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development. Protein methyltransferases are one of
the target classes which have gained attention as potential therapeutic targets after promising results of
inhibitors for EZH2 and DOT1L in clinical trials. There
are many technologies developed in order to find small
molecule inhibitors for protein methyltransferases.
However, in contrast to high throughput screening,
profiling against different methyltransferases is challenging since each enzyme has a different substrate
preference so that it is hard to profile in one assay
format. Here, different technologies for methyltransferase assays will be overviewed, and the advantages
and disadvantages of each will be discussed.

Introduction
Epigenetic modifications are dynamic and reversible processes that establish normal cellular phenotypes, but also
contribute to human diseases [1]. Thus scientists have tried
to understand the landscape of epigenetic modifications and
their relationship with diseases [2]. Some epigenetic
enzymes have been long time therapeutic targets such as
Histone deacetylases; however, Histone methyltransferases,
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especially, have gained attention after promising results of
inhibitors for EZH2 and DOT1L in clinical trials [review]; [3–
6]. Recently, other protein methyltransferases including
PRMT1, PRMT5, and PRMT7 are also considered as potential
drug targets [7–13]. In order to promote and accelerate drug
discovery activities, biochemical assays for profiling and lead
optimization of drug discovery are essential after lead identification by high-throughput screening (HTS).
Histone methyltransferases (HMTs) and Protein arginine
methyltransferases (PRMTs) belong to the enzyme class
which transfers a methyl group from S-adenosyl-L-methionine (SAM or AdoMet) to a lysine residue or arginine residue
in the substrate protein such as histones, a member of chromatin, and produces S-adenosyl-L-homocysteine (SAH). Each
HMT has specific target lysine residue(s) for methylation; for
example, EZH2 complex methylates Histone H3 Lysine 27,
mono-, di-, and tri-methylation. On the other hand, PRMTs
methylate arginine residue mono-methyl, symmetrical dimethyl (type-II) or asymmetrical di-methyl (type-I), depending on type [14–18], to many proteins including histones.
Because of such complexity, making antibodies against specific residue and specific methylation state (mono-, di-, etc.) is
challenging. In addition, newly identified non-histone substrate proteins for PRMTs have been explored [19].
In addition to methylation state, each methyltransferase
has substrate specificity. For example, DOT1L methylates
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Histone H3 Lysine 79, however, peptide or histone H3 protein does not serve as a substrate; only nucleosomes work as
substrates in in vitro assays. Similarly, NSD1–3 also use only
nucleosomes as substrate. On the other hand, EZH2 complex
prefers histone octamers rather than nucleosomes, as well as
histone H3 protein and peptides. As mentioned below, some
assay formats only allow use of peptides as substrates while
other assay formats cannot use peptide. Therefore, profiling
compounds against a large panel of methyltransferases in one
assay format is demanding, and comparing compound potency against one enzyme to another in different assay formats is difficult. Since Km values are very different between
peptide and protein substrate for methyltransferases in general, selectivity of the substrate competitive compound
shown for an enzyme with peptide substrate against enzymes
using protein substrate may not be accurate. In fact, BIX019,
reported as a potent inhibitor against G9a and GLP using
peptide as substrate, showed weak inhibition when using
protein substrate [20,21]. Other factors such as buffer conditions also need to be kept in mind since compound solubility
may be different in different buffers. If the buffer is different
for each enzyme assay, compounds could be selective by
solubility rather than potency; one buffer contains detergent,
for example, which solubilizes the compound, but another
buffer is absent of detergent resulting in a false positive or
negative. Factors such as pH, salt, DTT or TCEP, etc. also affect
compound behavior, depending on structure. Thus compound selectivity must be carefully evaluated for true selectivity against enzymes rather than the difference in assay
conditions.
Another challenge of profiling against a large panel of
methyltransferases is collection of enzymes; one needs to
collect or produce a large number of targets. However, enzyme resources are limited and not many vendors offer many
targets. In this review, we will focus on commercially available products and assay technologies for profiling.

Detection of methylation on peptide substrate
Assay formats using peptide as substrate are good for finding
peptide (or substrate) competitive inhibitors since the Km for
peptide is usually much higher than the Km for protein or
histone complex substrates. In addition, in order to save
reagents, most assays use peptide substrate concentration
much lower than Km values. The most popular detection is
antibody-based detection in conjunction with fluorescence
labeling such as AlphaLisa technology (Perkin Elmer (PE),
Waltham, MA) or HTRF (Homogeneous Time Resolved Fluorescence: Cisbio Bioassays, Bedford, MA). The enzyme reaction produces methylation on biotinylated substrate peptide,
and acceptor- (or donor-) labeled antibody binds to the
methylation site which will be detected by a streptavidintagged donor (or acceptor) binding to biotinylated peptide
and energy transfer occurring between donor and acceptor in

close proximity. Antibody choices are against mono-, di-, or
tri-methylation on specific residues of histones. Specificity of
antibody recognition is essential; however, sometimes specificity makes signal windows narrow. For instance, if the
antibody is specific for mono-methylation of a specific residue but the enzyme can methylate mono-, di-, and tri-methylation, the enzyme titration curve will not be linear; the
signal will increase when mono-methylation is increased but
then decrease when di- and tri-methylations are increased.
Thus the enzyme titration curve will be bell-shaped and the
optimal signal window is narrow. Antibodies are widely
available from many vendors; however, it is substantial work
to test specificity for available antibodies. A wide variety of
different methylation levels and sites of histone peptides are
available from AnaSpec (Fremont, CA) with biotin-labeling
for antibody testing as well as for substrates. Assay signals also
depend on labels or FRET (fluorescence resonance energy
transfer) pairs. AlphaLisa is proprietary technology by Perkin
Elmer (PE), and its detection requires a special instrument;
excitation at 680 nm and emission at 615 nm. However, high
signals result in a signal/background ratio of more than 100
easily so that this assay is suitable for HTS application.
Although false-positive rates are relatively high, a counter
assay is available. Other labeling choices are LANCE TR-FRET
from PE (Eu donor and ULight acceptor) and HTRF from
Cisbio Bioassays (Eu or Tb donor and XL665 acceptor). These
vendors are also offering antibodies coupled with labeling.
Other labeling is also available from many vendors such as
Life Technologies (Thermo Fisher Scientific; Grand Island,
NY) and Rockland Immunochemicals Inc. (Limerick, PA).
These antibody-based fluorescence detections are also applied for demethylase assays. A major drawback of antibody-based assays is the requirement of multiple antibody
sets for each methylation site by different HMTs for profiling.
Radioisotope-based detections are considered as a gold
standard; this also applies for peptide detection with tritiated
SAM. The most popular format is scintillation proximity
assay (SPA) format; however, substrate peptides have to be
labeled with biotin for capture by streptavidin-coated SPA
beads or FlashPlate (both from PE). In addition, the peptide
binding capacity of SPA beads or FlashPlate is limited. Therefore it is necessary to determine substrate concentration
carefully in the reaction or detection when using SPA. In
fact, peptide substrate concentrations above 0.5 mM lose
linearity when using streptavidin-FlashPlate without dilution. PE also offers SPA imaging beads which emit light in
the red region of the visible spectrum, making them ideally
suited for use with any CCD-based imager such as ViewLux
(PE). The CCD-based imagers are sensitive which enables
ultra high-throughput screening with even 1536-well plate
format.
Mass spectrometry based detections are reliable and can
distinguish between mono-, di-, and tri-methylated products.
www.drugdiscoverytoday.com
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Since antibody-detection detects one population depending
on antibody specificity or total methylation by radioisotopebased detections, mass spectrometry based detection is excellent for kinetic studies as well as HTS applications, depending
on instrumentation [22].

Detection of methylation on protein substrate
Several protein methyltransferases cannot use peptides as
substrates in in vitro assays. These enzymes require histone
protein(s), histone octamer (core histones) or nucleosomes as
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substrates (see Table 1: The substrate preference in this table is
based on our experiences. It may be different in different
assay formats.). For many antibodies, it is hard to recognize
methylation on histone proteins or nucleosomes in native
structures, and it requires special treatment for detection. PE
developed a DOT1L assay, for example, in AlphaLisa format
in which nucleosomes are dissociated with high salt buffer for
antibody detection (PE Tech Note AlphaLISA #25). However,
if you want to develop your own, a lot of effort is needed
to optimize the detection conditions for each antibody in

Table 1. HotSpot substrates with RBC proteins.
Enzyme

Methylation sites*

Preferred substrate

Alternative substrate

ASH1L

H3K36

Nucleosomes

N/A

DOT1L

H3K79

Nucleosomes

N/A

EZH1 complex

H3K27

Core histones

H3 protein, H3 peptide

EZH2 complex

H3K27, Jarid2 [40]

Core histones

H3 protein, H3 peptide

G9a

H3K9, p53K373, many

H3 protein

Core histones, H3 peptide

GLP

H3K9, p53K373, many

H3 protein

Core histones, H3 peptide

MLL1 complex

H3K4

Nucleosomes

Core histones, H3 protein, H3 peptide

MLL2 complex

H3K4

Core histones

H3 protein, H3 peptide

MLL3 complex

H3K4

Core histones

H3 protein, H3 peptide

MLL4 complex

H3K4

Core histones

H3 protein, H3 peptide

NSD1

H3K36

Nucleosomes

N/A

NSD2

H3K36

Nucleosomes

N/A

NSD3

H3K36

Nucleosomes

N/A

PRDM9

H3K4

H3 protein

Core histones, H3 peptide

SETD1B complex

H3K4

Core histones

H3 peptide

SETD2

H3K36

Nucleosomes

N/A

SETD7

H3K4, p53K372, TAF10K189

Core histones

H3 protein, H3 peptide

SETD8

H4K20, p53K382

Nucleosomes

H4 peptide

SETMAR [41]

snRNP70 K130

N/A

N/A

SMYD1

H3K4

Core histones

H3 protein, H3 peptide

SMYD2

H3K4, H3K36, p53K370, RB1K860

H4 protein

H4 peptide

SMYD3

MAP3K2 [42,43], H4K20 [44]

N/A

N/A

SUV39H1

H3K9

H3 protein

H3 peptide

SUV39H2

H3K9

H3 protein

H3 peptide

SUV420H1

H4K20

Nucleosomes

N/A

PRMT1

H4R3, many, Twist1R34 [7]

H4 protein

H4 peptide

PRMT3

Many

H4 protein

H4 peptide

PRMT4

H3R17, many

H3 protein

H3 peptide

PRMT5

H2AR3, H4R3, H3R8, many

H2A or H4 protein

H2A or H4 peptide

PRMT5/MEP50

H2AR3, H4R3, H3R8, many

H2A or H4 protein

H2A or H4 peptide

PRMT6

H3R2, H2AR3, H4R3, many

H3 protein

GST-GAR

PRMT7 [45]

H2AR3, H4R3, H2B, many

GST-GAR

H2B peptide

PRMT8

Many

H4 protein

H4 peptide

*

Information from UniProtKB unless citation given.
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addition to the choice of antibody conjugation with acceptor
or donor. Both PE and Cisbio offer an Epigenetic tool box to
develop assays on your own.
SPA-based radioisotope assays do not need to expose methylation sites, but do require biotinylated protein substrates.
Biotinylated histones or recombinant biotinylated nucleosomes are available from Active Motif (Carlsbad, CA), Reaction Biology (Malvern, PA), and BPS Bioscience (San Diego,
CA). A traditional TCA precipitate-glass fiber-filter capturing
format for TopCount measurement is good for all protein
substrates including nucleosomes; however, peptide substrates may be hard to collect by filter especially at low
concentrations, and relatively large amounts of reagents
are required in addition to the HTS-unfriendly washing steps.
For outsourcing, Reaction Biology’s HotSpotTM format,
which was originally developed for kinase assays and applied
for methyltransferase assays [21,23], is essentially the filterbinding method but in a miniaturized format. Thus it
requires minimal reagents, and any type of substrates, from
peptides to nucleosomes, can be used. This is the ideal format
for profiling since one assay format can be used for all HMTs
and PRMTs even with non-histone proteins without any
modifications.
The advantages of Mass spectrometry based detections are
not limited to distinguishing between mono-, di-, and trimethylated products stoichiometrically. They also include
identifying the sites of lysine and arginine methylation in the
human proteome [24]. Mass spectrometry is a powerful tool
for global identification of protein methylation beyond histones and proteomics [25–27]. It is also useful in in nucleo
assays to determine methylation state and sites [28].

Detection of SAH product
Instead of direct measurement of methylation on substrates,
the product of SAM, SAH, is measured. This assay format has
an advantage since any substrate can be used, thus it is often
called a ‘universal’ assay. The SAH detection can be applied
for any enzyme assays that produce SAH as a product including DNA methyltransferases and N- or O-methyltransferases.
The simplest format is direct measurement by Mass spectrometry or HPLC. Medium to high throughput mode can be
applied although instruments are expensive if set up new.
Thus Mass spectrometry has been used by pharmaceutical
companies in HTS set up as well as profiling [29].
Another direct method for detecting SAH formation is a
competitive fluorescence polarization (FP) assay [30] in which
anti-SAH antibody binds free SAH and releases the fluorescent
tracer (fluorescent-SAH conjugate) resulting in FP change.
The key of this assay is specificity of antibody against SAH
selective from SAM that limits assay sensitivity. Similar but in
TR-FRET format, Cisbio offers EPIgeneousTM methyltransferase assay kit which uses Tb-labeled SAH antibody and SAH
probe: The resulting TR-FRET signal is inversely proportional
to the concentration of SAH in the calibrator or in the sample.
There are many coupling enzyme systems available to
detect SAH (Fig. 1). SAH hydrolase catalyzes SAH into Adenosine and Homocysteine (HCy) which can be detected by a
thiol-sensitive fluorophore, such as the ThioGlo1 from Covalent Associate Inc (Corvallis, OR) or ThioFluor from Cayman Chemical (Ann Arbor, MI), the CPM (7-diethylamino-3(40 -maleimidylphenyl)-4-methylcoumarin) [31,32], or DTNB
(5,50 -Dithiobis(2-nitrobenzoic acid) for color alternative.
Adenosine can be further metabolized by Adenosine kinase

Enzyme coupling assay for SAH detection
Me-Substrate

Mass Spec, SAH
Ab/SAH probe, etc.

MT
SAM

SAH
AN
MT

Adenine + SRH

SA

Thio-Glo,
ThioFluor, etc.

Ha

se

Homocysteine + Adenosine
LuxS

Adenosine
Deaminase

Hypoxanthine

APRT

UV reading

Xanthine
Oxidase

Urate + H2O2

Adenosine Kinase

Transcreener

AMP
PPDK

HRP coupling
detection

ATP

Kinase-Glo,
ATPlite
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Figure 1. Enzyme coupling assays for SAH detection. Abbreviations: SAHase: SAH hydrolase; MTAN: 50 -methylthioadenosine nucleosidase; LuxS:
S-ribosylhomocysteine lyase; APRT: adenine phosphoribosyl transferase; PPDK: pyruvate orthophosphate dikinase; SRH: S-Ribosyl-L-homocysteine.
www.drugdiscoverytoday.com
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and ATP to produce AMP and ADP. The AMP is detected by
Transcreener1 AMP/GMP assay from BellBrook Labs (Madison, WI), and Transcreener EPIGEN kit includes coupling
enzymes. Now BellBrook offers Transzyme Methyltransferase
assay kits with Reaction Biology’s Methyltransferase enzymes
that are validated and optimized for ready to use [33]. Using a
similar pathway, Drake et al. [34] measured the amount of
ATP remaining by using a luminescent assay kit, Kinase-Glo
from Promega (Madison, WI), during the process of SAH
converting enzymatically to AMP by Adenosine kinase and
ATP.
Another coupling enzymes pathway uses 50 -methylthioadenosine nucleosidase (MTAN) which converts SAH to adenine and S-Ribosyl-L-homocysteine (SRH). The adenine can
be converted into two different products with different
enzymes. The first pathway is to convert adenine to AMP
by adenine phosphoribosyl transferase (APRT), then the AMP
is further converted to ATP by PPDK (pyruvate orthophosphate dikinase) [35]. The ATP is then quantified by commercially available luciferase assay kits, such as ATPlite from
PerkinElmer or Kinase-Glo from Promega.
The second pathway after MTAN is to convert adenine to
hypoxanthine with adenine deaminase, which is associated
with a decrease in absorbance at 265 nm that can be monitored continuously with a spectrophotometer [36]. Hypoxanthine can be further converted to urate and hydrogen
peroxide (H2O2) by xanthine oxidase. H2O2 can then be
measure by fluorescent or colorimetric reagents that are
available from many commercial resources, such as Amplex
Red/HRP coupling (Life technologies), Hydrogen peroxide
detection kits (Enzo Lifesciences), and xanthine oxidase kits
(Cayman Chemicals). A methyltransferase assay kit combining MTAN, adenine deaminase, xanthine oxidase and resorufin/HRP for H2O2 detection is offered by G-Biosciences (St.
Louis, MO).
Finally, the MTAN pathway also provides an alternative
route to generate Hcy, which can then be detected as mentioned above. The enzyme S-ribosylhomocysteinase (LuxS)
cleaves the thioether bond in S-ribosylhomocysteine (SRH) to
produce homocysteine and 4,5-dihydroxy-2,3-pentanedione
[37,38].
A minor drawback of SAH detection is that SAH cannot be
used as a positive control inhibitor. Since many methyltransferases do not have good reference inhibitors, it is inconvenient that one cannot use SAH, a broad methyltransferase
inhibitor. In addition, the involvement of many coupling
enzymes makes it hard for kinetic studies, and counter assays
are required for compound profiling to distinguish real
methyltransferase inhibition.

Other detections
Wigle and coworkers [39] have employed a methylationsensitive endoproteinase strategy to separate methylated
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peptides from unmethylated peptides by a capillary electrophoresis system (Caliper LC3000). This method requires special sequences for cleavage by Endo-LysC proteinase, thus
applicable methyltransferase targets are limited resulting in
suitability for HTS.
Recently, Cayman Chemical offers fluorescence
probe competition assay, SAM-ScreenerTM, developed and
patented with University of Michigan. This probe
binds SAM-binding pocket in SET domain-containing
methyltransferases, and the outcome is a change in
fluorescence polarization. Currently the assay can be
applied only for SET domain-containing methyltransferases and the probe is an unknown proprietary
small molecule. Thus it is convenient for HTS application
to find SAM competitive inhibitors, but it may miss new
scaffolds different from probe or SAM noncompetitive
inhibitors. Cayman Chemical is developing the secondgeneration of the probe which competitively binds
to SAM-binding sites of a different set of methyltransferases.

Conclusions
Compound profiling against a large panel of enzymes is
important for understanding target specificity and lead
optimization of drug discovery. An ideal profiling is using
the same assay format for all targets. Antibody-based assays
may be suitable for HTS, but they need an exhaustive
collection of antibodies for entire targets for profiling.
Universal SAH detections have the advantage that any
substrates can be used; however, most assays require more
than one coupling enzyme that need counter assays. Mass
spectrometry based assays are the most reliable, but they
need costly instrumentation. In addition, collecting or
producing a large panel of enzymes is another challenge.
If you are thinking of outsourcing, there are several vendors
offering assay services, but most only have a few targets
available and are more suitable for screening. Among them,
Reaction Biology will be the best choice for profiling because of gold standard radioisotope-based assays in one
assay format, HotSpotSM which can use any substrates,
and the largest collection of active methyltransferase
enzymes for profiling as well as HTS.

Conflict of interest
The author confirms that this article content has no conflict
of interest.

Acknowledgements
I thank Dr. Konrad T. Howitz and the Protein Production
Group of Reaction Biology Corp. for producing methyltransferase proteins and substrate proteins, and Joseph J. Ferry and
Daniel Kelly for performing methyltransferase enzyme
assays.

Vol. 18, No. nullC 2015

Drug Discovery Today: Technologies | Profiling used in lead optimization and drug discovery

References
[1] Arrowsmith CH, Bountra C, Fish PV, Lee K, Schapira M. Epigenetic protein
families: a new frontier for drug discovery. Nat Rev Drug Discov
2012;11:384.
[2] Nature offers free access to the Epigenome Roadmap http://www.nature.
com/collections/vbqgtr
[3] Tiffen J, Gallagher SJ, Hersey P. EZH2: an emerging role in melanoma
biology and strategies for targeted therapy. Pigment Cell Melanoma Res
2015;28:21–30. http://dx.doi.org/10.1111/pcmr.12280. Epub 2014 June 27.
[4] Völkel P, Dupret B, Le Bourhis X, Angrand PO. Diverse involvement of
EZH2 in cancer epigenetics. Am J Transl Res 2015;7:175–93.
[5] Daigle SR, Olhava EJ, Therkelsen CA, Basavapathruni A, Jin L, BoriackSjodin PA, et al. Potent inhibition of DOT1L as treatment of MLL-fusion
leukemia. Blood 2013;122:1017–25.
[6] Stein EM, Tallman MS. Mixed lineage rearranged leukaemia: pathogenesis
and targeting DOT1L. Curr Opin Hematol 2015;22:92–6. doi: 10.1097/
MOH.0000000000000123.
[7] Avasarala S, Van Scoyk M, Karuppusamy Rathinam MK, Zerayesus S, Zhao
X, Zhang W, et al. PRMT1 is a novel regulator of epithelial–mesenchymaltransition in non-small cell lung cancer. J Biol Chem 2015;290:13479–89.
[8] Chan-Penebre E, Kuplast KG, Majer CR, Boriack-Sjodin PA, Wigle TJ,
Johnston LD, et al. A selective inhibitor of PRMT5 with in vivo and in vitro
potency in MCL models. Nat Chem Biol 2015;11:432–7. http://dx.doi.org/
10.1038/nchembio.1810. Epub 2015 April 27.
[9] Park JH, Szemes M, Vieira GC, Melegh Z, Malik S, Heesom KJ, et al. Protein
arginine methyltransferase 5 is a key regulator of the MYCN oncoprotein
in neuroblastoma cells. Mol Oncol 2015;9:617–27. http://dx.doi.org/
10.1016/j.molonc.2014.10.015. Epub 2014 November 15.
[10] Morettin A, Baldwin RM, Côté J. Arginine methyltransferases as novel
therapeutic targets for breast cancer. Mutagenesis 2015;30:177–89. http://
dx.doi.org/10./mutage/geu0391093.
[11] Stopa N, Krebs JE, Shechter D. The PRMT5 arginine methyltransferase:
many roles in development, cancer and beyond. Cell Mol Life Sci
2015;72:2041–59. http://dx.doi.org/10.1007/s00018-015-1847-9. Epub
2015 February 7.
[12] Baldwin RM, Haghandish N, Daneshmand M, Amin S, Paris G, Falls TJ,
et al. Protein arginine methyltransferase 7 promotes breast cancer cell
invasion through the induction of MMP9 expression. Oncotarget
2015;6:3013–32.
[13] Yao R, Jiang H, Ma Y, Wang L, Wang L, Du J, et al. PRMT7 induces
epithelial-to-mesenchymal transition and promotes metastasis in breast
cancer. Cancer Res 2014;74:5656–67.
[14] Bedford MT, Clarke SG. Protein arginine methylation in mammals: who,
what, and why. Mol Cell 2009;33:1.
[15] Krause CD, Yang ZH, Kim YS, Lee JH, Cook JR, Pestka S. Protein arginine
methyltransferases: evolution and assessment of their pharmacological
and therapeutic potential. Pharmacol Ther 2007;113:50.
[16] Trojer P, Dangl M, Bauer I, Graessle S, Loidl P, Brosch G. Histone
methyltransferases in Aspergillus nidulans: evidence for a novel enzyme
with a unique substrate specificity. Biochemistry 2004;43:10834.
[17] Pahlich S, Zakaryan RP, Gehring H. Protein arginine methylation: cellular
functions and methods of analysis. Biochim Biophys Acta
2006;1764:1890.
[18] Lakowski TM, Frankel A. Kinetic analysis of human protein arginine Nmethyltransferase 2: formation of monomethyl- and asymmetric
dimethyl-arginine residues on histone H4. Biochem J 2009;421:253.
[19] Tikhanovich I, Kuravi S, Artigues A, Villar MT, Dorko K, Nawabi A, et al.
Dynamic arginine methylation of tumor necrosis factor (TNF) receptorassociated factor 6 regulates toll-like receptor signaling. J Biol Chem
2015;290:22236–49. September 4, 2015.
[20] Shinkai Y, Tachibana M. H3K9 methyltransferase G9a and the related
molecule GLP. Genes Dev 2011;25:781–8.
[21] Horiuchi KY, Eason MM, Ferry JJ, Planck JL, Walsh CP, Smith RF, et al.
Assay development for histone methyltransferases. Assay Drug Dev
Technol 2013;11:227.
[22] Guitot K, Scarabelli S, Drujon T, Bolbach G, Amoura M, Burlina F, et al.
Label-free measurement of histone lysine methyltransferases activity by
matrix-assisted laser desorption/ionization time-of-flight mass

[23]

[24]
[25]

[26]

[27]

[28]

[29]

[30]

[31]
[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

spectrometry. Anal Biochem 2014;456:25–31. http://dx.doi.org/10.1016/
j.ab.2014.04.006. Epub 2014 April 15.
Ma H, Deacon S, Horiuchi K. The challenge of selecting protein kinase
assays for lead discovery optimization. Expert Opin Drug Discov
2008;3:607.
Arnaudo AM, Garcia BA. Proteomic characterization of novel histone
post-translational modifications. Epigenetics Chromatin 2013;6:24.
Bremang M, Cuomo A, Agresta AM, Stugiewicz M, Spadotto V, Bonaldi T.
Mass spectrometry-based identification and characterisation of lysine and
arginine methylation in the human proteome. Mol Biosyst 2013;9:2231–
47. http://dx.doi.org/10.1039/c3mb.00009e.
Guo A, Gu H, Zhou J, Mulhern D, Wang Y, Lee KA, et al. Immunoaffinity
enrichment and mass spectrometry analysis of protein methylation. Mol
Cell Proteomics 2014;13:372–87.
Nguyen H, Allali-Hassani A, Antonysamy S, Chang S, Chen LH, Curtis C,
et al. LLY-507, a cell-active potent, and selective inhibitor of proteinlysine methyltransferase SMYD2. J Biol Chem 2015;290:13641–53.
Smadbeck J, Peterson MB, Zee BM, Garapaty S, Mago A, Lee C, et al. De
novo peptide design and experimental validation of histone
methyltransferase inhibitors. PLoS ONE 2014;9:e90095. http://
dx.doi.org/10.1371/journal.pone.0090095.
Li S, Gu XJ, Hao Q, Fan H, Li L, Zhou S, et al. A liquid chromatography/
mass spectrometry-based generic detection method for biochemical assay
and hit discovery of histone methyltransferases. Anal Biochem
2013;443:214–21.
Graves TL, Zhang Y, Scott JE. A universal competitive fluorescence
polarization activity assay for S-adenosylmethionine utilizing
methyltransferases. Anal Biochem 2008;373:296.
Collazo E, Couture JF, Bulfer S, Trievel RC. A coupled fluorescent assay for
histone methyltransferases. Anal Biochem 2005;342:86.
Chung CC, Ohwaki K, Schneeweis JE, Stec E, Varnerin JP, Goudreau PN,
et al. A fluorescence-based thiol quantification assay for ultra-highthroughput screening for inhibitors of coenzyme A production. Assay
Drug Dev Technol 2008;6:361–74. http://dx.doi.org/10.1089/
adt.2007.105.
Kumar M, Zielinski T, Lowery RG. Biochemical assay development for
histone methyltransferases using a transcreener-based assay for Sadenosylhomocysteine. Assay Drug Dev Technol 2015;13:200–9. http://
dx.doi.org/10.1089/adt.2014.609. Epub 2015 February 24.
Drake KM, Watson VG, Kisielewski A, Glynn R, Napper AD. A sensitive
luminescent assay for the histone methyltransferase NSD1 and other
SAM-dependent enzymes. Assay Drug Dev Technol 2014;12:258–71.
http://dx.doi.org/10.1089/adt.583.2014.
Ibanez G, McBean JL, Astudillo YM, Luo M. An enzyme-coupled
ultrasensitive luminescence assay for protein methyltransferases. Anal
Biochem 2010;401:203–10.
Dorgan KM, Wooderchak WL, Wynn DP, Karschner EL, Alfaro JF, Cui Y,
et al. An enzyme-coupled continuous spectrophotometric assay for Sadenosylmethionine-dependent methyltransferases. Anal Biochem
2006;350:249–55.
Zhu J, Patel R, Pei D. Catalytic mechanism of S-ribosylhomocysteinase
(LuxS): stereochemical course and kinetic isotope effect of proton transfer
reactions. Biochemistry 2004;43:10166–72.
Hendricks CL, Ross JR, Pichersky E, Noel JP, Zhou ZS. An enzyme-coupled
colorimetric assay for S-adenosylmethionine-dependent
methyltransferases. Anal Biochem 2004;326:100–5.
Wigle TJ, Provencher LM, Norris JL, Jin J, Brown PJ, Frye SV. Accessing
protein methyltransferase and demethylase enzymology using
microfluidic capillary electrophoresis. Chem Biol 2010;17:
695–704.
Sanulli S, Justin N, Teissandier A, Ancelin K, Portoso M, Caron M, et al.
Jarid2 methylation via the PRC2 complex regulates H3K27me3 deposition
during cell differentiation. Mol Cell 2015;57:769–83. http://dx.doi.org/
10.1016/j.molcel.2014.12.020. Epub 2015 January 22.
Carlson SM, Moore KE, Sankaran SM, Reynoird N, Elias JE, Gozani O. A
proteomic strategy identifies lysine methylation of splicing
factor snRNP70 by the SETMAR enzyme. J Biol Chem 2015;290:
12040–47.

www.drugdiscoverytoday.com

e67

Drug Discovery Today: Technologies | Profiling used in lead optimization and drug discovery

[42] Mazur PK, Reynoird N, Khatri P, Jansen PW, Wilkinson AW, Liu S, et al.
SMYD3 links lysine methylation of MAP3K2 to Ras-driven cancer. Nature
2014 Jun 12;510:283–7. http://dx.doi.org/10.1038/nature13320. Epub
2014 May 21.
[43] Colón-Bolea P, Crespo P. Lysine methylation in cancer: SMYD3-MAP3K2
teaches us new lessons in the Ras-ERK pathway. Bioessays 2014;36:1162–
9. http://dx.doi.org/10.1002/bies.201400120. Epub 2014 September 2.

e68

www.drugdiscoverytoday.com

Vol. 18, No. nullC 2015

[44] Vieira FQ, Costa-Pinheiro P, Almeida-Rios D, Graça I, Monteiro-Reis S,
Simões-Sousa S, et al. SMYD3 contributes to a more aggressive phenotype
of prostate cancer and targets Cyclin D2 through H4K20me3. Oncotarget
2015;6:13644–57.
[45] Feng Y, Hadjikyriacou A, Clarke SG. Substrate specificity of human protein
arginine methyltransferase 7 (PRMT7) the importance of acidic residues in
the double E loop. J Biol Chem 2015;289:32604–16.

