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Protein-arginine methyltransferases aid in the regulation of
many biological processes by methylating specific arginyl
groups within targeted proteins. The varied nature of the
response to methylation is due in part to the diverse product
specificity displayed by the protein-arginine methyltrans-
ferases. In addition to site location within a protein, biological
response is also determined by the degree (mono-/dimethyla-
tion) and type of arginine dimethylation (asymmetric/symmet-
ric). Here, we have identified two strictly conservedmethionine
residues in thePRMT1active site that are not only important for
activity but also control substrate specificity. Mutation of Met-
155 or Met-48 results in a loss in activity and a change in distri-
bution of mono- and dimethylated products. The altered sub-
strate specificity ofM155A andM48Lmutants is also evidenced
by automethylation. Investigation into the mechanistic basis of
altered substrate recognition led us to consider each methyl
transfer step separately. Single turnover experiments reveal that
the rate of transfer of the second methyl group is much slower
than transfer of the first methyl group in M48L, especially for
arginine residues located in the center of the peptide substrate
where turnover of the monomethylated species is negligible.
Thus, altered product specificity in M48L originates from the
differential effect of the mutation on the two rates. Character-
ization of the two active-site methionines provides the first
insight into how the PRMT1 active site is engineered to control
product specificity.

Protein methylation is a significant post-translational modi-
fication in eukaryotic organisms. Protein arginine residues can
be methylated on the guanidino nitrogens by protein-arginine
methyltransferases (PRMTs),2 which use S-adenosyl-L-methio-

nine (AdoMet) as a methyl group donor. This post-transla-
tional modification is important in a wide variety of fundamen-
tal biological processes, including transcription, RNA splicing,
signal transduction, DNA repair, viral replication (reviewed in
Ref. 1), and chromatin remodeling (2). In recent years, the sig-
nificance of PRMTs in human diseases has been increasingly
studied, especially in cardiovascular disease (3) and cancer (4).
In all, PRMTs play a crucial role in many biological processes.
Although the biological importance of PRMTs has become

well accepted, the current knowledge of the fundamental bio-
chemistry of these enzymes is limited, due in part to the com-
plexity of the system. So far, 11 PRMT isoforms have been iden-
tified. In mammalian cells, nine PRMTs catalyze monomethyl
arginine (MMA) formation, and they can be categorized into
two major types as follows: PRMT1, -2–4, -6, and -8 addition-
ally catalyze asymmetric dimethyl arginine (ADMA) formation,
demonstrating type I activity; and PRMT5, -7, and -9 catalyze
symmetric dimethyl arginine (SDMA) formation, demonstrat-
ing type II activity (Fig. 1A). PRMT10 and -11were identified as
putative PRMTgeneswith nomethylation activity shown as yet
(5). As with other enzyme families that post-translationally
modify protein substrates, accurate substrate recognition by
the PRMTs is critical for the proper transmission of biochemi-
cal information. However, very little information is available to
explain how or why any of the PRMT isoforms target their
cognate protein substrates, and more so, what determines
which arginine within a protein should be methylated, i.e. a
consensus sequence has not been identified.
Adding to the complexity of the PRMT field, different meth-

ylation statuses (MMA, ADMA, or SDMA state) of the same
substrate can lead to distinct biological outputs. One of the
most striking examples is Arg-3 of histone H4 (H4R3), which
can be either asymmetrically dimethylated by PRMT1 or sym-
metrically dimethylated by PRMT5, resulting in antagonistic
effects on gene regulation (reviewed in Ref. 6). Moreover, the
twomethylation products of type I PRMTs,MMA and ADMA,
can also have distinct biological functions. In yeast,MMApres-
ent in histone H3 at Arg-2 correlates to active transcription,
whereas the ADMA state contributes to transcriptional repres-
sion (7). In contrast to the idea that MMA is simply an inter-
mediate for ADMAgeneration, the current data point to a bona
fide signaling role forMMAresidues inmuch the sameway that
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mono-, di-, and trimethylation of lysine residues differentially
affect signaling (8, 9). A key to understanding the biological
function of the PRMTs is to understand howproduct specificity
may be regulated, in terms of governing which arginyl residues
are modified and which state of methylation is achieved.
To gainmechanistic insight regarding the product specificity

of the PRMTs, we have initiated mutational studies of rat
PRMT1, a ubiquitously expressedmember of the PRMT family
that has been estimated to perform �85% of arginine methyla-
tions in mammals (10). Structural studies of PRMT1 (11) and
PRMT3 (12), both type Imethyltransferases, have identified the
component residues of the type I active site and have provided
a basis fromwhich to probe product specificity. In particular, it
has been noted that all the type I PRMTs contain an active site
methionine (position 155 in rat PRMT1), which has been
hypothesized to dictate the synthesis of ADMA over SDMA by
preventing the binding of MMA in a configuration conducive
for SDMA formation (12, 13). The idea that a single residue can
alter product specificity is reminiscent of the Phe/Tyr “switch”
model that is used to explain product specificity in lysinemeth-
yltransferases (13–15). Interestingly, we noted a second active
site methionine (position 48 in rat) that is also strictly con-
served in type I methyltransferases (Fig. 1B). Together, these
two methionines are observed to sandwich the incoming sub-
strate arginyl group in the type I methyltransferase active site
(Fig. 1C) and thus be positioned to affect the type and degree of
methylation. Here, we report that these two active site methio-
nine residues are essential for catalytic activity and product
specificity of PRMT1. Our studies show that substitution of
Met-48 does not promote the formation of SDMA, ruling out a
methionine switchmodel. Our data are consistent withMet-48

functioning differentially in the methylation of arginine to
MMA versus themethylation ofMMA to ADMA. Surprisingly,
our data also show thatMet-48 plays a crucial role in specifying
which peptidyl arginine is targeted by PRMT1.

EXPERIMENTAL PROCEDURES

Materials—AdoMet was purchased from Sigma as a chloride
salt (�80%, fromyeast). [methyl-3H]AdoMetwas purchased from
PerkinElmer Life Sciences. All the peptides were synthesized by
the Keck Institute and purified to �95%. ZipTip�C4/C18 pipette
tips were purchased fromMillipore. His-hnRNP Kwas expressed
and purified according to Ref. 16.
Expression and Purification of Mutant PRMT1 Proteins—

PRMT1 mutant proteins were generated using the
QuikChange� site-directed mutagenesis kit (Stratagene) with
sets of complementary oligonucleotide primers spanning the
desired site of mutation. For each PCR, the pET28b vector
(Novagen) containing the gene that codes for N-terminal histi-
dine-tagged rat WT-PRMT1 plasmid (pET28b-PRMT1) (17)
was used as a template. Desired mutations (M155A, M48A,
M48L, M48F, M48Y, and M48W) were confirmed through
DNA sequencing. Mutant proteins were purified using the
same methods used to express and purify wild-type His-
PRMT1 (described in Ref. 17). Purified proteins were �95%
pure by SDS-PAGE. Mutant protein sequences were verified
using mass spectrometry.
Reverse Phase-HPLC Analysis of Methylated Amino Acids—

Assays containing 4 �M WT or mutant PRMT1 proteins, 800
�M AdoMet, 10 nM AdoHcy nucleosidase (MTAN, purified as
in Ref. 18), and 50 mM sodium phosphate buffer (pH 7.5) were
equilibrated at 37 °C for 3 min. Reactions were initiated with

FIGURE 1. A, methylation reactions catalyzed by PRMTs. Type I and type II PRMTs make MMA. Type I PRMTs may then go on to make ADMA, while type II PRMTs
produce SDMA. The second molecules of AdoMet and AdoHcy have been omitted for clarity. B, sequence alignment for rat PRMT1, rat PRMT3, rat PRMT4, yeast
RMT1/Hmt1, and rat PRMT6. The conserved methionine pair is highlighted in dark red in light gray boxes. C, rat PRMT1-AdoHcy-peptide substrate complex
shows the positioning of two strictly conserved methionine residues. The active site of rat PRMT1 (Protein Data Bank code 1OR8) is shown with AdoHcy in light
orange (sulfur in dark orange), methionines 155 (left) and 48 (right) in dark red, and the substrate arginine group of the R3 peptide (ac-GGRGGFGGRGGFGGRG-
GFGG) in blue (terminal guanidino nitrogens are shown in dark blue).
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200�MR3 peptide andwere terminated after 3 h with 10% (v/v,
final concentration) trichloroacetic acid (TCA). TCA-precipi-
tated protein was removed through centrifugation, and the
supernatant (containing the peptide) was added to a glass vial.
An equivalent volume of 12 MHCl was added to each vial. Vials
were sealed and heated to 110 °C for �24 h for a complete acid
hydrolysis. Hydrolyzed amino acids fromWT-PRMT1 and the
mutant-catalyzed reactions were separated using o-phthaldial-
dehyde derivatization (19) with aGemini� 3-�mC18 110-Å LC
column 75� 4.6mm (Phenomenex).Mobile phase A consisted
of 40mM sodium phosphate buffer, pH 7.8, andmobile phase B
was acetonitrile/methanol/H2O (45:45:10, v/v). TheHPLC gra-
dient conditions are shown in supplemental Table S1. To verify
the presence and peak times of the methylated arginine prod-
ucts, sample reactions were spiked with 2.6 �M [3H]AdoMet
(specific activity of 2.02 mCi/�mol). Fractions (83.3 �l) were
collected, and radioactivity was counted in 5 ml of scintillation
mixture (Fisher). MMA, ADMA, or SDMA standard amino
acidswere used to verify the identity of themethylated products
generated. The detection limit for this method is �10 pmol of
methylated arginine in a 20-�l sample.
Continuous Spectrophotometric Kinetic Assays of PRMT1

Mutants—A continuous spectrophotometric assay for
AdoMet-dependent methyltransferases (17) was used to assay
PRMT1 mutants with arginine-containing peptides. Briefly,
two coupling enzymes, MTAN and adenine deaminase, were
used to hydrolyze and deaminate the AdoHcy generated from
methyl group transfer, respectively. This assay avoids any prod-
uct inhibition that could occur from AdoHcy. Initial rate data
representing nomore than 10%of product formationwere fit to
the Michaelis-Menten equation (20) to obtain Km, app and
kcat, app values. Each reaction was performed at least in dupli-
cate. The limit of detection for this assay was 0.1 �M CH3/min
(which corresponds to a kcat of 0.025 min�1).
Discontinuous Kinetic Assays of PRMT1 Mutants—Another

discontinuous butmore sensitive assay with ZipTip�C4/C18 was
used in testing the enzymatic activity under steady-state condi-
tions (21). Unless noted otherwise in the text, enzyme catalytic
activity was tested with 100 nM WT-PRMT1 or mutants, 1 �M

AdoMet, and 1 �M [3H]AdoMet, initiated by 200 �M peptide
substrates or 1.7 �M hnRNP K protein substrate at 37 °C. At
different time points, samples were removed from reactions
and processed with ZipTip�C4/C18 pipette tips (for protein or
peptide substrates, respectively) to separate the unreacted
[3H]AdoMet and the radiolabeled product.
Dissociation Constant Measurement by Intrinsic Fluores-

cence Quenching—An RF-5301PC spectrofluorophotometer
(Shimadzu) was used for fluorescence measurements. For R3
peptide and AdoMet affinity determinations, an excitation
wavelength of 290 nmwas used, and emission spectra from 300
to 420 nmwere collected. The change in fluorescence intensity
at the maximum emission (333 nm) was monitored. The exci-
tation and emission slit was 5 nm, and the scan speed was 100
nm/min using 1325 �l containing 1.4 �M PRMT1 in 150 mM

sodium phosphate buffer, pH 7.1. Increasing concentrations
from 1 to 50 �M peptide ligand (or AdoMet) were added at
2–3-min intervals. Data from at least two titrations were aver-
aged and analyzed using the modified Stern Volmer (22) plots.

Data were evaluated by nonlinear regression analysis using
SigmaPlot to obtain the dissociation constant (KD) using the
following equation: Fc � F (10�cd/2), where Fc is the corrected
fluorescence; � is the extinction coefficient of AdoMet; c is the
concentration of AdoMet, and d is the path length. Finitial/
(Finitial � Fc) was then plotted against 1/[AdoMet], and the data
were fit to a line where the yintercept � 1/fa, the slope� 1/fa�KQ,
and the KQ � 1/KD.
Protein Crystallization—A truncated construct of M48L-

PRMT1 was made that lacked the first 13 amino acids of the
native sequence. Previous crystallographic studies reported
better diffracting crystals using the truncated proteins (11).
Histidine-tagged, truncated M48L PRMT1 was expressed and
initially purified as described previously (17). In addition to
immobilized metal chromatography, M48L was further puri-
fied by anion exchange (MonoQ) and gel filtration chromatog-
raphy as described previously (11). Purified fractions were con-
centrated to 10–20mg/ml and incubated with 600�MAdoHcy
and 1 mM peptide (acGGRmeGGFGGKGGFGGKW) for
10–30 min before placing in crystallization trays. Crystalliza-
tion was performed using sitting drop vapor diffusion. Crystals
were grown at room temperature (�22 °C) in 0.1 MTris, pH 9.0,
and 1.62 M ammonium phosphate monobasic at a 1:1 protein/
well drop ratio. Crystals were flash-frozen in a cryo solution
containing 0.1 M Tris, pH 9.0, 1.62 M ammonium phosphate
monobasic, 0.5 mM peptide, 300 �MAdoHcy, and 20% glycerol.
Data Collection, Structure Determination, and Refinement—

Diffraction data were collected using a home source generator
and detector (Rigaku RU-200/Raxis IV��). Data were indexed
and processed using d*TREK in the programCrystal Clear (24).
Molecular replacement was performed using Phaser (25) from
the CCP4 suite (26, 27). The search model was wild-type rat
PRMT1-AdoHcy-peptide ternary complex (Protein Data Bank
entry 1OR8). PHENIX (28) was used to perform positional,
b-factor, and TLS refinement. The TLS groups were generated
by the TLS Motion Determination server (29). Coot (30) and
MolProbity (31) were used for model building and structure
validation. The model was refined to an R/Rfree of 20.1:24.5%
with no Ramachandran outliers (supplemental Table S2). Ado-
Hcy was observed bound to the active site (supplemental Fig.
S1). No compelling electron density was observed for the pep-
tide substrate. Density that could accommodate �3 covalently
bonded atomswas observed in the active site nearGlu-144. The
density is inconsistent with solvent molecules included in
the crystallization buffer and may correspond to a portion of
the peptide substrate. However, because the density could not
be confidently assigned, it was not included in the final model.
Structure factors and coordinates have been deposited in the
Protein Data Bank (Protein Data Bank code 3Q7E). Figures
were generated with PyMOL (32).
Mass Spectrometry Peptide Methylation Analysis and de

Novo Sequencing Study—Areactionwith 4�MPRMT1, 800�M

AdoMet, and 100 nM MTAN in 50 mM sodium phosphate
buffer, pH 7.5, was initiated with 200 �MR3 peptide. At various
time points, 10-�l aliquots were quenched with TFA (10% v/v
final) and analyzed by LC/MS followed by MS/MS of the
desired peaks. 4 �l of reaction solution was injected onto a
reverse phase column (75 �m � 150 mm, BEH C18-
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nanoACQUITY column, Waters, Manchester, UK). Peptides
with and without methylation were separated at 40 °C with a
nonlinear gradient (supplemental Table S2). Solvent A was
0.1% formic acid in water, and solvent Bwas 0.1% formic acid in
acetonitrile. Monomethylated peptides ([M � H]3� � 575.9)
were then analyzed using a tandemmass spectrometer (Synapt
Q-Tof, Waters, Manchester, UK) to determine the position of
monomethylation.
Single Turnover Experiments—Single turnover experiments

were carried out by mixing a solution containing the preincu-
bated complex of 20 �M wild-type or M48L-PRMT1, 20 �M

AdoMet (along with 1 �M of [3H]AdoMet), and 10 nM MTAN
in 50 mM sodium phosphate buffer, pH 7.5, at 23 °C for 3 min.
Commercially available AdoMet was purified as described pre-
viously (33, 34) before use. Reactionswere initiatedwith 200�M

peptide substrates. Radiolabel incorporation over time was
measured using the discontinuous ZipTip� assay described
previously. Briefly, 10-�l reaction samples of different time
points were taken out and quenched by 6 M guanidine HCl
solution and processed with ZipTip�C18 assay to quantitate the
amount of methylated product (21). The resulting time course
of [3H]AdoMet incorporation was fit into single exponential
curve, y � a�(1 �exp(�b�x)), to determine the parameters a
(maximum product concentration) and b (kchem).

RESULTS

Analysis of the Products Formed by M48A- and M48L-
PRMT1—Previous analysis of the PRMT1crystal structure sug-
gested that the conservedMet at position 155may be important
for governing ADMA formation over SDMA formation by pro-
viding steric bulk in the active site and preventing free rotation
of the MMA intermediate (12, 13). A closer examination of the
PRMT1 structure identified Met-48, a similarly conserved
active site residue located opposite Met-155. Given the poten-
tial for eithermethionine to influence substrate geometry in the
active site, we investigated whether these residues are in-
volved in specifying ADMA formation versus SDMA. Met-48
and Met-155 were individually mutated to alanines. We ana-
lyzed whether ADMA or SDMA was formed in the mutant-
catalyzed reaction by amino acid analysis of the acid-hydro-
lyzed peptide products, using [3H]AdoMet as a tracer. M48A
produced only MMA and ADMA, albeit with a higher MMA/
ADMA ratio compared with WT-PRMT1 (Fig. 2, A and B).
Because of the low activity of M48A observed in the 3-h reac-
tion, Met-48 was further mutated to leucine to determine
whether activity could be rescued by reintroducing more steric
bulk. LikeM48A,M48L also generated onlyMMA andADMA,
but in a much larger amount, with an even higher ratio of
MMA/ADMA than that of M48A (Fig. 2C). No SDMA was
detected. Similar results were observed with the M155A
mutant, consistent with the recent report that Met-155 is not
involved in SDMA formation (35). Standards ofMMA,ADMA,
SDMA, as well as other amino acids in the R3 peptide (Gly, Arg,
and Phe) were analyzed by the samemethod to verify themeth-
ylated product (supplemental Fig. S2). Our results show that
removing the steric bulk afforded by Met-155 or Met-48 in the
PRMT1 active site was not enough to transform the type I
PRMT into a type II PRMT. Thus, Met-48 or Met-155 do

FIGURE 2. Analysis of Met-48 mutant-catalyzed methylation products
by amino acid analysis. Products from reactions catalyzed by wild-type
(A), M48A (B), or M48L-PRMT1 (C) were analyzed using reverse phase HPLC.
[3H]AdoMet was used as a tracer to verify the presence of the methylated
species in each reaction (open circles). MMA, ADMA, and SDMA standard
amino acids were used to identify the methylated species in each sample
(solid line).
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not, by themselves, dictate ADMA formation over SDMA
formation.
Steady-state Methylation Activities of PRMT1 Mutants—

The altered product ratios obtained forM48L andM48A in the
previous experiments suggested that the activity of themutants
may be impaired. To determine whether Met-48 has an effect
on the ability of PRMT1 to catalyze peptide methylation, the
rate of methylation was measured with WT-PRMT1, M155A,
andM48A. The activity was followed using an enzyme-coupled
continuous spectrophotometric assay and the R3 peptide, a
common peptide substrate used in arginine methylation (ac-
GGRGGFGGRGGFGGRGGFGG) (Table 1) (17). The R3 pep-
tide is a good substrate for WT-PRMT1 with a catalytic effi-
ciency (kcat/Km)� 4460 M�1 s�1.When the twomethionines in
question were mutated to small amino acid residues, i.e. ala-
nine, mutants still utilized R3 as a peptide substrate but at vary-
ing efficiencies (Table 1 and supplemental Fig. S3). Substitution
of Ala for Met at position 155 resulted in a 90% decrease in
kcat/Km. The M155Amutation did not affect turnover velocity,
but Km was increased by a factor of 10 compared with WT-
PRMT1. Substitution of Ala forMet-48 also decreased catalytic
efficiency. However, an increase in Km was coupled with a
10-fold drop in kcat, leaving this mutant with just under 2% of
WT activity. These results suggest that Met-48 might be more
important for activity than Met-155. Increasing the size of the
residue at position 48 fromAla to Leu restored 40%ofwild-type
activity with the R3 peptide. The activity results indicate that
the type I conserved Met residues at positions 48 and 155 play
important roles in enzymatic activity. Furthermore, the size of
Met-48 is critical for maintaining the catalytic activity of
PRMT1.
To further explore the effect of the residue size at position 48

on the catalytic activity, we further mutated the methionine to
amino acids with larger size side chains, such as phenylalanine,
tyrosine, and tryptophan. The same kinetic assay was employed
to measure the activity of these three mutants with the R3 pep-
tide; however, the turnover rate was very slow and beyond the
limit of detection for this method (data not shown). We turned
to a more sensitive method that we recently reported on (21)
and examined the mutant activity on a protein substrate,
hnRNP K (supplemental Table S4). With all larger sized muta-
tions, the activity was severely impaired. M48F had the highest
activity among these three mutants, displaying no more than
3% of WT activity. Mutants with the even bigger amino acid
tryptophan lost �95% activity. Overall, the kinetic analyses of
the mutants show that residues smaller or larger than methio-
nine at position 48 result in less efficient methyl group transfer.

Substrate Binding Affinity of PRMT1 Mutants—The de-
crease in activity observed with mutations of eitherMet-155 or
Met-48 could be a result of impaired substrate binding or an
inability to catalyze methyl transfer. To discern if Met-155 or
Met-48 mutations affect the binding of either AdoMet or pep-
tide substrates, we measured the dissociation constants of
PRMT1, both wild-type and mutants, with AdoMet and the R3
peptide substrate. The crystal structure of PRMT1 indicates
that there are two tryptophans at positions 145 and 294 that lie
in the catalytic region near the substrate arginine residue and
opposite theAdoMet binding region (11). The intrinsic fluores-
cence from these residues was exploited in a fluorescence-
quenching assay to determine the dissociation constants for the
R3 peptide andAdoMet with PRMT1. Lehrer’s modified Stern-
Volmer plot (22) was used to analyze the fluorescence-quench-
ing data for WT-PRMT1 (supplemental Fig. S4) and the
mutants. Dissociation constants of either AdoMet or R3 pep-
tide withWT-PRMT1 and all the mutants were similar to each
other in the low micromolar range (Table 2). The observed
fluorescent quenchingwas consistentwith the number of active
site tryptophans relative to the total number of tryptophans.
These results indicate that the decrease in activity observed
with the methionine PRMT1 mutants is not due to impaired
substrate binding in the enzyme active site.
AutomethylationActivity of PRMT1Mutants—In addition to

the methylation of peptide and protein substrates, automethyl-
ation of some PRMTs has been documented. For example,
automethylation has been observed with PRMT6 and PRMT8
(36, 37). Additionally, Frankel and co-workers (38) recently
reported that histidine-tagged human PRMT1 also catalyzes
automethylation. Although we have never observed autom-
ethylation with His-tagged rat PRMT1, we hypothesized that
the methionine mutants of rat PRMT1 may show altered sub-
strate recognition and hence altered product formation. There-
fore, the ability of each of the PRMT1 mutants to catalyze
automethylation was tested using [3H]AdoMet. Under our
reaction conditions, WT-PRMT1 showed no tritium incorpo-
ration after 4 h of incubation. Unlike WT-PRMT1, the M48L
and M155A mutants clearly showed a strong capacity for
automethylation (Fig. 3). We quantified the amount of auto-
methylation using our ZipTip�C4 assay (21). A sample of 15 �M

M48L and M155A incorporated 2.14 � 0.59 �M (14.3%) and
0.68 � 0.24 �M (4.5%) methyl groups in a 4-h period, respec-
tively. We also confirmed the product of the automethylation
by digesting themethylatedM48L and resolving the derivatized
amino acids by HPLC. The supplemental Fig. S5 shows the
presence of radiolabel associated with ADMA. These results
show that mutation of either Met-155 or Met-48 gives rise to a

TABLE 1
Steady-state kinetic activity of PRMT1 mutants with small sized side
chains with R3 peptide via an enzyme-coupled continuous spectro-
photometric assay

PRMT1 Km kcat kcat/Km

Activitya of
WT-PRMT1

�M s�1 M�1 s�1 %
WT �10 0.045 � 0.003 4500 � 330 100
M155A 120 � 30 0.054 � 0.005 460 � 120 10
M48A 300 � 210 0.0040 � 0.0020 13 � 13 1.4
M48L 18 � 2.7 0.030 � 0.0009 1700 � 260 37

a The percentage activity is based on the catalytic efficiency kcat/Km of mutants
compared with wild type.

TABLE 2
Binding affinity of R3 peptide substrate and AdoMet with intrinsic
fluorescence quenching

PRMT1 KD, R3
Fluorescent
quenching KD, AdoMet

Fluorescent
quenching

�M % �M %
WT 5.7 � 0.52 28 � 1.9 4.2 � 1.5 17 � 0.13
M48A 3.4 � 0.32 37 � 1.3 7.1 � 1.8 15 � 0.17
M48L 2.4 � 0.29 28 � 1.5 7.1 � 0.94 29 � 4.2
M48F 4.9 � 0.38 30 � 1.4 4.4 � 0.93 23 � 3.1
M155A 3.9 � 0.53 34 � 1.3 3.8 � 0.87 19 � 2.6
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PRMT1 enzyme capable of automethylation.We conclude that
both Met-155 and Met-48 are important for substrate
recognition.
Analyzing for Changes in Protein Structure—To confirm that

mutations of the conserved methionine had no deleterious
effect on the PRMT1 structure, we determined the crystal
structure of the M48L mutant. Using conditions described for
the crystallization of WT-PRMT1, we obtained a 2.2-Å struc-
ture of M48L bound to AdoHcy (Fig. 4). No significant differ-
ences were observed between the wild-type and mutant struc-
tures (root mean square deviation of 0.23 Å over 299 residues),
consistent with the kinetic data showing similar binding of
AdoMet to WT and M48L.
Positional Preference ofM48L-PRMT1—Although the crystal

structure of M48L indicates that there are no significant
changes in the structure of the M48L mutant, the automethyl-
ation experiments suggested that substrate recognition is
altered in M48L. To further explore the effect that the M48L
mutation has on substrate specificity, we asked whether M48L
strongly prefers substrate arginines at certain positions and
compared the results to WT-PRMT1. We employed the R3
peptide inwhich all three arginines can bemethylated, with one
arginine at the N terminus, one in the middle, and one at the C
terminus. The short time methylation products of R3 peptide
were analyzed by tandem mass spectrometry (MS/MS) to find
out which arginine was first methylated by WT-PRMT1 and
M48L (supplemental Fig. S6). MS/MS showed that the N-ter-
minal arginine is strongly preferred by both WT-PRMT1 and

M48L, with 55 and 65% of the first methylation located on the
N-terminal arginine, respectively (Table 3). The middle argi-
nine is the second most preferred; however, the percentage for
M48L was reduced by almost 50% compared with the WT-
PRMT1. These results suggest that although recognition of the
N-terminal arginine of the R3 peptide appears unaltered in
M48L, recognition and/or catalysis at the central Arg of R3 is
impaired by M48L.
Peptide Substrate Specificity Change forM48L-PRMT1—Asa

way of complementing the above studies, we also tested the
activity of M48L with a series of peptides that differ in the loca-
tion of the targeted argininewithin the peptide andmethylation
status (listed inTable 4)with theM48L-PRMT1mutant. All the
peptides listed could be easily methylated by wild-type PRMT1
(Table 4). M48L was able to methylate R3 at a relatively lower
rate comparedwith wild-type enzyme.We tested peptides con-
taining a single arginine along with its monomethylated coun-
terpart. M48L could methylate the RKK peptide pair (single
arginine at N terminus) at a rate close to the R3 peptide. Sur-
prisingly, even though the sequence of RKK and KRK peptides
is the same around the targeted arginyl group (GGRGG), the
ability of M48L to methylate the centrally located Arg in KRK
was severely hampered. We conclude that the inactivity
observed with M48L and KRK peptide is most likely due to the
central position of the arginine in KRK peptide pair.
The previous experiments predict that the M48L mutant

would be unable to stoichiometrically methylate all arginine
residues in the R3 peptide. In other words, the amount of
methyl groups transferred by M48L is expected to be lower,
although WT-PRMT1 can fully methylate the R3 peptide,
transferring sixmethyl groups to one peptide.When allowed to
react with 10, 20, and 30 �M R3 and excess AdoMet (60, 120,
and 180 �M total methyl group transfer expected, respectively),
M48L catalyzed the transfer of 35, 48, and 83�Mmethyl groups,

FIGURE 3. Automethylation of PRMT1 mutants. Reactions were carried out
at 37 °C for 4 h with 15 �M PRMT1 (WT or mutants), 8.57 �M AdoMet (0.9 �M

[3H]AdoMet added) in 50 mM sodium phosphate buffer, pH 7.5. The top panel
is an SDS-polyacrylamide gel stained with Coomassie Blue to detect total
protein, and the bottom panel is an autoradiograph to detect radiolabel incor-
poration. The gel was exposed to film for 5 days.

FIGURE 4. Superposition of the overall structure (A) and the active site (B) of M48L (blue) and wild-type PRMT1 (gray). Met-48/Leu-48, Met-155, and
AdoHcy are shown as sticks with WT-PRMT1 residues colored tan and M48L residues colored orange.

TABLE 3
First methylation position in the R3 peptide catalyzed by WT-PRMT1
and M48L from MS/MS analysis

PRMT1
% of first methylation position

1st Arg 2nd Arg 3rd Arg

WT-PRMT1 55 39 6

M48L 65 21 14
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respectively (data not shown). This indicated that each peptidyl
arginine was not being fully dimethylated by M48L. Given our
current data, it is likely that M48L-PRMT1 methylated the R3
peptide on the first terminal arginine but was unable to fully
access or got aborted at the central arginine residue. Overall
WT-PRMT1 andM48L mutant strongly prefer the N-terminal
arginine, and the methylation activity of M48L decreased dra-
matically with a single arginine in the middle position.
Single Turnover Experiments withM48L-PRMT1—To inves-

tigate why the KRK pair cannot be methylated well by M48L-
PRMT1, we set up single turnover experiments that would
allow us to evaluate the effect of the Met-48 mutation on the
conversion of arginine toMMA and the conversion ofMMA to
ADMA in separate experiments. Reactions were conducted
under conditions where the AdoMet concentration was the
same as or slightly higher than the enzyme concentration, so as
to observe only one turnover of the methylation reaction (Fig.
5). Maximal product concentration and kchem for each reaction
were obtained (Table 5).
WT-PRMT1 fully methylated the KRK peptide with the

maximum product concentration equal to 20 �M (Table 5).
With the KRK-CH3 peptide, the total methyl group transfer

decreased slightly, but the turnover rate (0.029 s�1) was very
close to the naked peptide (0.020 s�1).WithM48L, the reaction
only went to 20% completion with the KRK peptide, with the
turnover rate reduced by 50%. However, when the M48L reac-
tionwas initiatedwith themonomethylated peptide, hardly any
methylation occurred, with the maximum product concentra-
tion of around 0.16 �M and the turnover rate kchem close to 0
s�1. Control experiments were set up under the same condi-
tions without the peptide substrates to rule out radiolabel
incorporation as a result ofM48L automethylation. Our results
show impaired monomethylation of the internal arginine by
M48L PRMT1 and nearly abolished dimethylation.
The lack of activity that was observed with M48L and KRK-

CH3 could be due to the inability of the peptide to bind the
mutated active site. To determine whether the KRK monom-
ethylated peptide binds to M48L, we set up a competitive reac-
tion using the RKK-CH3 peptide as a substrate with or without
the KRK peptide pair. The concentration of RKK-CH3 peptide
was close to its Km value, and KRK-CH3 peptide was one-third
the RKK-CH3 concentration. With KRK added into the reac-
tion, themethyl group transfer ratewas close to the onewithout
KRK (0.0012 and 0.0011 �M/s, respectively) (Fig. 6). However,
with the monomethylated peptide KRK-CH3 added into the
preincubation solution, the reaction rate was decreased to half
of the original rate (0.0012 and 0.0006 �M/s, respectively).
These data suggest that the KRK-CH3 peptide was actually a
PRMT1 inhibitor in the methylation reaction. With the KRK
peptide in the preincubation mixture, the rate was slightly
decreased, possibly because the KRK peptide would bind to
M48L but could not be methylated as fast as the RKK-CH3
peptide, as shown in Table 5. The fact that KRK-CH3 could
inhibit the methylation of RKK-CH3 suggests that the KRK-
CH3 peptide can bind M48L-PRMT1 but is not turned over by
the enzyme in appreciable amounts.

FIGURE 5. Single turnover kinetics of WT-PRMT1 (A) and M48L (B) with KRK and KRK-CH3 peptide pair. Filled circles and open circles indicate the KRK
peptide and the monomethylated counterpart KRK-CH3 peptide, respectively.

TABLE 4
Peptide substrate specificity of WT-PRMT1 and M48L under steady-state conditions

Peptide substrate Sequence Activity of WT-PRMT1 Activity of M48L Activitya of WT-PRMT1

s�1 s�1 %
R3 acGGRGGFGGRGGFGGRGG 0.045 0.029 65.9
RKK acGGRGGFGGKGGFGGKW 0.0051 0.0026 50.5
RKK-CH3 acGGRmeGGFGGKGGFGGKW 0.011 0.0053 47.9
KRK acKGGFGGRGGFGGKW 0.0071 0.000075 1.06
KRK-CH3 acKGGFGGRmeGGFGGKW 0.0039 0.000023 0.577

a The methylation velocity is tested under one saturating condition for both AdoMet and peptide substrates, representing the activity of enzymes. The percentage activity is
calculated based on the methylation velocity.

TABLE 5
Pre-steady-state kinetic parameters of M48L with WT-PRMT1

Enzyme Peptide
Maximal product
concentration kchem

�M s�1

20 �M WT-PRMT1 KRK 20.31 � 0.25 0.020 � 0.0008
KRK-CH3 14.96 � 1.15 0.029 � 0.0082
RKK 14.53 � 1.82 0.073 � 0.037
RKK-CH3 13.08 � 0.85 0.054 � 0.016

20 �M M48L KRK 3.85 � 0.11 0.0087 � 0.0006
KRK-CH3 0.16 � 0.084 NDa

RKK 4.71 � 0.20 0.044 � 0.008
RKK-CH3 9.37 � 1.43 0.018 � 0.008

a ND stands for not detectable.
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We also observed impairment in the rate at which M48L
dimethylated argininyl groups located at the N terminus of the
peptide, albeit to a lesser extent. Although dimethylation by
wild type was 26% slower than monomethylation, dimethyla-
tion by M48L was 60% slower than monomethylation of the
RKK peptide (Table 5). Clearly, substitution of methionine 48
with leucine in PRMT1 results in differential effects on the con-
version of arginine to MMA versus the conversion of MMA to
ADMA. Furthermore, the ability of M48L mutants to cova-
lently transfer methyl groups to all targeted arginines in a sub-
strate is impaired. We conclude that the type I-conserved
methionine 48 in rat PRMT1 plays a significant role in deter-
mining product specificity.

DISCUSSION

In mammals, the PRMT family of enzymes is capable of gen-
erating three different methylated arginyl species within pro-
tein targets, MMA, ADMA, and SDMA. Coupled with the
observation that many PRMT targets have multiple arginines
that are methylated (39, 40), the diversity of potential protein
products is large and suggests the possibility for a methylargi-
nine code. The biological relevance of such a code has most
recently been validated as part of the complex set of post-trans-
lational histone modifications affecting gene expression (2, 6,
7). Yet the molecular details of how each of the PRMTs selec-
tively controls the position and degree of methylation have
remained elusive. In this work, we provide the first insight into
how the type I arginine methyltransferase active site is engi-
neered for product specificity.
Absence of aMethionine Switch to Specify ADMA and SDMA

Formation—When the first structures (11, 12) of type I arginine
methyltransferases were solved, a strictly conserved methio-
nine (Met-155 in the rat PRMT1 sequence) was located very

close to the substrate arginine. Given the fact that this residue is
strictly conserved in all type I methyltransferases, but much
smaller (e.g. alanine or serine) in type II methyltransferases, a
hypothesis was put forth that the methionine provided enough
steric bulk to block the binding of monomethylated arginine in
a conformation that would allow symmetric dimethylation (12,
13). Likewise, we questioned whetherMet-48, which resides on
the opposite side of the active site (Fig. 1C), could function in
the samemanner. The idea of a single residue switch to control
product specificity was supported by the elegant studies in the
lysine methyltransferase field, which showed that a Phe/Tyr
switch in the active site regulates the ability of the SET domain
lysine methyl transferases to perform successive methylations
(13–15). Surprisingly, M155A and M48A mutants generated
only MMA and ADMA after 3-h reactions. Even at the pico-
mole detection limit of our monitoring system, no SDMA was
detected (Fig. 2). Therefore, removing the steric bulk afforded by
eitherMet-155orMet-48 in theactive siteofPRMT1isnotby itself
sufficient to transform PRMT1 into a type II PRMT and rules out
the idea of a simple methionine switch. How the type I arginine
methyltransferases discriminate between ADMA and SDMA is
more complex than previously thought and will likely not be
answered until a type II PRMT structure becomes available.
Met-155 and Met-48 Are Important for Enzyme Activity—

The kinetic results presented here show that both conserved
methionines are important for catalytic activity of PRMT1 but in
different ways (Table 1). The similarity between the WT and
M48Lcrystal structures (Fig. 4) indicates that the impairedactivity
of the mutants is not due to global changes in protein structure.
Similar binding affinity of both AdoMet and R3 peptide for WT-
PRMT1 and all the mutants (Table 2) illustrates that decreased
activity in themutants is alsonotdue tochanges inbindingaffinity.
As a third possibility to explain the altered activity of the

methionine mutants, we considered the mechanism of methyl
transfer. Given that methyl transfer occurs by way of an Sn2
reaction (41), the orientation of the arginine substrate and the
thioether moiety of AdoMet in the active site become critical.
Mutation of the methionines to smaller residues increases the
space in the active site, and it potentially allows more orienta-
tions to be sampled by the incoming arginyl substrate, not all of
whichmay be productive or as productive as inwild type.Muta-
tion of the methionines may change the ability of the mutant
enzyme to undergo compression during catalysis (42) or affect
the pKa of the guanidino nitrogen of arginine as it approaches
the positively charged sulfonium of AdoMet (43). Consistent
with the idea that Met-48 is important for catalysis, our single
turnover experiments (Table 5) showed that kchem is decreased
in the M48L mutant. With the larger aromatic amino acid
mutants, the positioning of the substrate arginine is likely fixed
in an orientation that results in slow methyl transfer. We pro-
pose that the two type I methionines may work as molecular
tweezers to align arginyl substrates at proper orientations.
Interestingly, this methionine clamp is not only conserved in
type I PRMTs, but it also exists in some other methyltrans-
ferases, such as salicylic acid carboxylmethyltransferase, isofla-
vone O-methyltransferase, and caffeic acid O-methyltrans-
ferase (23, 44, 45), suggesting a common mechanism for

FIGURE 6. Competitive methylation experiments of the KRK-CH3 peptide.
The reactions were carried out with 100 nM M48L, 60 �M RKK-CH3 peptide as
a substrate, 1 �M AdoMet (1 �M [3H]AdoMet added) in 100 mM HEPES buffer at
37 °C, pH 8.0. 20 �M KRK-CH3 peptide were tested as an inhibitor. The filled
circles indicate the control group without the KRK-CH3 peptide, and the open
circles indicate the test group with KRK-CH3 added.
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optimizing methyl transfer among certain AdoMet-dependent
methyltransferases.
Met-48 Influences Product Specificity—Accurate product

specificity by PRMT1 is a combination of targeting the correct
arginine within a protein, as well as catalyzing the correct num-
ber of methylations on a particular residue. This study shows
thatMet-48 plays a role at both levels. Curiously, substitution of
Met-48, as well as Met-155, caused the enzyme to recognize a
new substrate, observed as automethylation (Fig. 3). Con-
versely, several experiments (Tables 4 and 5 and Fig. 5) pro-
vided results that indicate that the Met-48 mutation differen-
tially impaired the ability of themutant to dimethylate arginine
residues, especially those located near the center of the peptide
substrate. Although it is difficult to tease out which step in
arginine methylation is hindered in M48L using steady-state
data, our single turnover experimentsmeasuring kchem limit the
choices to peptide binding or the actual chemical transfer step.
When the peptide is already monomethylated, one or both of
these steps are hampered. When the monomethylated residue
is presented in the center of the peptide substrate, very little if
any substrate appears to be bound in the M48L mutant in a
catalytically productive manner.
Conclusion—Product specificity as it relates to PRMT1 is

multifaceted. Site selection within a protein (sequence and
location), degree of methylation (mono- or dimethylation), and
number of methylations in each target can produce a dizzying
number of different products. How the enzyme is designed to
control each one of these aspects is a challenging question that
is likely to lead to overlapping/interdependent mechanisms. In
this study, we provide the first insight into product specificity in
PRMT1. We show that the conserved methionine 48 is impor-
tant for activity and accurate site selection, which also impacts
the degree of methylation in the final product.
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