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Abstract
Protein methyltransferases (PMTs) catalyze arginine and lysine methylation of diverse histone and
nonhistone targets. These posttranslational modifications play essential roles in regulating multiple
cellular events in an epigenetic manner. In the recent process of defining PMT targets, S-adenosyl-
L-methionine (SAM) analogues have emerged as powerful small molecule probes to label and
profile PMT targets. To examine efficiently the reactivity of PMTs and their variants on SAM
analogues, we transformed a fluorogenic PMT assay into a ready high throughput screening (HTS)
format. The reformulated fluorogenic assay is featured by its uncoupled but more robust character
with the first step of accumulation of the commonly-shared reaction byproduct S-adenosyl-L-
homocysteine (SAH), followed by SAH-hydrolyase-mediated fluorogenic quantification. The
HTS readiness and robustness of the assay were demonstrated by its excellent Z′ values of 0.83–
0.95 for the so-far-examined 8 human PMTs with SAM as a cofactor (PRMT1, PRMT3, CARM1,
SUV39H2, SET7/9, SET8, G9a and GLP1). The fluorogenic assay was further implemented to
screen the PMTs against five SAM analogues (allyl-SAM, propargyl-SAM, (E)-pent-2-en-4-ynyl-
SAM (EnYn-SAM), (E)-hex-2-en-5-ynyl-SAM (Hey-SAM) and 4-propargyloxy-but-2-enyl-SAM
(Pob-SAM)). Among the examined 8×5 pairs of PMTs and SAM analogues, native SUV39H2,
G9a and GLP1 showed promiscuous activity on allyl-SAM. In contrast, the bulky SAM
analogues, such as EnYn-SAM, Hey-SAM and Pob-SAM are inert toward the panel of human
PMTs. These findings therefore provide the useful structure-activity guidance to further evolve
PMTs and SAM analogues for substrate labeling. The current assay format is ready to screen
methyltransferase variants on structurally-diverse SAM analogues.

Introduction
The human genome encodes more than 60 protein methyltransferases (PMTs).1 A common
feature of PMTs is to use S-adenosyl-L-methionine (SAM) as a cofactor and deliver its
sulfonium methyl group to specific arginine or lysine residues of PMT substrates (Figure
1).2, 3 More than 30 human PMTs (> 50% of human-genome-encoded PMTs) have
demonstrated such activity to methylate histone substrates.4 These events regulate numerous
biological processes, such as transcription activation, heterochromatin silencing and X
chromosome inactivation.5, 6 For instance, histone H3 lysine 4 (H3K4) can be methylated by
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a dozen of human PMTs, such as SET7/9, MLL1-5, SET1A/B and SMYD3, and this
methylation often leads to gene activation.6, 7 In contrast, histone H3 lysine 9 (H3K9) can be
recognized by 8 human PMTs, including G9a/GLP1 and SUV39H1/2, and the
corresponding H3K9 methylation is frequently linked to euchromatin and heterochromatin
silencing.6, 7 At least four human protein arginine methyltransferases (PRMT1, CARM1/
PRMT4, PRMT5 and PRMT6) account for so-far-known in vivo histone arginine
methylations (Arg2, 8, 17, 26 on histone H3 and Arg3 on histone H4).7–9 The combined
histone arginine and lysine methylations, together with other posttranslational modifications
(acetylation, phosphorylation and ubiquitination), have been implicated as codes to regulate
epigenetic functions.4, 6

Accumulated evidence also indicates that PMTs play their physiological and pathogenic
roles through methylating nonhistone substrates.10, 11 Some recent advancements in this
aspect include the identification of SET7/9 substrates: the tumor suppressors p53 and pRb,
E2F1, HIV transactivator Tat, estrogen receptor α (ERα), PCAF, DNMT1, AKA6,
CENPC1, MeCP2, MINT, PPARBP, ZDH8, Cullin1, IRF1, TAF7/10 subunits of TATA
box-binding protein complex and RelA subunit of NF-κB;12–23 G9a substrates reptin,
mAM, WIZ, CDYL1, CSB, C/EBP and the tumor suppressor p53;(Pless, 2008 #63; Rathert,
2008 #9; Huang, 2010 #308; Lee, 2010 #309) SUV39H1 substrate HP1α; 24 SETDB1
substrate ING2; 24 and SMYD3 substrate VEGF receptor 1.25 These PMT-involved
nonhistone methylation events modulate the functions of diverse cellular targets, such as
histone-remodeling apparatus, tumor suppressors, transcription regulators, and hormone
receptors.6, 11 Some nonhistone targets, similar to histones, can be modified by multiple
PMTs (e.g. site-specific methylations of the tumor suppressor p53 by SET7/9, SET8, G9a,
GLP1, SMYD2 and PRMT5),12, 26, 27, 28, 29 which may resemble the histone-code scenario
for epigenetic regulation.

Despite the importance of the methylation of histone and nonhistone substrates, limited tools
are available to identify unambiguously novel PMT substrates.30 In conventional
approaches, novel PMT substrates were identified upon screening substrate candidates, such
as purified proteins, hypomethylated proteome, or lead-sequence-derived peptides in the
presence of exogenous PMTs and radiolabeled SAM.30, 31 Recently, SAM analogues,
particularly those containing transferable sulfonium-β chemical reporters (e.g. terminal
alkynyl moiety), have emerged as powerful small-molecule tools for PMT substrate labeling
(Figure 1).32–35 In this approach, the enzymatic installation of the clickable chemical
reporters from the SAM analogues enables the labeled PMT substrates to be characterized
with azido-based probes through Cu-catalyzed azide-alkyne cycloaddition (CuAAC or click
chemistry).32–35 For instance, propargyl, (E)-pent-2-en-4-ynyl (EnYn-SAM), (E)-hex-2-
en-5-ynyl (Hey-SAM) and 4-propargyloxy-but-2-enyl (Pob-SAM) SAM analogues have
demonstrated such feasibility to label the substrates of SETDB1, MLL4, G9a and PRMT1,
respectively.32–35 Although these SAM analogues showed promising application for specific
PMTs, their general applicability to PMTs has not been well explored.

To identify PMTs and their variants that can act on SAM analogue cofactors (active
enzyme-cofactor pairs), prior approaches mainly relied on mass spectrometry (MS) analysis
by detecting desirable alkylation on substrates.32–35 However, the ionization efficiency of
the alkylated substrates may alter significantly according to their physical and chemical
properties as well as the ways to process MS samples. More importantly, MS-based methods
are less suitable for a high throughput screening (HTS) format. In contrast, quantification of
SAH (S-adenosyl-homocysteine), the commonly-shared methylation byproduct (Figure 1,
Pathway a), has been adapted in multiple PMT-activity assays.36–42 For example, SAH can
be processed to hypoxanthine, which can be quantified by its characteristic UV at 265nm.38

Our laboratory and others also developed an ultrasensitive luminescence assay (SAH
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detection threshold of 0.3 pmol) through stepwise conversion of SAH to adenine, adenosine
monophosphate, and then adenosine triphosphate, followed by quantification with a
luciferin-luciferase kit.41, 43 SAH can also be processed to homocysteine (Hcy) by 5′-
methylthio-adenosine/SAH nucleosidase (MTAN) and S-ribosylhomocysteinase, or SAH
hydrolyase.37, 40, 42 The resultant production of Hcy can then be detected upon exposing its
reactive free-thiol residue to several colorimetric/fluorogenic probes.37, 40, 42

Given that SAH is a commonly-shared byproduct regardless of PMTs, substrates and most
of SAM analogue cofactors, we envision reformulating a SAH-based PMT-activity assay
and implementing it to define the structure-activity-relationship (SAR) of a collection of
PMTs on SAM analogues. In this work, we described a successful adaptation of a SAH-
based fluorogenic PMT-activity assay into a HTS mix-and-measure format. The robustness
and HTS readiness of the assay were confirmed by its 96-well-plate capability and excellent
Z′ scores of 0.83–0.95 for so-far-examined SAM-enzyme pairs (human PRMT1, PRMT3,
CARM1, SUV39H2, SET7/9, SET8, G9a and GLP1). The reformulated fluorogenic assay
was also validated by its ability to identify the same set of hits as the prior labor-intensive
MS method. With this assay, five SAM cofactors (allyl-SAM, propargyl-SAM, (E)-pent-2-
en-4-ynyl-SAM (EnYn-SAM), (E)-hex-2-en-5-ynyl-SAM (Hey-SAM) and 4-propargyloxy-
but-2-enyl-SAM (Pob-SAM)) were screened against the 8 human PMTs in a combinatorial
manner. Here we concluded that allyl-SAM is a promiscuous SAM analogue cofactor and
can be utilized efficiently by a subset of native PMTs (SUV39H2, G9a and GLP1). In
contrast, none of the 8 PMTs is active toward the bulky, terminal-alkyne-containing
clickable SAM analogues. The structure-activity-relationship therefore argues the need to
engineer the PMTs to efficiently recognize the bulky SAM analogues for substrate labeling.
The current format of the fluorogenic assay is readily adaptable for engineered PMTs and
SAM variants.

Materials and Methods
General reagents

All general reagents were obtained from Fisher Scientific unless mentioned otherwise. S-
adenosyl-L-methionine (SAM) and S-adenosyl-L-homocysteine (SAH) were purchased
from Sigma Aldrich. ThioGlo 1 [10-(2,5-dihydro-2,5-dioxo-1H-pyrrol-1-yl)-9-methoxy-3-
oxo-methyl ester 3H-naphthol(2,1-β)pyran-S-carboxylic acid] and CPM (7-Diethylamino-3-
(4-maleimidophenyl)-4-methylcoumarin) were purchased from Calbiochem and Invitrogen,
respectively. MTAN inhibitor methylthio-DADMe-ImmA is a generous gift from the
Schramm lab at Albert Einstein College of Medicine. RGG peptide
(GGRGGFGGRGGFGGRGGFG), histone H3 (1-40) peptide (1-40 aa,
ARTKQTARKSTGGKAPRKQLATKAARKSAPATGGVKKPHR), histone H3 (1-21)
peptide (1-21 aa, ARTKQTARKSTGGKAPRKQLA), C-terminal biotin-conjugated histone
H3 (1-21) peptide (1-21 aa, ARTKQTARKSTGGKAPRKQLAGGK-Biotin) and histone H4
(10-30) peptide (10-30 aa, LGKGGAKRHRKVLRDNIQGIT) were synthesized and purified
to >90% by the Proteomics Resource Center at the Rockefeller University. Their integrity
was confirmed by mass spectrometry. SAM analogues (allyl-SAM, propargyl-SAM, (E)-
pent-2-en-4-ynyl-SAM (EnYn-SAM), (E)-hex-2-en-5-ynyl-SAM (Hey-SAM) and 4-
propargyloxy-but-2-enyl-SAM (Pob-SAM)) were synthesized as reported
previously.32–35, 44

Protein expression and purification
The PMT plasmids were generous gifts from several labs: the plasmid containing N-terminal
His6-tagged human PRMT1 (residues 10–352) was obtained from the Thompson lab at
Scripps Florida; N-terminal His6-tagged human PRMT3 (residues 211–531), SUV39H2

Wang et al. Page 3

Mol Biosyst. Author manuscript; available in PMC 2013 February 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(residues 112–410), G9a (also known as EHMT2, residues 913–1193), and GLP1 (also
known as EHMT1, residues 951–1235) from the Min lab at the University of Toronto; N-
terminal His6-tagged human CARM1 (residues 19–608) from the Frankel laboratory at the
University of British Columbia; N-terminal His6-tagged full-length human SET7/9
(hSET7/9), human SET8 (residues 191–352) and Sulfolobus solfataricus SAH hydrolase
(SsSAHH) from the Trievel lab at University of Michigan; Plasmodium falciparum
adenosine deaminases (PfADA) from the Schramm lab at Albert Einstein College of
Medicine.

PRMT1, CARM1, SET7/9, G9a, G9a mutants, SsSAHH, pyruvate orthophosphate dikinase
(PPDK), and adenine phosphoribosyl transferase (APRT) were purified as reported
previously.33, 35, 37, 41, 45, 46 To express PRMT3, the PRMT3 plasmid was transformed into
E. coli strain Rosetta (DE3) and then induced by 0.4 mM IPTG at OD600=0.6 and 16 °C
overnight. The PRMT3 protein was then purified by Ni-NTA agarose resin (Qiagen),
followed by a HiTrap Q ion-exchange column (GE HealthCare). The SET8 plasmid was
transformed into E. coli Rosseta-2 (DE3) strain (Novagen) and induced with 0.4 mM IPTG
at OD600=0.6 and 17 °C overnight. The SET8 protein was purified by Ni-NTA agarose resin
(Qiagen), followed by Sephacryl S-200 size exclusion column (GE HealthCare). To express
SUV39H2, the SUV39H2 plasmid was transformed into E. coli BL21-Gold (DE3) strain
(Agilent Technologies) and induced with 0.5 mM IPTG at OD600=0.6 and 17 °C overnight.
The SUV39H2 protein was then purified by Ni-NTA agarose resin (Qiagen), followed by
HiTrap S Fast Flow ion-exchange column (GE HealthCare). To express human GLP1, the
GLP1 plasmid was transformed into E. coli Rosseta-2 (DE3) strain (Novagen). Upon
reaching OD600=0.6, the GLP1-inoculated culture was induced with 0.5 mM IPTG at 17 °C
in the presence of 25 μM ZnSO4 overnight. GLP1 was then purified with a Ni Sepharose™ 6
Fast Flow column (GE HealthCare) with 25–400 mM gradient imidazole and then a
Sephacryl S-200 size exclusion column (GE HealthCare). PfADA was expressed as
described previously except that 25 μM ZnSO4 was present in the inoculated medium for
protein expression.47

Luminogenic Assay
The luminogenic PMT-activity assay was performed as described previously with some
modifications.41 Briefly, into a 20 μl assay buffer (55 mM Hepes, pH=8.0, 0.005% Tween
20 and 0.0005% BSA) containing 55 μM SAM, 22 μM peptide substrate (H4 10-30aa
peptide for SET8 and H3 1-21aa peptide for GLP1), PMT (1 μM SET8 or 0.2 μM GLP1)
was added and then incubated for 12 h at ambient temperature (22°C). From the reaction
mixture, 5 μl aliquot was transferred by a multiple-channel pipette into a 96-well plate
containing 5 μl coupling buffer (100 mM Tris-acetate, pH=7.7, 2 mM phosphoenolpyruvic
acid tri(cyclohexylammonium)salt, 2 mM sodium pyrophosphate decahydrate, 2 mM 5-
phospho-D-ribose-1-diphosphate sodium salt, 15 mM NH4SO4, 15 mM (NH4)2MoO4, 10
mM MgSO4, 0.8 U/ml PPDK, and 0.4 U/ml APRT). After adding 50 μl of D-luciferin/
luciferase assay buffer and shaking the mixture for 30 s in dark, the luminescent signal was
read on a luminescent microplate reader (Thermo Scientific Fluoroskan Ascent FL).

Fluorogenic Assay
In the fluorogenic assay format, PMT-associated reactions were carried out in a white 96-
well plate (Corning, Cat.#3915) at ambient temperature (22 °C). The wells were pre-coated
with 2.5 μl of 1 mM SAM or SAM analogues (see below for details of SAM analogues) and
stored at −80 °C before use. As a general procedure, the wells were warmed at ambient
temperature for 5 min. Into the wells, 18.4 μl of deionized H2O, 10 μl of 5× assay buffer
(the final concentration of 55 mM Hepes, pH=8.0, 0.005% Tween 20 and 0.0005% BSA),
and 5 μl of PMTs and PMT mutants of various concentrations (see below for details) were
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added by a multi-channel pipette to give the final volume of 35.9 μl. 10 μl of 100 μM
peptide substrate stocks (see below for the substrates used for individual PMTs) were then
added to initialize the reactions. For low controls of each PMT, 10 μl deionized H2O rather
than peptide substrate solution was added. After incubating the reaction mixture for 12 h, 4.1
μl of the coupling enzyme stocks (SsSAHH and PfADA, 10 μM and 0.35 μM final
concentrations, respectively) were added and the mixture was subject to additional
incubation for 1 h. The reactions were then quenched by 50 μl ice-cold isopropanol,
followed by 30 min gentle shaking and then the addition of 100 μL ThiolGol 1 (50 μM in
DMSO) or CPM (50 μM stock in 1% triton X). The mixture was shaken gentlely in dark for
another 10 min. The fluorescence signals were then measured on SpectraMax M2 plate
reader (Molecular Devices) with 390 nm-excitation/469 nm-emission and 96-well-plate
reading mode. Here the fluorescence readouts of the low controls were either used to
calculate Z′ factors or subtracted from the fluorescence readouts of test samples for
background correction.

In the present work, SAM and five SAM analogues, allyl-SAM, propargyl-SAM, (E)-
pent-2-en-4-ynyl-SAM (EnYn-SAM), (E)-hex-2-en-5-ynyl-SAM (Hey-SAM) and 4-
propargyloxy-but-2-enyl-SAM (Pob-SAM) were screened against designated PMTs and
PMT mutants. The substrates used in the PMT assays are RGG peptide for PRMT1 and
PRMT3; histone H3 (1-40) peptide for CARM1; histone H4 (10-30) peptide for SET8;
histone H3 (1-21) peptide for SET7/9, SUV39H2, G9a, GLP1 and engineered G9a.

In the PMT-catalyzed reactions, the final concentrations of PMTs are 0.2 μM for PRMT1,
PRMT3, SUV39H2, G9a and GLP1; 1 μM for CARM1, SET7/9 and SET8 unless
mentioned otherwise. To examine whether the PMTs contain MTAN contamination, the
enzymes were pre-incubated with 55 nM MTAN inhibitor methylthio-DADMe-ImmA for
15min. The reactions were then performed in the inhibitor-treated buffer. For the reactions
involved with G9a and G9a mutants (Y1067A, Y1085A, R1109A, F1152A, Y1154A and
F1158A mutants), the same treatment with the MTNA inhibitor was also followed to
suppress the MTAN-mediated side reaction.

Statistical analysis of the fluorogenic assay
Z′ factor, a parameter to evaluate signal-to-background separations of HTS assays, is
calculated with the following equation: Z′ = 1 − [(3δ+ + 3δ−)/(μ+ − μ−)], where δ+, δ−, μ+
and μ− are denoted for standard deviations (δ) and average values (μ) for the high (+) and
low (−) controls, respectively.

Stability assessment and standard curve for SAH quantification
To assess the stability of SAH and Hcy in the air-exposed assay buffer, 20 μM SAH in 50 μl
of 1× reaction buffer (50 mM Hepes, pH=8.0, 0.005% Tween 20 and 0.0005% BSA) was
incubated for a designated period of time in either absence or presence of the SAH-to-Hcy
coupling enzymes (10 μM SsSAHH and 0.35 μM PfADA), followed by CPM-mediated
quantification. The two fluorescence readouts after the pre-incubation reported residual SAH
and Hcy, respectively. The two sets of fluorescence intensity (triplicates) were plotted
against time.

To generate the standard curve for SAH quantification, into 1× reaction buffer (50 mM
Hepes, pH=8.0, 0.005% Tween 20 and 0.0005% BSA, final concentrations), SAH stock
solution (0–50 μM, final concentration) and the coupling enzymes (10 μM SsSAHH and
0.35 μM PfADA, final concentrations) were added to give the final volume of 50 μl. After
1-h incubation, the reactions were quenched with 50 μl ice-cold isopropanol, followed by
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the addition of 100 μl of CPM stock (50 μM stock in 1% triton X). The fluorescence signals
were measured with SpectraMax M2 plate reader as described above.

MALDI-TOF analysis to validate allylated H3K9 peptide products
To validate the hits identified through the primary fluorogenic screening assay, in vitro
PMT-catalyzed reactions were carried out as described in the fluorogenic assay except that
biotin-conjugated histone H3 (1-21) peptide rather than histone H3 (1-21) peptide was used
as the substrate. Briefly, 0.2 μM PMTs (SUV39H2, G9a or GLP1) were added into the
buffer (50 mM Hepes, pH=8.0) containing 20 μM biotin-conjugated histone H3 (1-21)
peptide substrate and 50 μM allyl-SAM analogue. After 12-h incubation at ambient
temperature, the biotin-conjugated peptide products were pulled out by Streptavidin
Sepharose™ (GE HealthCare), washed 3 times with deionized H2O, and eluted with 10 μl
50% acetonitrile/H2O. To prepare MALDI-TOF MS samples, 1 μl of the elute was mixed
with 1 μl of saturated α-cyano-hydroxy-cinnamic acid solution (30% acetonitrile/H2O) on a
MALDI sample plate, followed by a rapid dry at ambient temperature. The dried samples
were then subject to MALDI-TOF MS analyses (Voyager-DE STR, Applied Biosystems,
Framingham, MA, USA). Desorption/Ionization was obtained using delayed-extraction,
positive ion mode by a 337-nm nitrogen laser (3-ns pulse width). Laser power was adjusted
slightly above threshold to obtain good resolution and signal/background ratios. Each
measurement was the accumulation of three spectra collected at ten different positions with
500 shots per position. Mass calibration was achieved using external standard Calibration
Mix 2 (Applied Biosystems).

Results
Assay format and its signal-to-background separation

PMTs and several PMT mutants have shown activities to modify their substrates with SAM
and SAM analogue cofactors, accompanied by the generation of SAH as the byproduct
(Figure 1, Pathway a). To probe such activities for diverse PMT variants and SAM
analogues, we envisioned formulating a high-throughput (HTS) assay via quantification of
SAH, the commonly-shared byproduct of this type of reactions (Figure 1). Among so-far
reported PMT-activity assays for SAH quantification, we focused on two enzyme-coupled
assays (the luminogenic assay and the fluorogenic assay as referred later) because of their
excellent sensitivity and ready HTS adaptability (see Discussion for their comparison with
other PMT-activity assays).37, 41 The luminogenic assay and the fluorogenic assay rely on
the readouts of the luciferase-mediated lumens of ATP and the ThioGlo1-mediated
fluorescence of Hcy, respectively, both of which originate from SAH (see Discussion for
details).37, 41, 43, 48 Here we compared the signal-to-background ratios of the two assays
using SET8 and GLP1 as model PMTs. Under our assay conditions (see Methods), the
luminogenic assay displayed signal-to-background separation of 3.6 and 2.9 for SET8 and
GLP1 (Figure 2), respectively. In comparison, the fluorogenic assay showed 2-fold better
signal-to-background separation. Given the importance of the signal-to-background
separation for Z′ values and thus HTS adaptability, we therefore preferred the fluorogenic
assay for more robust SAH quantification.

Improving assay robustness using CPM as an alternative fluorogenic dye
The previously reported fluorogenic assay used the thiol-reactive fluorogenic dye ThioGlo1
for SAH quantification.37 To further improve signal-to-background separation, we
compared ThioGlo1 with CPM, another thiol-reactive dye that shares a similar fluorogenic
mechanism as ThioGlo1.49 Under current assay conditions, CPM displayed 4-fold better
signal-to-background separation than ThioGlo1 (Figure 3a). Here 10 μM SsSAHH and 0.35
μM PfADA in a 50 μl reaction mixture are sufficient to convert 5000 pmol SAH within 1 h.
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Adding more SsSAHH and PfADA does not significantly accelerate the rate to process SAH
into Hcy, indicating that excessive coupling enzymes have been used under the current
conditions (data now shown). SAH-quantification standard curve was then generated and
displayed a linear response in the range of so-far-examined SAH concentration (0.05–50
μM SAH or 2.5–2500 pmol in 50 μl assay buffer) (Figure 3b). Here the CPM-based
fluorogenic assay can detect as low as 2.5 pmol SAH or 0.05 μM SAH in 50 μl assay buffer
(3-fold standard deviation above background, inset of Figure 3b), which is 20-fold more
sensitive than the ThioGlo1-based method. Collectively, the signal-to-background
separation and sensitivity of the fluorogenic assay were improved through the CPM-
facilitated signal enhancement, and thus present CPM as a desirable surrogate of ThioGlo1
for SAH quantification.

Reformulating fluorogenic assay by decoupling SAH production from SAH processing and
quantification

The fluorogenic assay relies on the two coupling enzymes SAHH and ADA for SAH-to-Hcy
conversion.49 In the prior work, PMT-catalyzed methylation was carried out in the presence
of SAHH and ADA.49 This coupled format allowed Hcy production in situ from SAH.
However, the freshly-generated Hcy was also air-exposed in the reaction buffer for a period
of time until the free-thiol-capturing dye ThioGlo1 was added. Given potential oxidation of
Hcy (forming a disulfide bond) under aerobic conditions (Figure 1, Pathway b), we further
evaluated the stability of Hcy under our assay condition. The signal of Hcy, which was
generated from SAH by SAHH, decreased slightly within the first 3 h, but suffered a
dramatic loss after 6-h in the air-exposed buffer (Figure 4). In contrast, SAH is stable in the
assay buffer as demonstrated by its constant fluorescence readout after 12-h aerobic
exposure (Figure 4). Given the excellent stability of SAH in contrast to the rapid oxidation
of Hcy, we modified the fluorogenic assay by decoupling the step of PMT-catalyzed
accumulation of SAH from the subsequent SAHH-mediated formation of Hcy. This
uncoupled format minimized the air-exposure and thus undesirable oxidation of Hcy. This
modification makes the current protocol suitable for less active PMTs by readily extending
reaction time.

Quantification of SAH accumulated in PMT-catalyzed reactions
After confirming the stability of SAH in our assay buffer, we further examined the stability
of SAH accumulated in PMT-catalyzed methylation reactions. Here we compared the SAH-
associated fluorescence readouts in the methylation reactions of the 8 human PMTs
(PRMT1, PRMT3, CARM1, SUV39H2, SET7/9, SET8, G9a and GLP1). All the examined
PMTs except G9a showed robust fluorescence readouts (Figure 5), consistent with their
demonstrated activities to methylate respective substrates together with SAM consumption
and SAH accumulation. In contrast, G9a-catalyzed methylation reaction gave barely above-
background fluorescence signal, although the G9a-mediated methylation can be detected
readily with MS analysis for expected H3K9 methylation product (data not shown). We
therefore reasoned that the loss of SAH signal in the G9a-catalyzed reaction was associated
with unexpected degradation of SAH.

To explore further the undesirable SAH-degrading activity, we incubated SAH with G9a,
and then analyzed the mixture with HPLC. The resultant profile showed that SAH was
slowly decomposed into adenine in the presence of G9a (data not shown). Since this SAH-
degrading activity mimics MTAN(Parveen, 2011 #61) we then reasoned that E. coli MTAN
may exist as an impurity in E. coli-expressed G9a and thus link to the undesirable
degradation of SAH to adenine (Figure 1, Pathway c). To confirm that MTAN did account
for the SAH-degrading impurity in G9a, we compared the fluorescence readouts of the
PMT-catalyzed methylation reactions in the absence or presence of 5′-methylthio-DADMe-
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ImmA, a pM E. Coli MTAN inhibitor.(Gutierrez, 2007 #62) Consistent with MTAN
contamination in G9a, the SAH-associated fluorescence signal in the G9a-catalyzed
methylation reaction can be fully restored by adding 55 nM MTAN inhibitor methylthio-
DADMe-ImmA (Figure 5). In addition, the MTAN inhibitor itself does not inference with
the SAH-associated fluorescence signals, because the untreated and inhibitor-retreated
reactions of the other 7 PMTs showed comparable SAH-signal readouts. As a result, the
control reaction containing SAH should be carried out in parallel for each PMT to avoid
potential MTAN-involved false negatives (one out of eight PMTs in our case). The
undesirable side-reaction of MTAN, if observed, can be suppressed in the presence of
MTAN inhibitors, such as methylthio-DADMe-ImmA. The reliability of the fluorogenic
assay for SAH quantification was further improved in the context of PMT-catalyzed
reactions.

High-throughput (HTS) amenability of the fluorescent assay
To evaluate HTS adaptability of the current fluorogenic assay, high-to-low controls (24
wells) in 96-well plates were performed for the panel of 8 human PMTs (PRMT1, PRMT3,
CARM1, SUV39H2, SET7/9, SET8, G9a and GLP1) (Figure 6).20, 33, 35, 37, 41, 45, 46, 50

These experiments were repeated in a separate day to assess their day-to-day reproducibility
(Figure 6). The high and low fluorescence readouts were then plotted against corresponding
well numbers. The lack of well-to-well, day-today fluctuation of fluorescence signals
indicated that the current assay is suitable for a 96-well-plate HTS format. Moreover, the
well-defined high-to-low ratios (2~7) of the panel of PMTs, together with their desirable
well-to-well consistency, gave excellent Z′ values of 0.83~0.95 (Figure 6). The current
assay therefore demonstrates its readiness to probe PMT activity in a reliable HTS manner.

Validating the fluorogenic assay with PMT variants and matched SAM analogue cofactors
We have shown previously that engineered G9a can utilize (E)-pent-2-en-4-ynyl and (E)-
hex-2-en-5-ynyl SAM analogues (EnYn-SAM and Hey-SAM) to label H3K9 substrate with
the accumulation of SAH as the by product.33 Given the well-defined activities of the G9a
variants on the SAM analogues, we validated the current fluorogenic assay by screening the
same panel of G9a mutants against the two SAM analogue cofactors. The reactions of the
G9a F1152A mutant with Hey-SAM, and Y1154A mutant with EnYn/Hey-SAM gave
positive fluorescence readouts, indicating SAH accumulation in the reactions (Figure 7).
Moreover, the Y1154A mutant with Hey-SAM showed 3~5-fold higher fluorescence
readouts than the Y1154A mutant with EnYn-SAM and the F1152A mutant with Hey-SAM
(Figure 7). The identified positive enzyme-cofactor pairs and their relative intensity of
fluorescence readouts recapitulated the results obtained by analyzing the corresponding
alkylated products with independent MS approach.33 Such consistency therefore indicated
the ability of the current fluorogenic assay to screen PMTs or their variants against SAM
analogues.

Identifying SAM analogue cofactors for promiscuous PMTs
After demonstrating the robustness and HTS reliability of the fluorogenic assay, we further
implemented the assay to screen the panel of 8 human PMTs (PRMT1, PRMT3, CARM1,
SUV39H2, SET7/9, SET8, G9a and GLP1) against SAM and five SAM analogues (allyl-
SAM, propargyl-SAM, EnYn-SAM, Hey-SAM, and Pob-SAM). These SAM analogues
were selected because they were identified previously as active methyltransferase
cofactors.32–35, 44 The experiment was carried out with all 8×6 combinations between the
PMTs and SAM/SAM analogues. The whole set of experiments were duplicated in a
separate day to assess day-to-day variation. The fluorescence readouts of the two sets of
experiments were then presented in a heat map format (Figure 8). All the 8 PMTs showed
strong fluorescence readouts for SAM cofactors, indicating that they are active under the
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current set of experiments (positive controls). More importantly, the combinatorial screening
led to three novel outliers: SUV39H2 G9a and GLP1 for ally-SAM (a 3/40 hit rate), as
shown by their positive fluorescence readouts in the two sets of experiments (Figure 8). The
three positive hits were further confirmed with the independent MALDI-TOF MS by
detecting desirable allylated H3K9 peptide product (Figure 9). The fluorogenic assay with
the array-like format and in combination with MS-based validation therefore allowed us to
identify three promiscuous PMTs that can efficiently act on the allyl-SAM cofactor.

Discussion
Reformulation of SAH-based fluorogenic assay to probe novel PMT activities

In this paper, we reformulated a previously-reported fluorogenic PMT-activity assay37 into a
plate-reading HTS format for PMTs. The reformulated fluorogenic assay was adapted into a
96-well-microplate-plate format for the 8 human PMTs (PRMT1, PRMT3, CARM1,
SUV39H2, SET7/9, SET8, G9a and GLP1). The overall Z′ values of 0.83–0.95 of the 8
PMTs with native SAM as a cofactor further confirmed the HTS readiness of the
reformulated assay (Figure 6). This assay can recapitulate the previous MS-based finding
that the G9a F1152A and Y1154 mutants can act on EnYn/Hey-SAM (Figure 7)33 and also
allowed us to identify novel promiscuous activities of SUV39H2, G9a and GLP1 on allyl-
SAM cofactor upon screening the 8 PMTs against five SAM analogues (Figure 8). The two
pilot screenings in combination with independent MS validation (Figure 9) further
demonstrated the broad applicability of the assay to probing the activities of PMTs and their
variants on structurally-diverse SAM analogues.

The current assay format was developed on the basis of a prior fluorogenic PMT-activity
assay, which relied on the coupling enzymes SAHH and ADA to process the reaction
byproduct SAH into Hcy in a coupled manner (conversion of SAH to Hcy in situ).37 The
resultant Hcy was then quantified by the thiol-reactive fluorogenic dye ThioGlo 1.37 In
contrast to the prior approach, the reformulated assay is featured by two key modifications:
(1) decoupling SAH-to-Hcy conversion into an uncoupled format by first allowing SAH
accumulation followed by Hcy production and quantification (Figure 1); (2) replacing
ThioGlo1 with the more sensitive dye CPM (Figure 1). The first modification avoids the air-
mediated oxidation of Hcy (Figure 1, Pathway b) whose effect becomes dramatic upon 6-h
air exposure in reaction buffer (Figure 4). The decoupling step allows us to examine readily
less active PMTs by extending reaction time. The second modification with CPM displayed
a 20-fold improved detection threshold (2.5 pmol with CPM versus 50 pmol with ThioGlo1)
and 4-fold better signal-to-background separation (Figure 3a). The two modifications are
essential for our success in adapting the fluorogenic assay into the HTS format.

Comparison of PMT-activity assays
PMT-catalyzed methylation involved enzymatic conversion of substrates to methylated
products, accompanied by the consumption of the methyl-donor cofactor SAM and the
production of the byproduct SAH (Figure 1, Pathway a). Given low catalytic efficiency for
most PMTs (kcat < 1 min−1),37, 41, 45, 46 established PMT-activity assays mainly rely on
radioactive SAM, antibodies, mass spectrometry or coupling enzymes to quantify reaction
products or byproduct (methylated products or SAH), rather than the consumption of
substrates or the SAM cofactor.30, 43, 51 In the reactions with native or mutated PMTs and
SAM analogues, SAH production is the solely-shared character regardless of PMTs, PMT
substrates and the SAM analogues (Figure 1). This feature therefore presents SAH
quantification an amenable and potentially generalizable approach to probe the reactivity of
PMTs and their variants on structurally-diverse substrates and SAM analogues. So far, MS,
anti-SAH antibody, and multiple enzyme-coupled spectroscopic assays have been applied to
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trace SAH signal.36–42, 51, 52 In contrast to undesirable capability of the MS-based SAH
assay for a HTS analysis and the nonlinear readout of the antibody-based SAH assay,39, 52

multiple enzyme-coupled mix-and-measure spectroscopic assays, as described by our lab
and others,37, 41 demonstrated the feasibility for both accurate SAH quantification and HTS
readout.

Among enzyme-coupled PMT-activity assays, we focused on two for further comparison
because of their high signal sensitivity, decent signal-to-background separation, and ready
HTS adaptability. The luminogenic assay relies on three coupling enzymes to process SAH
into adenine and then ATP, with the latter quantified by highly-sensitive luciferase assay
kit.41 The fluorogenic assay relies on two coupling enzymes to process SAH into Hcy, with
the latter quantified by thiol-reactive fluorogenic dyes.37 Both assays have excellent SAH
sensitivity and 96-well-microplate HTS adaptability. Although the luminogenic assay
displayed 20-fold higher SAH detection threshold in comparison with the previously-
reported fluorogenic assay,37, 41 we concluded that the latter is more suitable for a HTS
format because of its lower background and thus better signal-to-background separation
(Figure 2, about 2 fold higher than the previously-reported luminogenic assay). We reasoned
that the high background signal of the luminogenic assay is likely due to non-PMT-mediated
decomposition of SAM to 5′-methylthio-adenosine (MTA) and adenine, as reported
previously (Figure 1, Pathways d, e).53 In the enzyme-coupled luminogenic assay, since the
coupling enzyme MTAN can promiscuously process MTA, SAH and other MTA/SAH
analogues to adenine,54, 55 the non-PMT-mediated production of MTA and adenine
eventually merge with the PMT-mediated production of SAH (Figure 1, Pathways a) at the
step of adenine-to-ATP conversion (Figure 1, Pathways a, c versus Pathways d, e, f). The
amount of ATP originated from MTA and adenine is therefore indistinguishable from the
ATP for SAH quantification and leads to the high background readout of the luminogenic
assay. In contrast to MTAN that is promiscuous for both MTA and SAH,41, 56 the coupling
enzyme SAHH in the fluorogenic assay is active on SAH but not MTA. SAH, rather than
MTA or adenine, therefore solely accounts for the final signal readout from thiol-reactive
fluorogenic dyes (ThioGlo1 or CPM). This rationale, together with the further improved
fluorescence output by replacing ThioGlo1 with more sensitive CPM (discussed above),
therefore underscores that the fluorogenic assay is superior to the luminogenic assay for a
robust, high-throughput SAH quantification. Given that SAM and SAM analogues may go
through similar degrading processes (MTA and adenine production),53 the fluorogenic assay
is also more suitable than the luminogenic assay to examine activities of PMTs on SAM
analogues.

Limitation and general applicability of the current fluorogenic assay
Several cautions should be also made upon applying the fluorogenic assay to probing the
activities of PMTs and their variants on SAM analogues. First, the current mix-and-measure
assay format is intolerant to reducing reagents such as DTT and β-mercaptoethanol, given
their capability to react with the thiol-reactive fluorogenic dye CPM. These reducing
reagents may be required for optimal PMT activities, although such situation has not been
observed for so-far-examined PMTs and PMT mutants. The free cysteine residues of PMTs
could react with CPM, which may account for the altered background readouts (Figure 6).
However, this effect would be insignificant as indicated by the desirable high-to-low
separations of the examined PMTs. Secondly, several prior enzyme-coupled PMT-activity
assays were carried out in the presence of coupling enzymes.37–40, 42 This coupled format
was proposed to degrade the byproduct SAH in situ and thus release potential SAH-
mediated product inhibition. In contrast, the current fluorogenic assay was reformulated into
an uncoupled format by decoupling SAH production from enzyme-coupled Hcy production.
Although the accumulated SAH may inhibit the reaction progression to some degree, such
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inhibitory effect is not dominant for the so-far-examined PMTs and PMT mutants. The lack
of SAH-mediated inhibition can be due to the low affinity of SAH or the competition effect
of high concentration of SAM (55 μM) to these enzymes. In addition, other SAH-degrading
activities may interfere with the assay, as exemplified by the MTAN impurity in E. coli-
expressed G9a (Figure 1, Pathway c). SAM analogues can also generate high background
due to its spontaneous decomposition to SAH. Non-substrate negative controls and other
orthogonal assays for hit validation should therefore be included to minimize the potential
false positives and negatives.

SAM is one of the most frequently-used enzyme cofactors.57 As a biological methyl donor,
SAM provides its sulfonium methyl group not only to protein targets (e.g. PMTs) but also to
DNA, RNA and small-molecule substrates, accompanied by SAH production.41 The current
fluorogenic assay via robust SAH quantification can therefore be applied to probing the
reactivity of methyltransferase variants on SAM and SAM analogues, or to screen
methyltransferase inhibitors. The limitations of the current fluorogenic assay, as described
above, should not outweigh its broad application as a methyltransferase-activity assay.

Promiscuous activity of PMTs on SAM analogue cofactors
With the aid of the fluorogenic assay, native SUV39H2, G9a and GLP1 were identified to
utilize allyl-SAM as a novel cofactor and efficiently allylate their histone H3K9 substrate.
Here PRMT1, PRMT3, CARM1, SET7/9 and SET8 are inert to allyl-SAM. Although the
weak activity of 2 μM PRMT1 on allyl-SAM was reported previously,35 such activity
became undetectable when 10-fold less PRMT1 (0.2 μM versus 2 μM) was used under the
current assay condition. Remarkably, propargyl-SAM, though similar to allyl-SAM on the
basis of its size and structure, is inert to SUV39H2, G9a and GLP1. We reasoned that the
lack activity of propargyl-SAM is likely due to its rapid degradation, as noticed by us and
others.33, 35 Although EnYn-SAM was reported to be active toward another protein lysine
methyltransferase (PKMT) SETDB1,34 none of the bulky SAM analogues (EnYn-SAM,
Hey-SAM, and Pob-SAM) are active cofactors for the 8 examined PMTs (Figures 8 and 9).
Collectively, our screening results showed that only stable, less-bulky SAM analogues can
be recognized efficiently by the subfamily of native PMTs.

Polygenic tree analysis shows that PRMT1, PRMT3, CARM1, SET7/9, SET8, SUV39H2,
G9a and GLP1 belong to three subfamilies of PMTs: (PRMT1, PRMT3 and CARM1);
(SET8, SUV39H2, G9a and GLP1); (SET7/9).1, 46 In terms of structural motifs and
enzymatic functions, human PRMT1, PRMT3 and CARM1 resemble classic
methyltransferases with several bulky residues (e.g. Y35, F36, Y39, M48 and D51 of
PRMT1) closely interacting with the sulfonium methyl group of the SAM cofactor.35 These
interactions provide structural rationale that PRMT1, PRMT3 and CARM1 preferentially
recognize SAM but not bulky SAM analogues. In comparison, SET7/9, SET8, SUV39H2,
G9a and GLP1 belong to a family of distinct SET-domain-containing PKMTs.7, 58, 59 The
structures of the family of PMTs reveal a conserved catalytic channel that renders the
enzyme catalysis.20, 33, 50, 59–65 The narrow catalytic channel only allows the side chain of
lysine to go through and then access the sulfonium methyl group, which is located on the
opposite side of the channel. This structural motif may rationalize that only small allyl-SAM
can be recognized by a subset of PKMTs and more-sterically-hindered SAM analogues are
inert to most of PKMTs. However, replacing the bulky F1152 and Y1154 of G9a with the
smaller alanine residue releases the steric interactions and thus renders G9a’s cofactor
selectivity toward bulky EnYn-SAM and Hey-SAM.33 The collective structure-activity-
relationship therefore indicates that SAM-binding pockets of native PMTs, though show
preference to native SAM, can be tailored to accommodate bulky SAM derivatives.
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Conclusion
PMT-associated protein methylation has been implicated in multiple biological processes.
Developing robust and reliable assays will facilitate HTS characterization of PMTs. Here we
formulated a fluorogenic high-through PMT-activity assay and demonstrated its ability to
probe the activities of PMTs and their mutants on structurally-diverse SAM analogues. The
HTS character of this assay is fully validated with pilot screenings and the independent MS
approach. We further demonstrated the robust activities of the G9a Y1154A mutant on
EnYn-/Hey-SAM and identified additional novel SAM analogue for SUV39H2, G9a and
GLP1. The SAR information obtained here provides the additional guidance to engineer
PMTs and matched SAM analogues for more efficient substrate labeling. The impact of the
reformulated fluorogenic assay further lies in its broad application to probing activities and
screening inhibitors of methyltransferase and SAM variants.
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Figure 1.
Mechanistic scheme and side reactions in the enzyme-coupled fluorogenic PMT-activity
assay. Regardless substrates, SAM or SAM analogue cofactors, PMT variants and alkylated
products, the commonly-shared byproduct SAH of PMT-catalyzed reactions (Pathway a)
can be processed into Hcy by SAHH (SAH hydrolase) and ADA (adenosine deaminase),
followed by fluorogenic quantification with the thiol-reactive probe CPM. Air-mediated
oxidation of Hcy (Pathway b) can be minimized by decoupling the prior step of SAH
production with the subsequent enzyme-coupled SAH-to-Hcy conversion. Potential MTAN
contamination in PMTs causes the degradation of SAH to adenine, which can be suppressed
by MTAN inhibitor methylthio-DADMe-Immucillin A (Pathway c). SAM and SAM
analogues go through spontaneous decomposition into MTA and adenine (Pathways d, e).
MTA can also be processed into adenine by MTAN (Pathway f).
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Figure 2.
Comparison of low-to-high separation of enzyme-coupled luminogenic assay (left panel)
and fluorogenic assay (right panel). SET8 and GLP1 were used as model PMTs to evaluate
the low-to-high separation of the luminogenic assay and the fluorogenic assay. Here the
PMT-catalyzed methylation reactions (high controls) were carried out in 50 μl reaction
buffers containing 1 μM SET8 or 0.2 μM GLP1, 22 μM peptide substrate and 55 μM SAM
(see Methods for details). Low controls were performed similarly except in the absence of
peptide substrates. For both enzymes, the fluorogenic assay displayed approximately 2-fold
better high-to-low separation than the luminogenic assay (4.8 for SET8 and 6.5 for GLP1
versus 2.9 for SET8 and 3.6 for GLP1). The error bars denote standard deviation (some are
invisible because of their small values).
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Figure 3.
Fluorogenic format (left panel) and standard curve (right panel) for SAH quantification.(a)
Comparison of CPM with ThioGol 1 as the fluorogenic dye. The fluorescence readouts of
low controls (without substrate) and high controls (with substrates) of thiol-reactive
fluorogenic dyes ThioGol 1 and CPM were compared after 1-h incubation of 20 μM SAH in
a 50μl reaction buffer containing 10 μM SAHH and 0.35 μM ADA. Here the high-to-low
separation with CPM as the fluorogenic dye is 4-fold higher than that with ThioGlo 1.(b)
Standard curve for SAH quantification. A SAH-quantification curve was generated in a 96-
well-microplate format for 0–2500 pmol SAH (0–50 μM of 50 μl reaction) with 10 μM
SsSAHH and 0.35 μM PfADA as coupling enzymes and CPM as the fluorogenic dye. The
inset corresponds to the signal of 0 to 50 pmol SAH (0–5 μM SAH in 50 μl reaction). The
mean and standard deviation of triplicate measurements are shown. The error bars denote
standard deviation (some are invisible because of their small values).
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Figure 4.
Assessing stability of SAH and Hcy in air-exposed reaction buffer. The fluorescent readouts
of 1 nmol SAH (20 μM in 50 μl reaction buffer) were measured after pre-incubating for 0–
12 h in the absence or presence of 10 μM SsSAHH and 0.35 μM PfADA. Since the amount
of the coupling enzymes is sufficient to process 1 nmol SAH to Hcy within 1 h (data not
shown), the fluorescence readouts in the absence and presence of the couple enzymes are
proportional to the amount of residual SAH and Hcy after the pre-incubation step,
respectively. The constant fluorescence readout in the former indicates that SAH is stable
under the assay condition. In contrast, the gradual loss of fluorescence readout in the latter
scenario suggests that Hcy is subject to air-mediated oxidation under the assay condition
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Figure 5.
Fluorescence readouts of PMT-catalyzed methylation reactions in the absence or presence of
MTAN inhibitor. The methylation reactions were carried out in the buffer containing 55μM
SAM, 22μM peptide substrates and respective PMTs (0.2 μM for PRMT1, PRMT3
SUV39H2, G9a and GLP1; 1 μM for CARM1, SET7/9 and SET8) in the presence or
absence of 55 nM MTAN inhibitor methylthio-DADMe-ImmA. Robust fluorescence
readouts were observed for the panel of PMTs except G9a. In contrast, the loss of
fluorescence signal in G9a-catalyzed methylation reaction can be suppressed in the presence
of the MTAN inhibitor, consistent with the presence of MTAN contamination. The mean
and standard deviation of triplicate measurements are shown.
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Figure 6.
Using high-to-low controls to evaluate well-to-well, day-to-day fluctuation and HTS
adaptability of the fluorogenic assay. The 2×24-well repeats of the high-to-low fluorescence
readouts (without substrates for low controls) were examined in a 96-well-miscroplate
format for PRMT1, PRMT3, CARM1, SET7/9, SET8, SUV39H2, G9a and GLP1 (24 wells/
enzyme/day for 2 d). The scatter plots of the fluorescence readouts by well numbers display
high-to-low ratios of 5 for PRMT1, 2 for PRMT3, 3 for CARM1, 7 for SET7/9, 3 for SET8,
7 for SUV39H2, 5 for G9a and 4 for GLP1. The high-to-low ratios, together with well-to-
well, day-to-day variation, give Z′ scores of 0.90 for PRMT1, 0.89 for PRMT3, 0.85 for
CARM1, 0.86 for SET7/9, 0.91 for SET8, 0.85 for SUV39H2, 0.90 for G9a and 0.93 for
GLP1.
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Figure 7.
Pilot screening of G9a mutants against EnYn-SAM and Hey-SAM. The reactions were
carried out in the buffer containing 1 μM G9a mutants, 22 μM H3K9 peptide and 55 μM
SAM analogues at ambient temperature for 12 h, and the resultant fluorescence readouts
after background correction were shown here. The positive hits of the G9a F1152A mutant
for Hey-SAM and Y1154A for EnYn-SAM/Hey-SAM were identified on the basis of at
least 3-fold higher signals after background correction in comparison with those of inert
enzyme-cofactor pairs. The positive hits and their relative signal signals recapitulated the
results obtained with an independent MS approach.(Islam, 2011 #56)
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Figure 8.
Reactivity heatmap of native PRMT1, PRMT3, CARM1, SET7/9, SET8, SUV39H2, G9a
and GLP1 on SAM and SAM analogues. The 8 PMTs were screened against SAM and the
five SAM analogues in a combinatorial manner. The accumulated reaction byproduct SAH
was then quantified with the fluorogenic assay in a HTS-adaptable 96-well-microphate
format. The same set of experiments was duplicated in a separate day to assess day-to-day
variation. The fluorescence readouts after background correction were plotted against PMTs
and cofactors for the heatmap analysis with the color of yellow-to-orange encoded for low-
to-high fluorescence signals. Native SUV39H2, G9a and GLP1 were identified to be active
on allyl-SAM cofactor.
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Figure 9.
Hit validation with independent MS approach. The positive hits identified through the pilot
screening (Figure 8) were subject to MALDI-TOF MS for further validation. Allylated
H3K9 peptides were confirmed as the enzymatic products of SUV39H2, G9a and GLP1
with allyl-SAM as a cofactor. In contrast, only native H3K9 peptide was detectable for non-
enzymatic control.(a) MS of unmodified H3K9 peptide as a negative control (biotin-
conjugated H3 peptide, ARTKQTARKSTGGKAPRKQLAGGK-Biotin); (b–d) SUV39H2-,
G9a- and GLP1-catalyzed H3K9 allylation with the allyl-SAM cofactor.
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