predict likely methylated lysine residues
from the overall interactome. They tested specific
predicted methylation sites using a targeted approach
and confirmed methylation on 40 residues across 29
proteins, representing a 40%hit rate for predicted sites
ofmethylation. It is notable thatmanyproteins enriched
by the 3×MBT domain are also enriched by HP1β
chromodomain, but there is no overlap among the
methylation sites directly identified. Thismay reflect the
use of trypsin by our group to digest bound proteins,
while the Li group used proteases Arg-C, Glu-C,
chymotrypsin, and elastase. It is likely that multiple
digestion and mass spectrometry strategies will
continue to expand coverage of the lysine methylome.
An Integrative Perspective on the
Methyl Proteome

Emerging proteomic strategies have identified thou-
sands of methylated proteins, revealing methylation as
acommonpost-translationalmodification.Understand-
ing the biological functions of protein methylation will
require better tools to analyze global methylation and
methylation dynamics, as well as deeper investigation
using traditional approaches of molecular biology.
From a reductionist perspective, there are two key
questions that need to be systematically addressed:

(1) Which methyltransferase and demethylase
enzymes regulate each methylation event?

(2) How do specific methylation events regulate
protein function and/or interactions with pro-
teins, nucleic acids, or other biomolecules?
The rest of this review focuses on emerging
proteome-wide and high-throughput strategies to
address the first of these questions. We will examine
strategies to identify non-histone targets of methyl-
transferase and demethylase enzymes. It will also be
necessary to place these questions in a broader
context. It will be important to understand how protein
methylation is linked to upstream signaling pathways
and regulatory processes and to discover how protein
methylation acts to regulate downstream cellular
decisions and biological processes. Addressing
these questions will call for further development of
system-level approaches, as well as experiments
probing protein methylation along with other types of
signal transduction such as phosphorylation.
Proteome-wide Approaches for
Identifying Methyltransferase and
Demethylase Substrates

Identifying proteins directly modified by any signal-
ing enzyme is a challenging task. Fundamentally, it is
difficult to knowwhether all the important substrates of
an enzyme are expressed in any particular biological
context and whether an enzyme/substrate interaction
might depend on other factors such as interactions
with scaffold proteins or prior post-translational
modifications. In practice, it is necessary to show
that a candidate substrate protein is directly modified
in vitro and that the samemodification site is regulated
by the putative enzyme in cells [47].
Proteomic tools to identify PRMT substrates have

had a limited impact because there are only nine
known human PRMTs [3]; it is easier and more
reliable to test candidate substrate by screening
against the entire set of PRMTs. In contrast, there
are at least 55 human proteins containing the Su(var)
3-9, enhancer-of-zeste, trithorax (SET) domain, which
is responsible for most known lysine methylation [13].
Many of these predicted KMTs have no known
substrates, raising the possibilities that they lack
enzymatic activity or that their substrates simply have
not been discovered. In addition, some members of
the seven-β-strand family of methyltransferases are
able to methylate lysine [48], andmore such enzymes
are still being discovered [49,50]. Here we review
proteome-wide strategies that have been used to
identify substrates of the arginine and lysine protein
methyltransferases.

Microarrays

Protein microarrays allow enzymes to be screened
against thousands of potential substrate proteins
independent of their expression in a biological
system [51–54]. Modified proteins are detected by
radiolabeling [55], by broad-specificity antibodies, or
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by binding to methyl-protein recognition domains
[28]. The major weaknesses of microarray ap-
proaches are that there is no guarantee that every
protein is correctly folded, proteins are presented
outside their natural biological context of protein
interactions and other biomolecules, and the pro-
cess of immobilizing them on a surface may block
recognition of their substrate sites [56]. It is
necessary to identify methylated residues individu-
ally using targeted follow-up experiments to ensure
that in vitro substrates are bona fide substrates in
their biological context [47].
In the context of protein methylation, high-density

microarrays were first used by Bedford and col-
leagues to identify substrates of the arginine meth-
yltransferases PRMT1 and CARM1 (also called
PRMT4) [55]. This work identified five substrates for
PRMT1 and two for CARM1. They confirmed the
most prominent substrates by verifying that the
original bacterial stocks from the array manufacturer
expressed the correct protein and that each sub-
strate was methylated in an independent in vitro
labeling reaction. They then screened protein frag-
ments and short peptides to identify the precise sites
of methylation by CARM1 on poly(A)-binding protein
1. It is now a routine to verify specific modified residues
using mass spectrometry [20], but site-directed muta-
genesis provides strong evidence that all methylation
sites on a substrate protein have been identified. They
finally used labeled cells in culture with 3H-methionine
in the presence of inhibitors of protein synthesis to
show that poly(A)-binding protein 1 is methylated in
vivo [57], and they used co-IP to show that it interacts
with CARM1.
Protein microarrays have recently emerged as a

promising tool for identifying methyltransferase
substrates. Levy et al. used the ProtoArray system
(Life Technologies), consisting of ~9500 human
proteins expressed as a fusion with glutathione
S-transferase and immobilized on glass slides [56].
They treated arrays with SET domains from the
enzymes SETD6 and SETD7 or with glutathione
S-transferase as a negative control. Methylated
proteins were detected by radiolabeling with tritium
or by binding to fluorescent broad-specificity anti-
bodies against methylated lysine. The authors
identified 26 high-confidence in vitro substrates of
SETD6 be both detection methods, validated six out
of six tested using independent in vitro assays, and
tested two, PLK1 and PAK4, in human cell culture. It
remains to be determined how many of the lower
confidence hits, or hits identified by a single
detection method, are real in vitro substrates and
how many are relevant in a physiological context.
The use of carefully validated pan-specific antibod-

ies was critical in this work. Several of the commercial
antibodies tested exhibited poor selectivity on a panel
ofmethylated peptides, non-methylated peptides, and
peptides carrying other modification. Recent work has
shown that methyl-binding domains such as the
L3MBTL1 3×MBT domain can be used in place of
antibodies to probe lysine methylation on protein
microarrays [28].

Interaction screens for candidate PRMT and
KMT substrates

Many signaling molecules form interactions with
their substrates that are stable enough to capture by
co-IP [58,59]. Co-IP is a well-established approach
for identifying kinase substrates and has recently
been applied to both arginine methyltransferases
and KMTs [9,50]. A major advantage of this
approach is that it captures enzyme/substrate
interactions that may require scaffold proteins or
interactions through other biomolecules such as
DNA or RNA. While this can be a useful approach to
generate a relatively small pool of candidate
substrates, its utility is limited because many
enzyme/substrate interactions are transient and
difficult to capture and because many enzymes
interact with large protein complexes that are not
direct substrates. Overall, proteomic identification of
interacting proteins is often an effective way to begin
identifying substrates for a methyltransferase.
Some examples of PRMTs that have been

co-purified with their substrates include ribosomal
protein S2 methylated by PRMT3 [60], DNA poly-
merase β by PRMT6 [61], estrogen receptor α by
PRMT1 [62,63], and ribosomal protein S10 by
PRMT5 [64]. The same approach has been used
to identify the chaperone HSP90 as a direct
substrate of SMYD2 [65]. In another recent example,
Falnes and colleagues identified several novel
KMTs from the seven-β-strand methyltransferase
family and used tandem affinity purification to identify
candidate substrates for these new enzymes. In
particular, they identified the molecular chaperones
VCP and HSP70 as substrates of the KMTs
METTL21A and METTL21D [49,50]. It remains to
be determined whether these KMTs have additional
substrates that do not form stable complexes.

Using chemical genetics to identify
methyltransferase substrates

A common challenge facing proteomic ap-
proaches is differentiating methylation by an enzyme
of interest from background methylation by endog-
enous enzymes. It is therefore desirable to develop
strategies that specifically label substrates of an
individual enzyme. Chemical genetics, often called
“bump-hole”, has been widely used to identify
substrates for kinase phosphorylation. In this ap-
proach, a mutation is introduced into the enzyme of
interest that expands its pocket for binding adeno-
sine triphosphate (ATP); this allows the enzyme to
use modified co-factors carrying bulky unnatural
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substituents [66–69]. Replacing the terminal phos-
phate of ATP with a radiolabel or thiophosphate
allows substrates of the enzyme to be uniquely
tagged for detection or capture. This strategies was
pioneered by the group of Kevan Shokat more than
fifteen years ago, and it has recently been applied for
proteome-wide identification of many kinase sub-
strates [59,70–73].
In 2001, Gray and colleagues demonstrated the

first example of this approach applied to protein
methylation. They introduced a mutation in the yeast
methyltransferase RMT1 so that it would be selec-
tively inhibited using bulky analogs of S-adenosyl
homocysteine (Fig. 5) [74] and would be able to
utilize SAM substituted with a benzyl group at the
adenosine N6 position. In Binda et al., the KMT
SETDB1 was shown to utilize an analog of SAM with
propargyl-substituted sulfonium (Fig. 5) [75]. This
causes the enzyme to transfer the propargyl group in
place of normal methylation. Click chemistry could
then be used to conjugate alkyne-labeled substrates
to a detection moiety such as a Flag epitope tag or a
fluorophore [76,77]. This SAM analog was unstable
and would not work with many other KMTs.
This issuewascircumventedbyLuoandcolleagues,

who found that mutations to the SAMbinding pocket of
argininemethyltransferase or KMT could allow them to
accept SAM analogs with larger substituents at the
Fig. 5. Examples of SAM and S-adenosyl homocysteine a
homocysteine can be used to selectively inhibit methyltransfe
pocket [74]. Propargyl SAM can be utilized directly by some K
alkyne or azide substituents at the sulfonium position can o
enzymes and have improved stability in solution relative to pro
used to conjugate proteins labeled with alkyne or azide to moi
sulfoniumposition (Fig. 5) [78–80]. This allowsenzyme
substrates to be labeled in cell lysate using in vitro
reactions with only minimal background from endog-
enous protein methyltransferases. Using this ap-
proach, they engineered the KMTs G9a and GLP to
accept bulky SAM analogs (Fig. 5) [81]. They
expressed these enzymes in HEK 293T cells and
used lysates from these cells for in vitro labelingwith an
azide-containing SAM analog. Labeled substrates
were conjugated to a strained alkyne linked to biotin
that allowed substrates to be enriched using immobi-
lized streptavidin and identified by LC-MS/MS. This
work identified 82 candidate substrates of G9a and 64
of GLP. It will be exciting to see how many of these
substrates have important biological functions. The
authors note that their substrates include only a subset
of previously reported G9a and GLP targets, perhaps
because some targets are present at low level in HEK
293T cells or because in vitro labeling does not
recapitulate all the molecular interactions present in
the cellular context. The Luo group has used the same
strategy to identify novel substrates of the arginine
methyltransferase PRMT3 [82]. This is a promising
strategy that can be applied broadly to both PRMTand
KMT enzymes. As with all proteomic methods, these
studies will need to be paired with direct investigation
to elucidate the physiologic importance of individual
substrates.
nalogs used for chemical biology.N6-Benzyl S-adenosyl
rase enzymes engineered with an expanded ATP binding
MTs to generate alkynlated protein substrates [75]. Larger
nly be used efficiently by engineered methyltransferase
pargyl SAM [78,81]. In each case, Click chemistry can be
eties for enrichment (such as biotin) or a fluorescent label.
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In an exciting extension of this approach, Luo and
colleagues have engineered the human methionine
adenosyl transferase (the enzyme responsible for
synthesizing SAM from methionine) so that it can
accept bulky methionine analogs introduced during
cell culture. These analogs are processed into the
corresponding analog of SAM in living cells. They
showed that when appropriately engineered G9a or
GLP are expressed in cells along with engineered
methionine adenosyl transferase, the bulky alkyl
group is transferred to histone H3. To track
genome-wide activity of G9a and GLP at chromatin,
the authors conjugated modified H3 to a cleavage
biotin probe and chromatin capture followed by
high-throughput sequencing. This allowed them to
compare and contrast G9a and GLP activity across
the genome in a way that was previously impossible.
Such an approach may be a powerful tool to label
and identify non-histone methyltransferases in their
natural biological context.
Conclusions

Emerging proteomic tools have shown that
post-translational methylation of arginine and lysine
is common in species ranging from yeast to human.
Non-histone methylation is likely involved in a vast
range of signaling processes. Only in the last year
have system-level tools to probe and measure
protein methylation entered widespread use. Pan-
specific antibodies have enabled high-throughput
proteomic identification of arginine methylation,
while tools to study lysine methylation are rapidly
improving, such as broad-specificity antibodies and
pan-specific methyl-lysine binding domains. Ap-
proaches adapted from work on other signaling
processes, especially phosphorylation, have pro-
vided tools to map methylation signaling networks
using proteomics, protein microarrays, and chemi-
cal biology. All these tools have allowed us to
establish a new perspective on the broad role of
protein methylation in biological regulation. They
will be critical as we seek to develop an integrated
understanding of how methylation interacts with
other signaling processes, contributes to physio-
logic homeostasis, and acts in development of
disease.
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