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A B S T R A C T

Protein arginine methylation is a widespread eukaryotic posttranslational modification that occurs to both
histone and non-histone proteins. The S-adenosyl-L-methionine (AdoMet or SAM)-dependent modification is
catalyzed by the protein arginine methyltransferase (PRMT) family of enzymes. In the last several years a series
of both direct and indirect assay formats have been described that allow the rate of methylation to be measured.
Here we provide a detailed protocol to directly measure PRMT activity using radiolabeled AdoMet, reversed-
phase resin-filled pipette tips (ZipTips®) and a liquid scintillation counter. Because the ZipTips® based quanti-
tation relies only on the straightforward separation of unreacted AdoMet from a methylated substrate, this
protocol should be readily adaptable to other methyltransferases. The method is fast, simple to employ with both
peptide and protein substrates, and produces very little radioactive waste.

1. Introduction

Protein arginine methylation was originally identified more than
50 years ago in calf thymus extracts labeled with radioactive S-adeno-
sylmethionine (AdoMet or SAMa) [1,2]. Initially, the role of this mod-
ification was not well understood and arginine methylation was over-
shadowed by the emerging understanding of other post-translational
modifications. However over the last two decades, the role of protein
arginine methylation as a major regulator of protein function in eu-
karyotic cells has been solidified (reviewed in [3–8]). This widespread
modification is catalyzed by the family of enzymes called protein ar-
ginine methyltransferases (PRMTs), which transfer one or two methyl
groups from AdoMet to an acceptor protein; the other product of the
reaction is S-adenosyl-L-homocysteine (AdoHcy or SAH) (Fig. 1). The
methylated product protein displays altered function in the cell, al-
lowing for a variety of signals to be transduced or propagated. Not
surprisingly, dysregulation of PRMT activity is correlated with a variety
of pathologies (reviewed in [9–14]). Parsing out the PRMT-dependent
aspects of a signaling cascade, evaluating endogenous regulation of
PRMT activity and investigating pharmaceutical inhibition of the
PRMTs all require one to quantitatively measure PRMT activity. In the
last several years several different methods for quantifying protein
methylation have been described [15–25]. In this review we will
summarize the general approaches and considerations in measuring

PRMT activity and discuss in detail a PRMT assay that is direct, easy to
employ, fast, and quantitative.

2. Approaches to measuring methyl transfer

Monitoring the rate of AdoMet-dependent methyl transfer by
PRMTs represents a significant challenge. Because AdoMet and AdoHcy
(as well as the unmethylated and methylated peptide/protein) have
indistinguishable visible spectra, the widely-used technique of UV–VIS
spectroscopy cannot be employed directly. Given this obstacle, two
main approaches exist to measure methylation rate [17]: 1) direct de-
tection of reaction products using radioactivity as a tracer, or 2) a
coupled assay that makes use of enzymes that will metabolize AdoHcy.
Table 1 summarizes the characteristics of some of the currently used
techniques. A more thorough description of methods to detect protein
methylation (not necessarily rate) was previously reviewed [20]. Note
that none of the techniques in Table 1 distinguish what type of arginine
methylation has occurred (three different methylated products are
possible depending on what PRMT isoform is used, what type of sub-
strate is used, and how long the reaction proceeds). If the goal is to
identify which methylated product is formed, we direct the reader to a
review of such techniques [19]. While assays to identify specific PRMT
substrates are in their infancy, bump-and-hole assays using a clickable
AdoMet analogue with an engineered PRMT have been described
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[26,27]. Additionally, a general approach using an AdoMet analogue as
an activity-based probe to create a stable Enzyme-substrate-probe
complex was recently demonstrated for Thiopurine methyltransferase
(TPMT EC 2.1.1.67) [28]. Clickable AdoMet analogues [29] may soon
be adapted for general use with all the PRMTs

All of the direct radiolabel-based techniques work by measuring the
radioactive signal present in the peptide/protein product by either li-
quid scintillation counting or phosphorimaging. The key difference in
the assays rests in how the unused radiolabeled AdoMet is separated
from the newly radiolabeled product. Because a physical separation of
the two is generally necessary, all of these assays operate in a dis-
continuous fashion; that is, aliquots at several timepoints are collected,
each one undergoes the separation process, and each one is analyzed for
the radiolabel content to establish a rate of methylation. The ad-
vantages of these assays are: 1) the certainty that what is being ob-
served is indeed methylation (what is measured is the product of in-
terest), 2) minimal steps in which altering assay conditions can affect
the measured activity of the enzyme (the separation step), and 3) the
use of reagents and equipment that are easily obtained or already
present in most biochemical laboratories. The obvious disadvantage is
that they all require the use of radioactivity. Two scintillation proximity
assays have also been described using biotinylated histone peptide
substrate that is captured by streptavidin-coated SPA beads or plates
[18,30]. The scintillation proximity approach discriminates between
radiolabeled peptide (bound to the SPA bead) and unused radiolabeled
AdoMet by proximity, and thus does not require a dedicated separation
step. Accordingly, these assays can be used in a high-throughput
fashion but require radiometric instrumentation that can count in a 96-
well format.b

Most of the indirect techniques require the presence of 2–4 coupling
enzymes to metabolize AdoHcy and report a signal in the form of light
in various forms, as reviewed elsewhere [20]. In order to accurately
report on the rate of protein methylation, each method requires that the
amount and rate of the coupling enzymes is not limiting in the reaction.
Some of these techniques are available in commercial kits (G-bios-
ciences) and have the major advantage of being continuous; that is, a
single reaction is set up and followed over time, and a full rate of
methylation is collected [16]. Many of the coupled assays are well-
suited for high-throughput screens [20]. The disadvantages of these
assays are: 1) the reliance on an alternative signal in lieu of an actual
product of the reaction, 2) the increased number of steps in which al-
tering assay conditions can affect the measured activity of the enzyme
(each coupling enzyme), and 3) the need to purchase or obtain each of
the coupling enzymes. Additionally, an aptamer-based assay that
quantifies the byproduct AdoHcy (AptaFluor by BellBrook labs), and a
luciferase based assay that quantifies ATP derived from AdoHcy
(MTase-Glo by Promega) are both available. These assays have a
fluorescence (AptaFluor) or luminescence (MTase-Glo) read-out and
appear to have very good sensitivity, but operate on a discontinuous
format.

Although all of the assays discussed above can be used to quantify
the rate of methylation, some are more easily employed than others. For
example, SDS-PAGE is a simple, straightforward approach that requires

Fig. 1. Reactions catalyzed by the PRMTs. Nine human PRMT isoforms are capable of forming monomethylarginine (MMA), asymmetric dimethylarginine (ADMA)
and symmetric dimethylarginine (SDMA) on targeted proteins using S-adenosyl-L-methionine (AdoMet or SAM) as the methyl source.

Table 1
Methods used to quantify the rate of protein arginine methylation.

Key Element Separation Technique Product detected Continuous or Discontinuous Useful for protein substrates?

P81 phosphocellulose paper no
Direct [3H]-AdoMet Streptavidin capture of biotinylated

peptides
Radiolabeled product Discontinuous no*

SDS-PAGE peptide/protein yes
Zip-Tips yes

Indirect 2–4 coupling enzymes none Luminescence, UV, fluorescence Continuous and discontinuous some

*biotinylation of proteins is possible but the technique has not been used yet to follow protein arginine methylation.

b It is also possible to monitor protein arginine methylation by mass

(footnote continued)
spectrometry (either by measuring the methylated product or the accumulation
of AdoHcy [31] over time), however, this direct technique requires the use of a
mass spectrometer. While used extensively to confirm and identify arginine
methylation sites on peptides and proteins, the technique is not often used to
measure rates of methylation.
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little additional investment other than the radiolabeled AdoMet.
However, the time incurred to run the gels, the number of gels needed,
and the amount of radioactive waste that is created make this technique
cumbersome when methylation rates are needed. So when are rates
needed? In general, collecting rates minimizes analysis errors. To il-
lustrate this point, take the following hypothetical example where two
different samples were monitored for PRMT activity using a single 10-
minute reaction time (Fig. 2A). Because the same amount of tritium was
incorporated in 10min, one might conclude that the protein arginine
methyltransferase activity is the same in both samples. However, this
conclusion would only be sound if the rate of methylation was linear
during the entirety of the 10min. The collection of additional time-
points to determine a rate yields a more complete, and sometimes very
different story (Fig. 2B). Furthermore, if the goal is to collect kinetic
parameters (such as Km and Vmax or kcat), one needs to collect an initial
rate, which typically represents just the first ~10–15% of product
formed. These conditions necessitate an assay system with sufficient
sensitivity to work below conditions of Km and to be relatively fast. In
the following sections, we review a simple to use methyltransferase
assay that meets these criteria.

2.1. PRMT activity assay using [methyl-3H]-AdoMet and ZipTips®

As discussed above, radiolabeled AdoMet can be used to directly
detect a methylated peptide/protein product of a PRMT reaction.
However, in order for this approach to work, the unused radiolabeled
AdoMet must be removed from the radiolabeled methylated peptide/
protein. SDS-PAGE separates the two radiolabeled species easily, but is
slow, results in a great deal of waste, and suffers from poor sensitivity,
especially with substrates that contain only a single arginine that be-
comes methylated [15]. In an attempt to design a faster assay strategy,
we found that we could replace SDS-PAGE with a simple ZipTip® as a
means for separating the two radiolabeled species (Fig. 3). We have
successfully used this assay to determine methylation rates with both
peptide and protein substrates [32–35]. Other than a scintillation
counter, no additional equipment is necessary [15].

2.1.1. Materials
In general, each enzyme reaction will contain buffer, a peptide or

protein substrate, a PRMT, [methyl-3H]-AdoMet and unlabeled AdoMet.
We also include AdoHcy nucleosidase (MTAN, EC 3.2.2.9) to degrade
the AdoHcy that is produced during the reaction, bovine serum albumin
(BSA) as a non-specific protein stabilizer, and EDTA/dithiothreitol
(DTT) to prevent/repair oxidation that may occur to the enzyme. The
enzyme reaction is incubated at 37 °C (or the optimal temperature of
your enzyme), and aliquots are removed at various times over a
6–10min-period and terminated using a guanidinium/trifluoroacetic
acid solution. Each quenched time point is processed using a ZipTip®.
Each component is discussed below.

Buffer: Commonly used buffers (20–100mM, pH 7.5–8.0) that sup-
port PRMT catalysis are sodium phosphate, Hepes, and Tris. Buffer
choice should be optimized to the particular PRMT isoform used.

Peptide and Protein Substrates: Peptide and protein substrates
are used in PRMT reactions at a variety of concentrations. As a
reference, we commonly use the acetylated R3 peptide
(Ac-GGRGGFGGRGGFGGRGGFG) at a saturating concentration of
200 μM when measuring PRMT1 (EC 2.1.1.319) activity. The R3 pep-
tide originates from the naturally occurring PRMT1 protein substrate
fibrillarin [36]. The R3 peptide has three arginines that can be me-
thylated by PRMT1 [37]. Changing the sequence, removing arginines,
or decreasing the length of the peptide substrate can affect both Km and
kcat [37–40]. Therefore, if a different peptide is to be used and satur-
ating conditions are desired, assays below, at, and higher than 200 μM
should be done to insure that 200 μM is indeed saturating. Protein
substrates are typically used at lower concentrations, especially those
that contain multiple arginines that can be methylated. For example,
the PRMT1 protein substrate hnRNPK contains 7 arginines that can be
methylated and showed saturation at< 10 μM [15].

PRMT: PRMTs can be recombinantly expressed or purchased from a
variety of sources. Purification of the recombinant proteins is often
simplified by the addition of a fusion tag such as glutathione-S-trans-
ferase (GST) or 6-HIS. In most cases it appears that either tag appended
to the N-terminus results in active protein. However, in the case of

Fig. 2. Benefits to collecting methylation rates
instead of single timepoints. In (A), the collection
of a single time point might suggest that PRMT ac-
tivity is equal in Sample #1 and Sample #2.
However, collection of an entire rate (additional
points are shown in yellow) (B) indicates that the
PRMT activity in Sample #1 is less than in Sample
#2. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web
version of this article.)
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PRMT1, we found that the GST-tagged enzyme exhibited lower activity
than the HIS-tagged enzyme [15]. Additionally, fusion tags placed at
the C-terminus of PRMT1 significantly impaired activity (unpublished
data). Several PRMTs are regulated by redox chemistry with reduced
enzyme displaying the highest activity [32]. The amount of oxidation to
PRMT1 (and likely other isoforms) during purification is variable when
no external reductant is used. Therefore, we recommend purifying and
storing recombinant PRMT1, 6, 7 and 8 in 1mM dithiothreitol and
1mM EDTA.

AdoMet: [methyl-3H]-AdoMet (specific activity ~ 70 Ci/mmol,
0.55 μCi/ μl) can be purchased from PerkinElmer. AdoMet is more
stable in acidic conditions (hydrolysis in water occurs [41]) and is
usually provided in dilute acid (e.g., 10mM sulfuric acid/ethanol from
Perkin Elmer) or made in dilute HCl and stored at≤−20 °C in small
aliquots to avoid multiple freeze–thaw cycles. Care should be taken to
store AdoMet under acidic conditions and at low temperatures to
minimize hydrolysis and decomposition. The concentration of AdoMet
solutions can be determined spectrophotometrically using the extinc-
tion coefficient at 256 nm of 15200M−1 cm−1 at pH 1 [41]. Note that
AdoMet harbors two chiral centers, and biological activity has only
been reported for (S,S)-AdoMet. Spontaneous racemization of the
AdoMet sulfonium has been reported [42,43]. Methods to specifically
quantify [44] and purify [43,45] (S,S)-AdoMet have been described.
The purity of commercial preparations of AdoMet range from 75 to
95%. In our assays, 1 μM [methyl-3H]-AdoMet and 1 μM unlabeled
AdoMet (for a total of 2 μM) is typically sufficient to observe activity.
However, the Km for AdoMet for a variety of PRMTs range from 2 to
20 µM for most PRMTs [40,46–49], with PRMT4/CARM1 showing a
much lower Km near 20 nM [50]. If saturating conditions for AdoMet
are desired, the concentration of AdoMet can be increased (we increase
the concentration with unlabeled AdoMet to keep costs down). Keep in
mind that the enzyme reaction must employ sufficient buffering capa-
city to counter the acid from the additional AdoMet. To check this one
can prepare a mock reaction containing only the final buffer con-
centration and the amount of acid that will be used in the final enzyme
reaction and the pH can be measured.

Guanidinium/trifluoroacetic acid quench solution: Samples of the en-
zyme reaction mixture are quenched with an 8M guanidine–HCL in
2.5% trifluoroacetic acid [TFA] solution. Cautions: TFA is both corro-
sive and an irritant to skin, eyes and mucous membranes.

ZipTips®: ZipTipC4 or ZipTipC18 pipette tips are available from
Millipore. The ZipTip is a 10 μL pipette tip with 0.6 μL of reverse-phase
(RP) chromatography resin (C4, silica, 15 μm, 300 Å pore size or C18,
silica, 15 µm, 200 Å pore size) fixed at the tip. The tips have a binding
capacity of approximately 3.3 μg protein per C4 tip and 5 μg per C18 tip
so care should be taken to not overload the tip. The C18 tips are optimal
when using peptides or proteins < 50 kDa as substrates; the C4 tips are
optimal when using peptides or proteins 3–100 kDa as substrates. In
general we use the C18 tips for most applications with peptide sub-
strates, as most model peptide PRMT substrates used in our lab are
~1 kDa. For Histones and larger proteins C4 tips have worked well,
with the exception of the PRMT substrate eIF4A1, which is not
amendable to the ZipTip analysis for reasons that remain unclear. We
note also that Pierce and Agilent sell a similar tip with slightly different
amounts of RP resin and binding capacities.

MTAN, BSA, and EDTA/DTT: In order to remove any potential in-
hibition by the product AdoHcy, we typically add a final concentration
of 10 nM AdoHcy nucleosidase (MTAN) to each enzyme reaction. The Ki
for AdoHcy has been determined for several PRMT isoforms and ranges
from 0.1 to 8 µM [40,46–48,50–52], and can vary depending on the
substrate used. While we do not typically observe a difference in
PRMT1 methylation rate in the presence or absence of MTAN (Fig. 4), it
is included as a general precaution. Early on in the optimizing of
PRMT1 assay conditions we found that the addition of BSA enhanced
the measured activity of the enzyme, we rationalized by non-specifi-
cally stabilizing the enzyme. A BSA concentration of 0.4 μM was the
lowest concentration that supported the highest PRMT1 activity. As
noted above, the activity of several PRMT isoforms is regulated by
redox chemistry. In order to repair and prevent further oxidation we
add 1mM DTT and 1mM EDTA to each enzyme reaction.

Time: In order to ensure initial rate conditions we typically follow
enzyme activity for a total of no more than 10min using 100 nM

Fig. 3. Schematic showing the theory for using ZipTips® to measure methyltransferase activity [15].
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PRMT1. Different conditions, different substrates or PRMT isoforms
may be more or less active. A total of 5–6 timepoints are taken from the
enzyme reaction and processed with the ZipTips®.

Other solutions needed: Prewetting solution (75% acetonitrile in
water), equilibration and wash solution (0.1% TFA in water) and elu-
tion solution (75% acetonitrile in 0.1% TFA) are required to process the
samples using the ZipTips®.

2.1.2. Detailed protocol for PRMT1
Each PRMT1 activity assay is set up in the following manner (final

concentrations):
Added to a tube on ice

1.0 μM unlabeled AdoMet
1.0 μM [methyl-3H]-AdoMet (specific activity ~ 70 Ci/mmol,
0.55 μCi/μl)
50mM Na2HPO4, pH 7.6
0.4 μM bovine serum albumin (BSA)
10 nM AdoHcy nucleosidase (MTAN)
1mM DTT
1mM EDTA
Added right before equilibration at 37 °C
100 nM PRMT1
Added to initiate the reaction
1 μM protein substrate or 200 μM R3 peptide substrate

Each reaction is equilibrated at 37 °C for 3min and then initiated
with peptide or protein substrate. The total volume of a typical reaction
is 35 μL. Samples (5 μL) are removed at specified times (e.g., t= 0, 2, 4
and 6min) and quenched in previously prepared tubes containing 6 µL
of the quench buffer (8M guanidine-HCL in 2.5% TFA).

Each time point is processed using the following protocol (also see
Fig. 4): [Note that for clarity in this protocol the term “pipette up and
down” means to place the pipette tip under the surface of the solution
and leave it submerged as the solution is pipetted up and down across
the resin. The term “Wash” means to pipette up the indicated solution
and dispense it into a waste tube.]

1. A ZipTipC18, one for each time point, is prewetted with 75% acet-
onitrile in deionized water by pipetting 10 µL up and down twice in
a tube containing at least 500 µL of the wetting solution. The same
wetting solution can be used to prewet multiple tips. After the tip
has been prewetted, care should be taken not to move air through
the resin. The resin is then equilibrated by washing twice with 10 µL
of equilibration buffer (0.1% TFA in deionized water) for each wash.

2. Using the pre-equilibrated ZipTip C18, each quenched reaction is
pipetted up and down 20 times to bind the protein/peptide in the
reaction to the C18 resin.

3. The ZipTip C18 is washed 17 times with 10 μL of wash buffer (0.1%
TFA in deionized water) to remove unreacted [methyl-3H]-AdoMet.

4. Bound protein/peptide is eluted by pipetting up and down 10 times

in 10 μL of elution buffer (75% acetonitrile in 0.1% TFA). Vapor
from the elution buffer will build back-pressure in the pipette tip
that tends to reduce the volume of solution that can be drawn into
the pipette tip, however at this point the vapor can be pushed past
the resin without affecting the data. Eluate is dispensed into an
empty scintillation tube to which 5mL of scintillation cocktail is
added, and the sample is counted in a liquid scintillation counter.
The total time to process each timepoint (not including scintillation
counting) is < 3min.

Controls: Assays that lack the addition of PRMT1 provide the
amount of background DPMs that bind and elute from the resin. Assays
that lack the addition of a protein or peptide substrate evaluate possible
automethylation to the PRMT enzyme itself. In our hands over the short
time scale of 8min, the two control assays usually give equivalent near-
zero rates (Fig. 5).

TIPS:

1. Because AdoMet will hydrolyze in buffer solutions at pH 7.5–8, care
should be taken to prepare only the reactions that will be run in one
sitting, at one time.

2. For greatest efficiency when processing many samples, tubes con-
taining sufficient volumes of the wetting, equilibration, and wash
buffer should be measured out from larger stocks just prior to
sample processing. For the previously mentioned buffers, one tube
can be used to process many samples. However, for the elution
buffer, one tube containing 10 µL of buffer should be prepared for

Fig. 4. Schematic showing methyltransferase assay workflow. The individual steps noted in the narrative are indicated by the orange numbers in the schematic.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Samples PRMT1 rates achieved with [methyl-3H]-AdoMet and
ZipTips®. Control reactions that did not contain substrate (red circles) or en-
zyme (black Xs) are shown. Full enzyme reactions in the presence (black circles)
or absence (blue circles) of MTAN. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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each sample.
3. Use of a multichannel pipette to process many samples simulta-
neously is not recommended.

4. Using this protocol it is feasible for a single person to run multiple
reactions simultaneously, however the start time for each reaction
should be staggered by at least 30 s to allow adequate time to mix
and sample each reaction before moving on to the next.

5. In order to quickly initiate the reaction and sample the t= 0 time-
point, two pipettes should be used. One pipette should be used to
initiate and mix the reaction. The second pipette should be used to
take the t= 0 timepoint and it should be set to the appropriate
volume and loaded with a pipette tip prior to initiating the reaction.

6. Never allow the ZipTip® column to dry out during any steps pre-
ceding the elution step (step 4). Introducing air bubbles and chan-
nels in the resin can decrease the retention of peptide/proteins and
introduce great variability into the assay.

7. We have observed that some small molecules will interfere with
ZipTip processing. When testing PRMT effectors, a control reaction
should be run using twice the normal volume (70 µL assay, 10 µL
timepoints quenched in 12 µL of quench buffer). Each quenched
timepoint should then be split into two equal volumes. This will
yield two sets of samples in which the corresponding timepoints
should give an identical signal. The effector should be added to one
of these sets (after termination) in a volume of < 1 µL, and a blank
should be added to the other set. The samples should then be pro-
cessed with ZipTips as described above. If the effector does not in-
terfere with ZipTip processing the signal from corresponding sam-
ples will be identical.

2.1.3. Variation, limitations and troubleshooting
In addition to [methyl-3H]-AdoMet, [methyl-14C]-AdoMet can also be

used for greater sensitivity, but with more cost. Obviously, the key
principle guiding success of this method is the ability to bind and elute
the methylated product with near 100% efficiency. This can be tested
by 1) radiolabeling a peptide/protein substrate with [methyl-3H]-
AdoMet and a PRMT, 2) splitting the sample into two equal parts and 3)
counting one part as is and counting the other part after processing
using the ZipTips. Counts from both samples should be the same. When
tested with methylated hnRNP K, we found that binding and elution
efficiencies were 100% [15]. Overloading the ZipTip columns would
result in an underestimation of activity. Two of the greatest sources or
error/variation in the assay come from pipetting. As noted above, once
the tips become wet, they must remain wet until the final elution.
Additionally, using a consistent, moderate pipetting speed is important.
This is why we do not recommend a multi-channel pipette because the
back pressure in each tip can vary, resulting in varied rates of adsorp-
tion and expulsion from the resin.

3. Concluding remarks

Monitoring the methylation rate of peptides and proteins can easily
be accomplished using [methyl-3H]-AdoMet, ZipTips®, pipettes, a water
bath, and a liquid scintillation counter. The method is fast, produces
very little waste, and directly reports on the desired methylated pro-
duct.
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