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Abstract
We describe a continuous peptide methylation assay using the Neurospora crassa Dim-5 histone H3
lysine 9 (H3K9) methyltransferase as a model system. The assay uses streptavidin FlashPlates coated
with target peptide. Since no washing and pipeting steps were required after the addition of the
enzyme/S-adenosyl-L-methionine (AdoMet) mixture to the microplate, a continuous readout of the
reaction progress was possible. We show that this assay is highly reproducible (with errors in the
order of ±3%). The continuous assay is well suited for the simultaneous analysis of up to 384 samples,
thus allowing for a rapid screening of methylation rates of different substrates under different
conditions or in the presence of inhibitors.

Posttranslational modification of histone tails including methylation, acetylation, or
ubiquitination is an important epigenetic signal involved in gene and chromatin regulation
(1,2). Histone lysine methyltransferases (HKMTs) are a large group of enzymes that
specifically methylate histone tails at defined sites using S-adenosyl-L-methionine (AdoMet)
as methyl group donor (3,4). Understanding the properties and mechanism of these enzymes
is important, as many of them represent potential targets in cancer therapy (5). Different assays
exist to determine the activity of HKMTs. Some use unlabeled AdoMet and detect the
methylation of the peptide by mass spectrometry (6,7). Because of atomic mass resolution,
mass spectrometric assays are very reliable and allow the distinction between mono-, di-, and
trimethylated products (8). In addition, antibodies against different methylation states of lysines
are used in the detection of histone methylation in fixed chromatin (9-12). Alternatively, the
turnover of the coenzyme can be followed using a coupled fluorescent assay (13), in which the
methyl donor product S-adenosy-L-homocysteine is enzymatically hydrolyzed to homocysteine
and adenosine, and the homocysteine concentration is then determined by conjugation of its
free sulfhydryl moiety to a fluorophore.

In an alternative approach, the transfer of a radioactively labeled methyl group from AdoMet
to the peptide substrate can be detected. Radioactive assays need separation of modified peptide
and unreacted AdoMet, which can be achieved by precipitation (14), gel electrophoresis
(14-16), or using avidin/biotin technology if a biotinylated peptide is used as substrate (17).
The biotin/ avidin microplate peptide methylation assay previously described by us is
convenient, very accurate, reproducible, and inexpensive (17). Since it yields quantitative
results, it can be used for a characterization of the enzymatic properties of HKMTs and other
protein methyltransferases. Also, the assay is well suited for high-throughput applications.
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However, one general disadvantage of all assays mentioned above is that they are discontinuous
in nature.

Here, we have modified the setup of the radioactive avidin/biotin microplate assay to overcome
this limitation (Figure 1A). To this end, avidincoated FlashPlate streptavidin 96-well
scintillant-coated microplates (Perkin Elmer, Waltham, MA, USA) were used (18). In these
plates, the interior of each well is permanently coated with a thin layer of polystyrene-based
scintillant followed by covalent binding of streptavidin molecules. Using a biotin tag, the
peptide is immobilized at the surface of the plate. After washing off the unbound peptide, the
enzyme is added in buffer containing AdoMet bearing a tritiated methyl group. Due to the short
range of the β-particles emitted by tritium, this does not lead to a strong scintillation signal,
because most β-particles are quenched by solvent before they reach the wall of the plate. After
enzymatic transfer of the radioactive methyl groups to the peptide substrates, however, they
closely approach the walls of the microplate, which leads to a strong scintillation signal (Figure
1A).

The Dim-5 histone 3 lysine 9 (H3K9) methyltransferase was expressed and purified as
described (14). A synthetic peptide containing a biotin at its N terminus was purchased from
IRIS Biotech (Marktredwitz, Germany) in high-performance liquid chromatography (HPLC)-
purified form and was dissolved in water. Purity of the peptide was greater than 95%, as
confirmed by HPLC and mass spectrometric analysis. The length of the peptide was 20
residues, corresponding to the first 19 amino acids of the histone H3 tail plus a methionine (Bt-
MARTKQTARKSTGGKAPRKQ), with the target lysine residue bolded.

Substrate binding to the streptavidin surface of the FlashPlate PLUS streptavidin 96-well
microplate (Perkin Elmer) was performed by pipeting 320 pmol biotinylated histone H3 tail
peptide in 40 μL binding buffer [50 mM Tris-HCl, pH 8.0, 20 mM KCl, 5 mM dithiothreitol
(DTT), 1 mM EDTA] in each well of the streptavidin-coated plate. After 8 h incubation at 4°
C, the wells were washed five times with PBST (500 mM NaCl, 2.7 mM KCl, 4.3 mM
Na2HPO4, 1.4 mM K2HP04, 0.05% v/v Tween 50, pH 7.2). Afterwards, 60 μL reaction mixture
[50 mM glycine, pH 9.8, 2 mM DTT, 25 μg/mL bovine serum albumin (BSA), 10% glycerol]
containing enzyme concentration as indicated and 0.35 μM tritium-labeled AdoMet (specific
activity: 2.03-3.15 TBq/mmol; Perkin Elmer) were added. For readout, a radioactive microplate
reader (Topcount NXT; Perkin Elmer) was used. The radioactive signal was detected and
averaged for 10 s, and after each reading the counts and absolute time was written in the report
file. From that file, data were extracted and rearranged manually using Excel or using an in-
house program. For calibration, the peptide methylation reaction was carried out using 35 nM
Dim-5. The reaction progress curve was fitted to a monoexponential curve to determine the
maximum signal that corresponds to the methylation of the 320 pmol peptide. Experiments
carried out with larger amounts of peptide (up to 600 pmol/well) showed a linear response of
total methylation and signal, indicating that the 320 pmol used for most of the experiments
was below the peptide binding capacity of the well.

To demonstrate the principal feasibility of the assay, we used the Dim-5 histone lysine
methyltransferase from Neurospora crassa, which trimethylates H3K9 in a processive reaction
(8). After adding 3.5 μM enzyme, 0.35 μM radioactive cofactor and buffer into FlashPlates
coated with peptide, a rapid and very strong increase in scintillation signal was observed (Figure
1B). No signal change was detectable in the absence of enzyme or peptide (Figure 1B). To
investigate the reliability of the assay, four identical reactions containing 3.5 nM enzyme and
0.35 μM AdoMet were performed under multiple turnover conditions (using 1000 times less
enzyme than before, to have a ratio of 320 pmol peptide and 0.2 pmol enzyme). During the
initial phase, the methylation signal increased linearly with time (Figure 1C). The primary data
of all four curves were readily superimposable. We determined the initial rate of the individual
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reactions by linear regression and found the standard error was smaller than ±3%, indicating
excellent reproducibility. As expected for multiple turnover experiments, methylation rates
increased linearly with enzyme concentration with very small error margins (Figure 2). We
used the assay to determine the Michaelis constant (Km) value of the Dim-5 for AdoMet by
varying the cofactor concentrations between 11 and 370 nM (Figure 3) using 3.5 nM enzyme.
We measured a Km of 0.68 (-0.16, +0.25) μM and a maximal velocity (Vmax) of 14.7 (-2.1,
+3.1) counts per minute (cpm)/s. The calibration curve shown in Figure 1B was used to
calculate a turnover number (kcat) of 3.1/min, which is slightly higher than a value determined
previously with the discontinuous assay, by varying the peptide concentration at a constant
concentration of AdoMet (17). The error margins of the Km and Kcat values were determined
by systematic simulations, in which the values of Km and Kcat were maximized and minimized
by variation of the other parameter. The distributions of the squared deviations between
experimental and theoretical data points were compared between the optimum fit and the
simulation, and the values of Km and Kcat changed as long as the distribution of squared
deviations in the simulation did not differ from the best fit to a statistically significant degree
(P value > 0.05 as analyzed by Excel GTest). The assay cannot be used to determine the Km
for the peptide.

In summary, the peptide methylation assay developed here is very accurate, since it yields
continuous data that allow for stable averaging. The essential advantage of this assay is that,
after addition of enzyme and AdoMet to the peptide-coated microplate, no washing or pipeting
steps are required, allowing a continuous data collection. One inherent advantage of continuous
assays is their high precision, due to the option of determining initial slopes from very many
data points and due to the absence of noise introduced during downstream sample processing
steps. The limited number of handling steps makes the assay easy to perform and suitable to
collect accurate data for a large number of different substrates, under many different conditions,
or in presence of different inhibitors. Using the counting parameters set here (counting each
well for 10 s for each data point), counting one whole 96-well plate takes approximately 10
min, such that the assay is able to provide accurate, semi-continuous methylation data (with a
10-min interval between the data points) for up to 96 different samples. There are also 384-
well FlashPlates available that enables the screening of 384 different samples at once.
Therefore, this assay is ideal to characterize the enzymatic properties of different protein
methyltransferase variants with different substrates or to perform mediumthroughput inhibitor
screening.
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Figure 1. Experimental design
(A) Drawing of the principle of the continuous peptide methylation assay using FlashPlates
with scintillator embedded into the walls of the microplate. In the first step, the well of a
FlashPlate is coated with target peptide (red shading). Then, enzyme and radioactive coenzyme
are added (radioactively labeled methyl groups are depicted by green circles). The transfer of
the methyl groups to the target peptide leads to a close approximation of radioactive methyl
group and scintillator, which results in a scintillation signal. (B) After adding radioactive S-
adenosyl-L-methionine (AdoMet) and enzyme (3.5 μM) to the well of a FlashPlate coated with
320 pmol peptide, a strong scintillation signal appeared that reflects the progress of the
methylation reaction. If enzyme is omitted or if the plates are not coated with peptide, no signal
change was detected. (C) Reproducibility of the assay. Four independent experiments using
3.5 nM enzyme were carried out in different wells coated with 320 pmol peptide, and the results
were overlaid without any data normalization. Initial methylation rates were determined by
averaging data points over the first 1500 s. As shown in the insert, the initial methylation rates
determined by the slope were identical within ±3% error.
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Figure 2. Validation of the assay
The continuous peptide methylation assay responds linearly with respect to enzyme
concentration. Peptide methylation experiments were carried out at different enzyme
concentrations ranging from 0.44 to 35 nΜ in wells coated with 320 pmol peptide. Initial slopes
were determined and plotted against the enzyme concentration (insert). The standard error of
the initial slopes of the linear regressions, as determined using Excel Analysis Functions at
95% confidence interval, was smaller than 10% in each case. The regression line of the
secondary plot had an R value of 0.9993, and its slope has a standard error of ±2%.
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Figure 3. Application of the continuous peptide methylation assay to determine the Michaelis
constant (Km) value of Dim-5 for S-adenosyl-l-methionine (AdoMet)
Peptide methylation experiments were performed at different AdoMet concentrations ranging
from 11 to 370 nM. The wells were coated with 320 pmol peptide, and the concentration of
Dim-5 was 3.5 nM. Initial slopes were determined, plotted against the AdoMet concentration,
and the data analyzed with respect to Km and maximal velocity (Vmax) values (insert).
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