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Abstract
The protein arginine methyltransferases (PRMTs) are SAM-dependent enzymes that catalyze the
mono- and di-methylation of peptidyl arginine residues. PRMT1 is the founding member of the
PRMT family, and this isozyme is responsible for methylating ~85% of the arginine residues in
mammalian cells. Additionally, PRMT1 activity is aberrantly upregulated in heart disease and
cancer. As a part of a program to develop isozyme specific PRMT inhibitors, we recently
described the design and synthesis of C21, a chloroacetamidine bearing histone H4 tail analog that
acts as an irreversible PRMT1 inhibitor. Given the covalent nature of the interaction, we set out to
develop Activity Based Probes (ABPs) that could be used to characterize the physiological roles
of PRMT1. Herein, we report the design, synthesis, and characterization of fluorescein-conjugated
C21 (F-C21) and biotin-conjugated C21 (B-C21) as PRMT1-specific ABPs. Additionally, we
provide the first evidence that PRMT1 activity is negatively regulated in a spatial and temporal
fashion.

Post-translational modifications (PTMs) are known to impact numerous cellular processes
(e.g., cell growth, apoptosis, and transcriptional regulation) via their ability to alter protein
activity and/or stability. One such modification is arginine methylation. This modification is
catalyzed by the Protein Arginine Methyltransferases (PRMTs), a relatively small nine
member family of enzymes that catalyze the transfer of a methyl group from S-adenosyl
methionine (SAM) to the guanidinium nitrogens of arginine residues in proteins. Although
the specific roles that the PRMTs play in controlling cellular physiology are only beginning
to be understood, it is clear that these enzymes help to regulate a diverse array of cellular
pathways including, cell growth, division, differentiation, gene transcription, and RNA
splicing (1–4). In addition, the activity of several of these enzymes, most predominantly
PRMTs 1 and 4, appears to be dysregulated and contribute to the pathophysiology of heart
disease and cancer (5–7).

One of the most widely studied members of the PRMT family is PRMT1. This isozyme
catalyzes the transfer of two methyl groups to the same terminal nitrogen atom of arginine to
generate asymmetrically dimethylated arginine (ADMA) (Figure 1), and is responsible for
generating ~85% of the methylated arginine residues in mammalian cells (8). PRMT1 is
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ubiquitously expressed and catalyzes the methylation of a diverse array of substrates (9). For
instance, PRMT1 asymmetrically dimethylates Sam68 in proline-rich motifs and this
modification decreases the ability of Sam68 to interact with SH3 domains present in other
proteins (10). Additionally, PRMT1 has been shown to methylate Arg260 in estrogen
receptor α (ERα). This modification is induced in the presence of estrogen, and ultimately
triggers the formation of a macromolecular complex that activates protein kinase B (PKB/
Akt) and promotes cell survival (11). PRMT1 is also known to catalyze the methylation of
histone H4 at Arg3 and this modification is associated with increased transcription of genes
under the control of ERα, the androgen receptor, and p53, among others (12–14).

In order to guide the development of inhibitors/chemical probes targeting PRMT1, we
initiated studies to characterize the mechanism of PRMT1 catalysis. Specifically, we showed
that PRMT1 uses a rapid equilibrium random mechanism with dead-end EAP and EBQ
complexes (15) to catalyze the dimethylation of at least a subset of its substrates in a
partially processive fashion (16). Substrate specificity studies have also revealed that this
enzyme preferentially methylates substrates that possess positively-charged residues distal to
the site of methylation; these long range interactions stabilize the formation of the ternary
complex (16). These observations aided our efforts to design and synthesize the most potent
and selective PRMT1 inhibitor known to date (17). This compound, denoted C21, is a
peptide-based inhibitor that contains a chloroacetamidine warhead in place of the target
arginine residue (17). The fact that C21 irreversibly inactivates PRMT1 suggested that this
compound could be used as the basis for generating PRMT1-targeted Activity-Based Probes
(ABPs). ABPs targeting a variety of enzymes and enzyme families have been described (18–
20), and these probes have been shown to have great utility in a number of areas, including
inhibitor identification, the identification of novel enzymes, and the investigation of enzyme
regulatory mechanisms (21–26). For PRMT1, we hypothesized that ABPs targeting this
enzyme could be used to identify the PRMT Interacting Proteins (PIPs) and PTMs that
regulate PRMT1 activity; because PRMT1 is constitutively active there must be a
mechanism to regulate its activity. Herein we describe the design, synthesis, and
characterization of biotin-conjugated C21 (B-C21) and fluorescein-conjugated C21 (F-C21)
(Figure 1). Furthermore, we show for the first time that PRMT1 activity is regulated in
response to estrogen.

Materials and Methods
Reagents and Chemicals

N-(2-hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid) (HEPES), dithiothreitol (DTT),
fluorescein isothiocyanate (FITC), and ethylenediamine tetraacetic acid (EDTA) were
purchased from Sigma-Aldrich. N-α-Fmoc-protected amino acids and pre-loaded Wang
based resins were obtained from Novabiochem. HOBt and HBTU were purchased from
VWR. Anti-PRMT1 (ab7027), anti-PRMT3 (ab84202), anti-PRMT4 (ab50214), anti-
PRMT6 (ab47244) and anti-PAD4 (ab50247) were purchased from Abcam. Radiolabelled
reagents, i.e. 14C-labeled SAM and 14C-labeled bovine serum albumin (BSA), were
purchased from Perkin-Elmer Life Sciences. The purification of recombinant human
PRMT1 (hPRMT1) has previously been described (16).

Synthesis of F-C21
The H4-21(R3Orn(Dde)) peptide (NH2- SGXGKGGKGLGKGGAKRHRKV-COO−; where
X is Dde-protected ornithine) was synthesized using standard Fmoc solid phase peptide
chemistry on Wang resin using a Rainin PS3 automated peptide synthesizer. Fmoc-
aminohexanoic acid (2 equiv) was then coupled to the N-terminus of the peptide in the
presence of HOBt and HBTU. The peptide was deprotected with 20% piperidine/DMF and

Obianyo et al. Page 2

ACS Chem Biol. Author manuscript; available in PMC 2012 October 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



subsequently coupled, in an equimolar ratio, to FITC in the presence of Et3N (2 equiv) in
DMF overnight, in the dark. Removal of the Dde-protecting group was accomplished by two
45 min incubations of the resin with 2% hydrazine in DMF. The resin containing free Orn
was treated with ethylchloroacetimidate hydrochloride (4 equiv) and triethylamine (8 equiv)
in DMF twice for 8 h. The resin was washed three times each with DMF, ethanol, and DCM.
Cleavage and complete deprotection of F-C21 was accomplished by treatment with TFA/
TIS/H2O (95/2.5/2.5) for 1 h. After the volatiles were removed, crude F- C21 was
precipitated with ether, isolated by centrifugation, and purified by RP-HPLC using a
H2O(0.05% TFA)/Acetonitrile (0.05% TFA) linear gradient. The identity of F-C21 was
verified by MALDI-MS, calculated m/z is 2626, observed m/z is 2626.

Synthesis of B-C21
The H4-21(R3Orn(Dde)) peptide was synthesized as described above. Upon deprotection of
the N-terminus, D-(+)-biotin (Alfa Aesar) (1 equiv) was coupled to the peptide, in the
presence of HOBt and HBTU, twice for 3 h. The Dde protecting group was removed with
two 45 min incubations of the resin with 2% hydrazine in DMF. Ethylchloroacetimidate was
coupled to the peptide and the product was isolated and purified as described above. The
identity of B-C21 was confirmed with MALDI-MS, calculated m/z is 2465, observed m/z is
2465.

Synthesis of F-F21
The H4-21(R3Orn(Dde)) peptide was synthesized as described above. Fmoc-aminohexanoic
acid (2 equiv) was coupled to the N-terminus of the peptide in the presence of HOBt and
HBTU. The peptide was deprotected with 20% piperidine/DMF and subsequently coupled,
in an equimolar ratio, to FITC in the presence of Et3N (2 equiv) in DMF overnight, in the
dark. Removal of the Dde-protecting group was accomplished by two 45 min incubations of
the resin with 2% hydrazine in DMF. The resin containing free Orn was treated with
ethylfluoroacetimidate hydrochloride (4 equiv) and triethylamine (8 equiv) in DMF twice
for 8 h. The peptide was isolated and purified as described above. The identity of F-F21 was
confirmed with MALDI-MS, calculated m/z is 2611, observed m/z is 2611.

IC50 assays
IC50 values for PRMT1 were determined as previously described (16, 27). The Assay Buffer
consisted of 50 mM HEPES at pH 8.0, 50 mM NaCl, 1 mM EDTA, and 0.5 mM DTT.
Briefly, various inhibitor concentrations were incubated with 200 nM PRMT1 and 15
μM 14C-methyl-SAM in Assay Buffer at 37 °C for 10 min. The reaction was initiated by the
addition of peptide substrate (i.e., 25 μM AcH4-21) and quenched with tris-tricine gel
loading dye after 15 min. Samples were run on 16.5% tris-tricine polyacrylamide gels and
incorporated radioactivity was quantified by phosphorimage analysis (Molecular Dynamics).
IC50 values were determined by fitting the data thus obtained to equation 2,

(eq 2)

using the GraFit version 5.0.11 software package (28), where [I] is the concentration of
inhibitor and IC50 is the concentration of inhibitor that yields half-maximal activity. All
assays were performed at least in duplicate and the standard deviation was typically ≤ 20 %.

Cell culture and extract preparation
MCF-7 cells were maintained at 37 °C and 5% CO2 in Dulbecco’s Modified Eagle’s
Medium (DMEM) (VWR) supplemented with 10% Fetal Bovine Serum (FBS) (VWR). For
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estrogen stimulation experiments, cells were grown for 48 h in phenol-red free DMEM
(VWR) with 10% charcoal-stripped FBS (Gemini Bio Products) at 37 °C and 5% CO2. Cells
were stimulated with 10 nM E2 (Sigma) and incubated at 37 °C and 5% CO2 for the
specified amount of time. Cells were harvested via scraping and incubated in RIPA buffer
(50 mM Tris-HCl pH 8, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.25% deoxycholate) for
30 min at 4 °C, with occasional agitation; following centrifugation, the supernatant was
collected to generate whole cell extracts.

Cytoplasmic and nuclear extracts were obtained by incubating cells in cytoplasmic extract
buffer (10 mM Tris-HCl pH 7.5, 137 mM NaCl, 1% Tween 20, 1 mM PMSF) for 30 min at
4 °C. Cells were lysed with a 25 gauge needle and the lysate was cleared by centrifugation.
The supernatant was removed to afford the cytoplasmic extract. The pellet was then
resuspended in nuclear extract buffer (20 mM HEPES pH 7.9, 25% glycerol, 0.42 M NaCl,
1.5 mM MgCl2, 0.5 mM DTT, 1 mM PMSF) and incubated at 4 °C for 30 min. Again, the
lysate was centrifuged and the supernatant was removed to afford the nuclear extracts.

Time and Concentration Dependence of Labeling
2 μM PRMT1 was incubated with 2 μM F-C21 in Assay Buffer for 0–50 min at 37 °C. The
reaction was quenched with SDS-PAGE loading dye and separated by SDS-PAGE. Labeled
protein was visualized with a flatbed laser scanner. 2 μM PRMT1 was labeled with
increasing concentrations of F-C21 (0 to 50 μM) or F-F21 (0 to 5000 μM) for 30 min at 37
°C. The samples were quenched and processed as described above.

Limits of Detection
2 μM B-C21 was reacted with 1 nM to 2 μM PRMT1 for 30 min in Assay Buffer at 37 °C.
The reaction was quenched with SDS-PAGE loading dye and separated by SDS-PAGE.
Labeled protein was visualized by western blot analysis using a streptavidin-HRP. 2 μM F-
C21 was reacted with 1 nM to 2 μM PRMT1 for 30 min in Assay Buffer at 37 °C. The
reaction was quenched with SDS-PAGE loading dye and separated by SDS-PAGE. Labeled
protein was visualized by fluorescence imaging.

Isolation of PRMT1 with B-C21
Extracts (100 μg total protein) were incubated with B-C21 for 30 min at 37 °C and then
applied to streptavidin-agarose beads (Thermo Scientific) overnight at 4 °C. The beads were
washed one time with 10X bead volume of 0.2% SDS/PBS, three times with PBS and three
times with water. Bound proteins were eluted with 1 h incubation at 42 °C in elution buffer
(2% SDS, 30 mM biotin, 6 M urea, 2 M thiourea). Eluent was concentrated by speed
vacuum, reconstituted in SDS-PAGE loading dye and separated by SDS-PAGE. Proteins
were then transferred to nitrocellulose and visualized by western blotting using an anti-
PRMT1 antibody. A 10% loading control, representative of the extract samples prior to their
incubation with the probe, was run on a separate gel and visualized by western blot analysis.
Representative data from one of three experiments is depicted. The data were quantified
using the image J software.

In-gel Tryptic Digestion
Excised gel bands were washed twice with Wash Solution (50% v/v methanol, 5% v/v acetic
acid) for 4 h, then dehydrated with acetonitrile for 5 min and dried. The dried bands were
incubated first with 10 mM DTT for 30 min, then with iodoacetamide for 30 min. After the
bands were dehydrated and dried, they were incubated with trypsin (at a trypsin to substrate
ratio of 1:20) in 50 mM ammonium bicarbonate overnight at 37 °C. Peptides were extracted
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with two 10 min incubations in Extraction Buffer (50% v/v acetonitrile, 5% v/v formic acid)
and analyzed by MALDI-TOF mass spectrometry.

Western blotting
Proteins were separated on 12% SDS-PAGE gels and transferred to a nitrocellulose
membrane. The blot was blocked for 1 h in 5% milk and then incubated overnight at 4 °C
with the appropriate antibody in 2.5% milk. Following incubation with the secondary
antibody, proteins were visualized with an enhanced chemiluminescence kit (Pierce
Chemical).

Results and Discussion
Design and Synthesis of ABPPs

Based on our work demonstrating that haloacetamidine containing compounds act as
irreversible inhibitors of the Protein Arginine Deiminases (PADs) and Agmatine Deiminases
(29–34), we considered the possibility that such compounds might also inhibit other arginine
modifying enzymes, including the PRMTs. To test this hypothesis, we replaced the
guanidinium of Arg3 in the AcH4-21 peptide, which consists of the first 21 amino acids of
histone H4 and is a highly efficient PRMT1 substrate (15–17) with both a fluoro- and
chloroacetamidine warhead to generate F21 and C21, respectively (17). Inhibition studies
with these compounds demonstrated that C21, but not F21, is a highly potent (kinact/KI = 4.6
× 106 min−1M−1) and selective irreversible PRMT1 inhibitor (17); F21 is a reversible
competitive inhibitor (Ki = 1.8 ± 0.9 μM μM) (17). Given that irreversible inhibitors have
been used to generate ABPs for a variety of enzymes (e.g. Ser Hydrolases, Cys Proteases,
and PADs (18, 33, 34), we further hypothesized that C21 could be readily converted into
ABPs, and that such compounds would be useful for identifying and studying the factors
that regulate PRMT1 activity. For reporter tags, we chose to synthesize both fluorescein-
and biotin-tagged derivatives of C21 because the former would allow for the facile labeling
and detection of active PRMT1 whereas the latter would enable both the visualization and
isolation of the enzyme. To generate these ABPs, the N-terminal acetyl group on C21 was
replaced with either an aminohexanoic acid linker coupled to FITC or directly coupled to
biotin to generate fluorescein-conjugated C21 (F-C21) or biotin-conjugated C21 (B-C21),
respectively (Figure 1); the aminohexanoic acid linker was used to provide ample separation
between fluorescein and the chloroacetamidine warhead. Note that we chose to modify the
N-terminus of C21 because we have previously shown that this portion of the peptide
contributes minimally to substrate recognition (16). Also note that we synthesized a
fluorescein-derivatized version of F21 (i.e., F-F21), which does not covalently modify
PRMT1, to serve as a negative control.

IC50 values and inhibitor selectivity
To evaluate whether the fluorescein and biotin reporter tags affected inhibitor potency or
selectivity, IC50 values were determined for PRMT1, as well as PRMTs 3, 4 (also known as
Coactivator associated Arginine Methyltransferase 1 or CARM1), 6, and PAD4. With
respect to PRMT1, the results of these experiments indicate that F-C21 and B- C21, as well
as F-F21, possess IC50 values that are comparable to the parent compounds C21 and F21
(Table 1), thereby indicating that the reporter tags do not impact inhibitor potency. With
respect to PAD4 and PRMTs 3, 4, and 6, the IC50 values (Table 2) are also comparable to
those obtained for the parent compounds, which indicates that the added reporter tags do not
alter inhibitor selectivity, thereby demonstrating the potential utility of these compounds to
specifically identify and characterize the factors that regulate PRMT1 activity.
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Time and concentration dependence and limits of detection
Having established that F-C21 and B-C21 inhibit PRMT1 as effectively as C21, their ability
to label purified recombinant PRMT1 in a time and concentration dependent manner was
assessed. For these experiments, PRMT1 was first incubated with F-C21 (2 μM final) in
Assay Buffer for 0 to 50 min. The reaction was then quenched with 6 x SDS-PAGE loading
buffer, and the reaction components separated by SDS-PAGE. Labeled PRMT1 was then
visualized using a flatbed laser scanner. The results of these experiments (Figure 2A)
indicate that F-C21 labels PRMT1 in a time dependent fashion with maximum labeling
occurring within the first 30 min. Note that the enzyme was efficiently labeled in both the
presence and absence of SAM, thereby indicating that the cofactor does not need to be
bound to the enzyme prior to peptide binding. This observation is consistent with our
observation that PRMT1 utilizes a rapid equilibrium random mechanism, with dead-end
EAP and EBQ complexes, because this mechanism dictates that the order of substrate
binding is not obligatory (15).

To evaluate the concentration dependence of labeling, PRMT1 was incubated with
increasing concentrations of F-C21 (0 to 50 μM) or F-F21 (0 to 5000 μM), as a negative
control for 30 min. The samples were then processed as described above, and the results
(Figure 2B and 2C) indicate that F-C21 labels PRMT1 in a concentration dependent manner
and that near maximum labeling occurs at 2 μM F-C21. The fact that F-F21 does not label
PRMT1 even at concentrations as high as 5,000 μM, which represents a 2,500-fold higher
concentration than the ideal concentration of F-C21, is consistent with the fact that F21 is a
reversible PRMT1 inhibitor (17), and suggests that the leaving group potential of the
fluoride is too low to effect reaction with the active site nucleophile in PRMT1. In Figure 2,
it is also noteworthy that despite an excess of probe, two bands, corresponding to
unmodified and modified PRMT1, are clearly visible in the Coomassie stained gels (Figure
2A-E). This result, which is most apparent in Figure 2B, causes the reduction in the intensity
of PRMT1 in the Coomassie stained gels. Given that dimerization of PRMT1 is required for
its activity (35), this result suggests that inactivation of PRMT1 by C21 may be due to the
modification of a single PRMT1 monomer present in the dimer. It is also noteworthy that at
concentrations of F-C21 in excess of 5 μM (Figure 2B), two bands are clearly visible in both
the fluorescent images. This result suggests that, at higher concentrations, PRMT1 is subject
to multiple modifications and indicates that care must be taken to choose the appropriate
ABP concentration to prevent multiple labeling events. Note that the time and concentration
dependence of B-C21 labeling was similar to that obtained for F-C21 (not shown).

To evaluate the sensitivity of F-C21 and B-C21, limit of detection assays were performed.
Briefly, increasing concentrations of PRMT1 (0 to 2 μM or 0 to 2 μg) were incubated with
fixed concentrations of F-C21 (2 μM, final) and B-C21 (2 μM, final) for 30 min. The
samples were then processed as described above and the results (Figure 2D and 2E) indicate
that F-C21 and B-C21 can detect as little as 250 ng and 25 ng of PRMT1, respectively. The
higher sensitivity of B-C21 likely reflects the use of streptavidin-conjugated HRP to amplify
the signal.

F-C21 Labeling of PRMT1 in MCF-7 cell lysates
Having established the ability of the probes to label recombinant PRMT1, we were
interested in evaluating whether they could be used to label PRMT1 in a complex protein
mixture. Given that PRMT1 is highly expressed in MCF-7 human breast cancer cells (11),
this cell line was used to demonstrate the ability of the probes to label PRMT1 amongst a
myriad of other proteins. To serve as a control, purified recombinant PRMT1 was incubated
without (Figure 3; Lane 1) or with F-C21 (2 μM final; Figure 3; Lane 2), and as expected
this led to the robust labeling of PRMT1 only in the presence of F-C21. To establish our
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ability to label PRMT1 in MCF7 cell extracts, purified recombinant PRMT1 (2 μM) was
either added to MCF7 whole cell extracts (100 μg; Figure 3; Lane 3) or omitted (Figure 3;
Lane 4), and then incubated with F-C21 (2 μM final) for 30 min. The results of these
experiments indicate that F-C21 can readily label PRMT1 even in complex proteomes, as is
apparent by the presence of a fluorescent band corresponding to the size of PRMT1. To
probe the selectivity of labeling, 1 mM C21 was added to F-C21 treated cell extracts, and
this treatment effectively blocked PRMT1 labeling. Interestingly, in the presence of the
extracts the extent of labeling of the exogenously added purified PRMT1 is greatly
diminished (compare Lanes 2 and 3). This result may suggest that either PRMT1 is rapidly
degraded in the cell extracts or that factors within those extracts modulate the activity of the
enzyme such that it is no longer capable of being modified by F-C21. To control for the
former possibility, recombinant PRMT1 was pre-labeled with F-C21 for 30 min at 37 °C,
and then the labeled enzyme was added MCF-7 whole cell extracts and incubated at 37 °C
for 0 to 60 min. The results of these studies (Figure S1) indicate that labeled PRMT1 is not
rapidly degraded by the cell extracts. Although an unknown constituent in the cell extracts
may preferentially bind and sequester F-C21, which would prevent labeling, we favor the
notion that factors (e.g. PRMT1 modifying enzymes, binding proteins, or substrates) within
the extracts must alter recombinant PRMT1 activity so that it can no longer be modified by
F-C21.

B-C21 Labeling of PRMT1 in MCF-7 cell lysates
Having established the methodology to label PRMT1 in MCF7 cell extracts, we moved
forward to examine the ability of B-C21 to label the enzyme under similar conditions. For
these experiments, increasing concentrations of BC21 were used to label endogenous
PRMT1 present in MCF7 whole cell extracts (Figure 4A). The results of these experiments
indicate that B-C21 can also effectively label a protein with a molecular weight consistent
with endogenous PRMT1. Note that while the molecular weight of PRMT6 is similar to that
of PRMT1 (41.9 kDa versus 42.4 kDa), which could suggest that the protein highlighted is a
mixture of PRMT1 and PRMT6, the data in Figure 4B (see below) indicates that B-C21
selectively isolates PRMT1 over PRMT6. Thus, this band most likely corresponds to
PRMT1. Although the probe is more selective at lower concentrations (e.g., 0.5 μM) versus
higher concentrations (e.g., 5.0 μM), this observation is not unexpected as most chemical
probes, and even antibodies (18, 23, 24), lose selectivity at higher concentrations.
Nevertheless, the results indicate that care must be taken in using an appropriate amount of
this ABP to prevent the non-specific modification of bystander proteins. Note that protein
bands denoted by an asterisk correspond to biotinylated proteins. Although these bands
appear to get darker as the concentration of B-C21 is increased above 1 μM, the bands are
clearly present at equal intensity in the 0 μM B-C21 control lane and the 0.1 and 0.5 μM
lanes. The increased intensity is most likely due to a loss of specificity at higher probe
concentrations, which results in the labeling of proteins with similar molecular weights.

To probe the selectivity of B-C21 in a proteome context and demonstrate our ability to
isolate and enrich for PRMT1, the ability of B-C21 to isolate PRMTs 1, 3, 4, and 6, as well
as PAD4, was evaluated. For these experiments, MCF-7 whole cell extracts were incubated
with either 5 or 50 μM B-C21 for 30 min. Streptavidin-conjugated agarose beads were then
added to the reaction mixtures and incubated overnight at 4 °C. Non-specific proteins were
washed away and bound proteins were eluted from the beads and subjected to western blot
analysis, using antibodies for PRMTs 1, 3, 4, and 6 and PAD4. As depicted in Figure 4B,
PRMT1 can be selectively isolated from MCF-7 whole cell extracts. Note that the amount of
each isozyme in the input lane is consistent with previous reports of the relative expression
levels of the isozymes in vivo (36). PRMTs 3 and 8 are considered to be minor PRMTs due
to their low cellular expression level in most tissues, while PRMT1 is the most abundant
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family member and is responsible for ~85% of protein arginine methylation in mammalian
cells (8, 37). Although we do see cross reactivity with PRMT6 when we use a 10-fold higher
concentration of B-C21, it is noteworthy that at this concentration this compound isolates
≥10% of total PRMT1 versus less than 1% of PRMT6 (compare the intensities of the bands
50 μM lanes to the 10% input controls (Figure 4B)). This is particularly impressive when
one considers that the difference in the IC50 values for F-C21 and B-C21 between PRMT1
and PRMT6 are only 4.1- and 10.8-fold respectively.

To demonstrate the ability to isolate and enrich for PRMT1, MCF7 whole cell extracts (200
μg) were incubated with B-C21 (25 μM) and the samples were processed as described
above. Coommassie staining of the SDS-PAGE gels identified a band corresponding to the
correct molecular weight for PRMT1 (Figure 5A). The band was excised from the gel and
subjected to in gel tryptic digestion. MALDI MS and MS/MS analyses of the tryptic digest
identified a number of peptides corresponding to the sequence of human PRMT1 (sequence
coverage was 36%; Figure 5B and 5C), thereby demonstrating that B-C21 can be used to
isolate and enrich for PRMT1.

In total, the results of the above validation experiments highlight both the utility and
drawbacks of both F-C21 and B-C21. For example, while F-C21 enables the rapid detection/
visualization of PRMT1 in vitro, its ability to act as an ABP in cell extracts is somewhat
limited in comparison to B-C21 because higher concentrations of F-C21 are required to
detect PRMT1; at these concentrations the level of non-specific labeling is relatively high.
Although not as rapid as F-C21, B-C21 readily detects low ng amounts of PRMT1 and can
be used to both visualize and isolate active PRMT1. These characteristics indicate that the
greatest utility of F-C21 is likely to be as a tool for drug discovery/screening similarly to
other systems (38–40). In contrast, the high sensitivity of B-C21 highlights its utility in
isolating and/or visualizing PRMT1, thereby suggesting that this compound will be an
excellent tool for the discovery of the factors that regulate PRMT1 activity.

B-C21 preferentially labels active PRMT1
Although the experiments described above demonstrate the ability of our PRMT1-targeted
probes to label and isolate the enzyme, it is unclear whether they truly represent ABPs
because PRMT1 is constitutively active in vitro, and modifications that down regulate its
activity have not been discovered. Nevertheless, when one considers that PRMT1 is a key
cell signaling enzyme that plays roles in a variety of important processes, including
transcriptional regulation and cell survival (3, 13), it is clear that this enzyme is likely to be
regulated similarly to other enzymes, e.g. the protein kinases, in a temporal and/or spatial
fashion. Therefore, to demonstrate that our probes are in fact ABPs, we examined whether
estrogen could modulate PRMT1 activity in nuclear and cytosolic extracts as a function of
time. This model system was chosen because previous work by LeRomancer et al had
demonstrated that PRMT1 methylates cytosolic ERα at Arg260 in response to estrogen
treatment in MCF-7 breast adenocarcinoma cells, and that the presence of this is
modification occurred in a time-dependent manner (11). Specifically, the methylated
receptor was most abundant in the cytosol 5 min after estrogen stimulation and was no
longer present after 15 minutes, suggesting that estrogen initiates a mechanism by which
PRMT1 activity is directed to ERα for a short period of time (11). Since PRMT1 also
resides in the nucleus of cells, where it acts to methylate histone H4, we also examined the
temporal control of PRMT1 activity in nuclear extracts. For these experiments, MCF-7 cells
were incubated with estrogen for a specified amount of time and subsequently the cells were
lysed and the cytosolic and nuclear extracts prepared. These lysates were then incubated
with B-C21, and the proteins isolated on streptavidin agarose as described above. Bound
proteins were eluted and the relative presence of PRMT1 detected by western blot analysis
(Figure 6). As a control, extracts were loaded onto a separate gel and the amount of PRMT1
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present in each sample shown to be equal (Figure 6A, lower panel). The results of these
experiments demonstrate that basal levels of active PRMT1 are present in both the
cytoplasm and in the nucleus. However, following 5 minutes of estrogen stimulation, the
levels of active PRMT1 in the nucleus begin to decline, reaching a maximum 3-fold
reduction at the 5 minute time point. In contrast, the levels of active PRMT1 in the
cytoplasm increase by 2.5-fold, 5 minutes after the addition of estrogen, reach a maximum at
10 minutes, and return to basal levels after ~15 minutes. Since PRMT1 levels in the
cytosolic and nuclear extracts remain constant (Figure 6A lower panel), it is unlikely that the
observed changes are due to a redistribution of bulk PRMT1 between the nucleus and
cytosol. Although we cannot completely rule out the possibility that the subset of active
PRMT1 is redistributed between these two compartments, the observed changes in the
amount of active PRMT1 isolated from both the cytosolic and nuclear extracts suggest that
PRMT1 activity is negatively regulated in a manner that ultimately precludes the enzyme
from interacting with B-C21. Although the specific regulatory mechanism is unknown, it is
likely that the enzyme is post-translationally modified, as has been observed for PRMTs 4
and 5; these isozymes are known to be negatively regulated by phosphorylation (41–43).
Alternative explanations also consistent with the data include (1) the possibility that
estrogen stimulates the assembly and disassembly of PRMT1 oligomers in the cytosol and
nucleus, respectively; or (2) that estrogen may stimulate an unknown constituent in the cell
extracts to adopt a conformation that is preferentially bound by B-C21; the sequestration of
the probe would cause less PRMT1 to be isolated in the presence of estrogen. As B-C21 is a
substrate-based probe, this phenomenon may mimic an estrogen-induced alteration of the
substrate specificity of PRMT1. Although the latter mechanism is possible, the simplest
explanation for the observed temporal changes in the amount of active PRMT1 is that the
enzyme is negatively regulated.

Given that B-C21 is a substrate analog, this result suggests that this mode of negative
regulation prevents substrate binding, and is consistent with the fact that PRMT1 methylates
cytosolic ERα for a short time following estrogen treatment. The mechanism by which
PRMT1 is directed to ERα is unknown; though it is possible that estrogen activates dormant
cytosolic PRMT1 by stimulating post-translational modification of the enzyme or interaction
with other proteins that upregulate its activity. Further investigation of this phenomenon
with B-C21 is ongoing.

Conclusions
Although protein arginine methylation is critical for properly maintaining normal
physiological functions, its dysregulation has been found to contribute to a variety of disease
states, including heart disease and cancer. As such, inhibitors targeting this enzyme
represent potential therapeutics. However, the specific roles of the PRMTs in these various
different pathways remain incompletely understood. Thus, the overall benefit of PRMT
inhibitors is unclear because such compounds could interfere with normal cellular processes
and as a result cause a number of undesired side effects. Given these issues, chemical probes
that can be used to better discern the physiological roles of the PRMTs and their
mechanisms of regulation are clearly needed. Towards this goal, we have developed F-C21
and B-C21 as PRMT1-specific ABPs that can be used to labels as little as 250 ng and 25 ng
of PRMT1, respectively. Additionally, these studies have shown that B-C21 can be used to
selectively isolate PRMT1 from cell extracts and monitor PRMT1 activity in response to
external stimuli. In fact, we have used B-C21 to show for the first time that PRMT1 activity
is regulated, both temporally and spatially, in response to estrogen. In total, these ABPs will
undoubtedly prove to be powerful chemical probes that can be used to investigate PRMT1
activity in a variety of cellular contexts, and thereby increase our understanding of its
physiological roles.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

ABBREVIATIONS

PRMT protein arginine methyltransferase

SAM S-adenosyl-L-methionine

CARM1 coactivator-associated methyltransferase 1

SAH S-adenosyl-L-homocysteine

ω-MMA omega-monomethylarginine

ADMA asymmetric dimethylarginine

SDMA symmetric dimethylarginine

HEPES N-(2-hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid)

EDTA ethylenediamine tetraacetic acid

MALDI matrix-assisted laser desorption/ionization

DTT dithiothreitol
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Figure 1.
Structures of Activity-Based Probes (ABPs). The reporter tags, FITC and biotin, were
coupled to the N-terminus of C21 to generate fluorescein-conjugated C21 (F-C21) and
biotin-conjugated C21 (B-C21).
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Figure 2.
F-C21 Labels PRMT1 in a Time and Concentration Dependent Manner. A. Time Course
with 2 μM PRMT1 and 2 μM F-C21. B. Concentration dependence of F-C21with 2 μM
PRMT1 and 30 minute reaction time. C. Concentration dependence of F-F21 with 2 μM
PRMT1 and 30 minute reaction time. D. F-C21 limit of detection was determined to be 0.5
μM, which corresponds to 250 ng PRMT1. E. B-C21 limit of detection was determined to be
0.05 μM, which corresponds to 25 ng PRMT1.
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Figure 3.
Labeling PRMT1 in MCF-7 Whole Cell Extracts with F-C21. MCF-7 whole cell extracts
(WCE) were incubated in the prescence or absence of recombinant PRMT1 and F-C21. F-
C21 labeling was outcompeted with C21.
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Figure 4.
Labeling PRMT1 in MCF-7 Cell Lysates with B-C21. A. MCF-7 breast cancer whole cell
extracts were labeled with increasing amounts of B-C21 for 30 minutes and subject to
western blot analysis using a streptavidin-HRP conjugate. Proteins marked with (*) appear
to be biotinylated proteins since they are present in the absence of B-C21. B. Selective
Isolation of PRMT1 from MCF-7 Whole Cell Extracts with B-C21. MCF-7 WCE were
incubated with the specified amount of B-C21 for 30 minutes, then bound to streptavidin
agarose beads overnight at 4 °C. Beads were washed several times before bound proteins
were eluted, separated by SDS-PAGE, and subject to western blot analysis with the
appropriate antibody.
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Figure 5.
A. PRMT1 was isolated from MCF-7 WCE and its identity was confirmed via western blot
analysis (top) and Coomassie staining (bottom). B. B-C21 labeled enzyme was excised from
the gel, subjected to tryptic digestion and the resulting peptides were observed and analyzed
using MALDI-TOF MS and MS/MS analyses. The identities of the peptides and the
sequence coverage is depicted. C. The expected and observed y and b ions for a
representative tryptic peptide (i.e., 325DLDFTIDLDFK335) that was subjected to MS/MS
analysis is depicted; the peptide is composed of amino acids 325 to 335 of human PRMT1
and the observed ions are highlighted in red.
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Figure 6.
Labeling MCF-7 Cytoplasmic and Nuclear Extracts Following Estrogen Stimulation. A.
MCF-7 cells were stimulated with estrogen for the indicated amount of time and then the
cytoplasmic and nuclear extracts were incubated with B-C21 and bound to streptavidin-
agarose beads overnight. Bound proteins were eluted from the beads, separated by SDS-
PAGE and visualized by western blot analysis using an anti-PRMT1 antibody (upper panel).
To demonstrate equal protein loading, a 10% loading control was loaded onto a separate gel
and visualized by western blot analysis using the same antibody (lower panel).
Representative data from one of three experiments is depicted. B. Quantification of the
western blots in panel A.
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Table 1

IC50 values for PRMT1

Compound IC50 (μM)

C21a 1.8 ± 0.1

F-C21 3.4 ± 0.4

B-C21 1.2 ± 0.2

F21a 94 ± 17

F-F21 108 ± 10

a
Values from ref. 17.
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Table 2

ABP Selectivity: IC50 values for PRMTs 1, 3, 4, 6 and PAD4

Enzyme IC50 for C21 (μM) IC50 for F-C21 (μM) IC50 for B-C21 (μM)

PRMT1 1.8 ± 0.1a 3.4 ± 0.4 1.2 ± 0.2

PRMT3 > 500a > 500 > 500

PRMT4/CARM1 > 500a 280 ± 100 > 500

PRMT6 8.8 ± 0.5a 14 ± 3 13 ± 4

PAD4 145 ± 20a 120 ± 20 235 ± 10

a
Values from ref. 17
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