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ABSTRACT: Post-translational modifications (PTMs) are important
strategies used by eukaryotic organisms to modulate their phenotypes.
One of the well-studied PTMs, arginine methylation, is catalyzed by
protein arginine methyltransferases (PRMTs) with SAM as the
methyl donor. The functions of PRMTs have been broadly studied in
different biological processes and diseased states, but the molecular
basis for arginine methylation is not well-defined. In this study, we
report the transient-state kinetic analysis of PRMT1 catalysis. The fast
association and dissociation rates suggest that PRMT1 catalysis of
histone H4 methylation follows a rapid equilibrium sequential kinetic
mechanism. The data give direct evidence that the chemistry of
methyl transfer is the major rate-limiting step and that binding of the
cofactor SAM or SAH affects the association and dissociation of
H4 with PRMT1. Importantly, from the stopped-flow fluorescence
measurements, we have identified a critical kinetic step suggesting a precatalytic conformational transition induced by substrate
binding. These results provide new insights into the mechanism of arginine methylation and the rational design of PRMT
inhibitors.

Arginine methylation of the core histones is catalyzed by
protein arginine methyltransferases (PRMTs), which

transfer the methyl group from S-adenosyl-L-methionine
(SAM) to the guanidino group of specific arginine residues.
Thus far, about nine PRMT members have been identified at
the proteomic level in mammalian cells, and these have been
grouped into two major types (type I and type II) according
to their product specificity.1−3 Type I enzymes (PRMT1, 2, 3,
4, 6, and 8) catalyze the transfer of the methyl group from
SAM to one guanidino nitrogen atom of arginine residue
to produce ω-NG-monomethylarginines (MMA, L-NMMA)
and ω-NG,NG-asymmetric dimethylarginines (ADMA) [for a
review, see a ref 4] (Scheme 1). Type II enzymes (e.g.,
PRMT5) catalyze the formation of MMA and ω-NG,
N ′G-symmetric dimethylarginines (SDMA).5−8 As a result
of the methyl transfer, SAM is converted to the product
S-adenosyl-L-homocysteine (SAH). PRMTs can exhibit quite
high substrate specificity which is correlated with their diffe-
rent specific functions. For instance, CARM1 (PRMT4)
methylates H3R2, H3R17, and H3R26,9,10 while PRMT1 and
PRMT5 specifically methylate H4R3 and H3R8.11,12 The
methylation at distinct sites can affect the status of gene
expression differently. For instance, asymmetric dimethyla-
tion at H3R17 and H4R3 stimulates gene activation, whereas
symmetric dimethylation at H4R3 is associated with gene
repression.11,13,14 In general, PRMT-catalyzed arginine methyl-
ation is essential for many biological processes including gene
transcriptional regulation,9,11−13,15−17 signal transduction,18−21

RNA transport,8,22 RNA splicing,23,24 DNA repair, and embryonic
development and cellular differentiation.25−27

Several studies of the kinetic mechanism of arginine
methylation have been recently reported. One steady-state
kinetic analysis suggested that PRMT1 utilizes a rapid
equilibrium random mechanism (RER) for methyl transfer
with the formation of dead-end EAP and EBQ complexes.28 In
another study, PRMT6 was shown to follow an ordered
sequential mechanism in which SAM binds to the enzyme first
and the methylated product is the first to dissociate.29 The
slight difference in these two studies may suggest that kinetics
of arginine methylation can vary slightly among the individual
isoforms. Nevertheless, both studies support a sequential
kinetic mechanism in which a ternary complex is formed
prior to the methyl transfer step.
Many important questions about the PRMT-catalyzed

arginine methylation reaction remain to be answered. For
instance, it is not known whether the chemical step or a protein
conformational change in the ES complex is rate-limiting for
catalysis. Such a molecular level understanding of how substrate
recognition is coupled to catalysis will be of great significance
to evaluate the function of PRMT activity in different
physiological contexts. To address these mechanistic questions,
transient kinetic analyses of arginine methylation are highly
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desirable. Unfortunately, such studies are greatly limited by lack
of assay tools appropriate for fast measurement of substrate
binding and methylation on rapid time scales. In particular,
routine radioisotope-labeled methyl transfer assays do not
provide information about conformational events along the
reaction coordinate. Recently, we reported fluorescently labeled
peptide substrates that could be useful in studies of substrate
binding and methylation.30 Here we report that such substrates
serve as excellent tools to dissect the transient kinetic events
during PRMT1 catalysis. By using fluorophore-labeled H4
substrates in combination with stopped flow measurements, we
have determined the microscopic rate constants for the key
binding and methylation steps during PRMT1 catalysis. This
study provides kinetic evidence that substrate recognition
induces a conformational transition of the active site of PRMT1
and strongly indicates that the methyl transfer step is overall
rate-limiting for arginine methylation. In addition, we find that
binding of the cofactor SAM/SAH modulates the interaction
between PRMT1 and the peptide substrate.

■ EXPERIMENTAL PROCEDURES

Design and Synthesis of Modified H4 Peptides. The
amino-terminal peptide of histone H4 containing the first 20
amino acid residues with different methylation patterns and a
fluorescein group were synthesized using Fmoc [N-(9-
fluorenyl) methoxycarbonyl]-based solid phase peptide syn-
thesis (SPPS) protocol on a PS3 peptide synthesizer (Protein
Technology, Tucson, AZ) as described previously.31 Each
amino acid was coupled to the solid phase with 4 equiv of
amino acid/HCTU [O-(1H-6-chlorobenzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate] (Novabiochem, Darm-
stadt, Germany). The Fmoc group was deprotected with 20% v/v
piperidine/DMF, and the N-terminal amino acid was acetylated
with acetic anhydride. The peptide was cleaved from the Wang
resin by a cleavage solution consisting of 95% trifluoroacetic acid
(TFA), 2.5% H2O, and 2.5% triisopropylsilane. It was then
precipitated in cold ether and pelleted by centrifugation. Crude
peptides were collected and purified using a Varian Prostar
instrument equipped with a C18 reversed-phase high performance
liquid chromatography (RP-HPLC) column, where 0.05% TFA-
containing water and 0.05% TFA-containing acetonitrile were two
mobile phases used in gradient purification. The purity and
identity of peptides were confirmed by MALDI-MS. For the
peptides linked to a fluorescein group, their concentrations were
calibrated according to the absorption of fluorescein at 492 nm.
Expression and Purification of PRMT1. Recombinant

His-tagged rat PRMT1 was expressed in E. coli and purified
with Ni-charged His6x-tag binding resin as reported
previously.32 Briefly, the PRMT1-pET28b plasmid was trans-
formed into BL21(DE3) (Stratagene). Transformed bacteria

were incubated in LB media at 37 °C for growth and then at
16 °C for protein expression which was induced by 0.3 mM
IPTG. Cells were harvested by centrifuge and lysed by French
Press. The supernatant containing PRMT1 protein was loaded
onto the Ni-charged His6x-tag binding resin (Novagen) that
was equilibrated with column buffer (25 mM Na-HEPES, pH
7.0, 300 mM NaCl, 1 mM PMSF, and 30 mM imidazole).
Beads were washed thoroughly with column buffer, followed by
washing buffer (25 mM Na-HEPES, pH 7.0, 300 mM NaCl,
1 mM PMSF, and 70 mM imidazole), and protein was eluted
with elution buffer (25 mM Na-HEPES, pH 7.0, 300 mM NaCl,
1 mM PMSF, 100 mM EDTA, and 200 mM imidazole).
Different eluent fractions were checked by 12% SDS-PAGE,
and PRMT1 concentration was determined by Bradford assay.
Chemical Cross-Linking and Western Blotting of

PRMT1 Oligomers. To study the relationship between
PRMT1 oligomerization and concentration, His6x-rPRMT1
was diluted in the range of 0.012−3.13 μM with storage buffer
(25 mM HEPES (pH 7.0), 250 mM NaCl, 1 mM EDTA, 10%
glycerol, and 1 mM DTT) containing 0.1% Triton X-100 and
incubated at 4 °C overnight. Then PRMT1 was cross-linked
with 0.025% (v/v) glutaraldehyde at room temperature for
5 min. The reactions were quenched by addition of SDS loading
buffer, and PRMT1 proteins were separated by 8% SDS-PAGE
followed by Western blot detection, with anti-PRMT1 rabbit
polyclonal IgG (Upstate) as the primary antibody and goat anti-
rabbit IgG-HRP (Millipore) as the secondary antibody. After
washing away the unbound probes, PRMT1 bands were
visualized using the SuperSignal West Pico Trial Kit (Thermo
Scientific). The film image was analyzed by Quantity One, and
the molar fractions of PRMT1 monomer, dimer, and oligomer
were plotted against PRMT1 concentration.
Radioactive Methyltransferase Assay. The methylation

assays of different H4 peptides or protein were performed using
14C-isotope-labeled SAM at 30 °C. The reaction buffer contained
50 mM HEPES (pH 8.0), 50 mM NaCl, 1 mM EDTA, and
0.5 mM DTT. H4 substrate and [14C]-SAM were preincubated in
the reaction buffer for 5 min prior to initiation of the methyl transfer
reaction by adding PRMT1 (0.01 μM typically). The reaction time
was controlled under initial rate conditions such that typical reaction
yields were less than 20%. The reaction was quenched by spotting
the reaction mixture on P81 filter paper disk (Whatman). After the
paper discs were washed with 50 mM NaHCO3 (pH 9.0) and air-
dried, liquid scintillation counting was performed to measure the
amount of methylated products. Values for Km and kcat were
obtained by measuring the initial velocity of the reaction at various
concentrations of one substrate and fixed saturating concentration
of the other substrate (cofactor). The kinetic data were fitted to the
Michaelis−Menten equation using nonlinear regression methods.

Scheme 1. PRMT1-Catalyzed Arginine Methylation
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Equilibrium Fluorescent Titration. The Kd value for
PRMT1 and the fluorescent peptide binding was measured by
fluorescence anisotropy methods. Increasing concentrations of
PRMT1 were added to a constant concentration of fluorescent
peptide (0.2 μM) at 30 °C in the same buffer mentioned above.
The anisotropy increase due to the formation of large ES com-
plexes was recorded with a Fluoro-Max 4 fluorimeter (HORIBA
Jobin Yvon). The excitation and emission wavelengths were set
at 498 and 524 nm, respectively. Data were fit to eq 1, where P
is the fluorescence anisotropy at a given concentration of
PRMT1, A is the amplitude, and kd is the observed dissociation
constant between PRMT1 (E) and H4 peptide (S).

(1)

Stopped-Flow Fluorescence Measurements. The tran-
sient-state kinetics of association, dissociation, and catalytic
turnover were determined by stopped-flow fluorescence assays
using several fluorescein-labeled H4 peptides (H4FL, H4FLme1,
H4FLme2) as probes. Binding of the fluorescent peptide to
PRMT1 (or PRMT1−cofactor complex) quenches the peptide
fluorescence, while release of the peptide restores the
fluorescence. The transient fluorescence signal change was
detected at 30 °C on an Applied Photophysics stopped-flow
equipment using an excitation wavelength of 495 nm and a long
pass emission filter centered at 510 nm. Four to six shots were
collected and averaged for each curve. For the association
measurements, increasing concentrations of PRMT1 (2, 4, and 6
μM) with or without 100 μM SAH were mixed with 0.4 μM of
fluorescent peptide in the reaction buffer (50 mM HEPES (pH
8.0), 50 mM NaCl, 1 mM EDTA, 0.5 mM DTT). After averaging
the shot data, the association time courses were fitted to a single-
exponential function (eq 2) when the cofactor was absent or to a
double-exponential function (eq 3) when the cofactor was present.
In eqs 2 and 3, F is the fluorescence intensity at time t, A is the
amplitude of the fluorescence change, and kn are the rate constants.
The observed rate constants were plotted against PRMT1
concentration, and the data were fit to eq 4 (in the absence of
SAH) or eq 5 (in the presence of SAH) to derive the association
rate constants kon or k1, respectively. For eq 5, k1 and k−1 are the
association and dissociation rate constants, and k2 and k−2 are the
forward and reverse rate constants of phase 2.

(2)

(3)

(4)

(5)

For the dissociation rate constant measurements, 0.4 μM
fluorescent peptide was prebound to 2 μM PRMT1 (with or
without 100 μM SAH/SAM), and the complex was rapidly
mixed with 50 μM unlabeled H4(1−20) peptide to trap the
free PRMT1. The averaged shot data were fitted to eq 2 when
the cofactor is absent or to eq 3 when the cofactor is present.
Here k (or k1) is the dissociation rate constant (koff ), and k2
reflects the rate constant for a putative conformational change
before substrate release.

For PRMT1 methylation kinetics in single turnover
conditions, H4FL or H4FLme1 peptides were used to probe

the reaction rate for transfer of both methyl groups (H4FL) or
only the second methyl group (H4FLme1). In these reactions,
2 μM PRMT1 and 100 μM SAM were mixed with 0.4 μM
H4FL or H4FLme1 in the reaction buffer mentioned above.
The methylation time course exhibited two distinct kinetic
phases and was fitted to a double-exponential function (eq 3),
where the observed k2 likely reflects the methyl transfer rate
constant. The rate constant for transfer of the first methyl
group (k1′) is calculated from eq 6, where ktot (the total rate
constant for transfer of two methyl groups) is obtained from
H4FL methylation time course and k2 ′ (the rate constant for
transfer of the second methyl group) is obtained from
H4FLme1 methylation time course.

(6)

■ RESULTS

Oligomerization of PRMT1 Stimulates Its Activity. To
understand the process of methylation, we first checked the
oligomeric state of PRMT1, as this enzyme has been reported
to function as a homodimer or oligomers.33 Different con-
centrations of PRMT1 were incubated with glutaraldehyde
(0.025%, v/v) for 5 min. 0.1% Triton X-100 was added to
eliminate the nonspecific interactions. The mixtures were
resolved using 8% SDS-PAGE and probed with anti-PRMT1
antibody. It is clear that as the protein concentration increases,
the degree of oligomerization also increases until it reaches a
plateau (Figures 1a,b). We further tested if there is a correlation
between the activity of PRMT1 and its concentration. As
Figures 1c,d reveal, the slope of a plot of the apparent Vmax
divided by PRMT1 concentration (i.e., the apparent kcat) is not
constant as the PRMT1 concentration changes. In other words,
the turnover rate per PRMT1 monomer becomes higher as its
concentration increases and then plateaus when it rises above
∼0.5 μM. Together, these data suggest that PRMT1
oligomerization is dependent on concentration in the range
of 0−0.5 μM and that the final PRMT1 oligomeric complex is
the most active form.
H4 Peptide Synthesis and Steady-State Kinetic

Characterization. To create fluorescent probes for study of
the PRMT-substrate interaction and methylation, we synthe-
sized several peptides containing N-terminal 20 amino acids
of histone H4, with 0, 1, or 2 methyl groups on Arg-3 and a
fluorescein group on Dpr-10 (2,3-diaminopropionic acid residue,
substituting for Leu-10) (Table 1). H4FL and H4FLme1 are
substrates of PRMT1, and H4FLme2 is a product of PRMT1
catalysis. In this design, the fluorescein group is placed at an
optimized position relative to the methylation site, such that the
label does not affect substrate methylation but might still be
sensitive to the local change in microenvironment induced by
ligand binding. These fluorescent peptides were synthesized with
the Fmoc-based solid phase peptide chemistry strategy, purified
by HPLC, and analyzed by MALDI-MS.
After the peptide synthesis and characterization, we

measured the steady-state kinetic parameters of PRMT1
catalysis with these substrates. [14C]-SAM was used as the
methyl donor for the methyltransferase reactions, enabling us
to quantify the methylated products by liquid scintillation
counting. In the steady-state initial rate assays, one substrate
concentration was varied and the other substrate was fixed in
large excess (at least 5-fold higher than its Km) to ensure
pseudo-first-order reaction conditions. Each reaction was
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quenched at an appropriate time to ensure that substrate
conversion was less than 20%. As shown in Table 2, the Km and
kcat values of peptide for H4(1−20) and H4FL vary by less
than 3-fold, indicating that fluorophore does not significantly
affect substrate methylation by PRMT1. Also, in a competitive

fluorescence anisotropy assay, H4(1−20) was found to com-
pletely reverse the binding of H4FL to PRMT1 (Figure SI-1),
indicating that the fluorescein-labeled peptide has the same
binding mode to the enzyme as the label-free peptide. In
addition, these synthesized peptide substrates exhibit com-
parable kinetic parameters as histone H4 protein, demonstrat-
ing that they are good representatives of H4 protein. The
kcat/Km values for unmethylated H4FL and monomethylated
H4FLme1 are 0.86 ± 0.09 and 1.6 ± 0.29 μM−1 min−1,
respectively, suggesting that PRMT1 has little preference for
arginine-monomethylated H4 peptide. The binding affinity
between the fluorescein-labeled peptides and PRMT1 was
measured by fluorescence anisotropy titrations,30 taking
advantage of the fact that the large enzyme−peptide complex

Table 1. Sequences of H4 Peptidesa

peptide name sequence

H4(1−20) Ac-SGRGKGGKGLGKGGAKRHRK
H4FL Ac-SGRGKGGKGDpr(FL)GKGGAKRHRK
H4FLme1 Ac-SGRme1GKGGKGDpr(FL)GKGGAKRHRK
H4FLme2 Ac-SGRme2GKGGKGDpr(FL)GKGGAKRHRK

aDpr: 2,3-diaminopropionic acid residue; FL: fluorescein group; me:
methyl group.

Figure 1. Concentration dependence of PRMT1 oligomerization and catalytic activity. (a) Western blot analysis of PRMT1 oligomerization.
Different concentrations of PRMT1 (0.012−3.13 μM) were prepared in presence of 0.1% Triton X-100 and incubated with 0.025% (v/v)
glutaraldehyde for 5 min. The cross-linked proteins were resolved on 8% SDS-PAGE followed by Western blot detection (primary antibody: anti-
PRMT1 rabbit polyclonal IgG; secondary antibody: goat anti-rabbit IgG-HRP). Lanes 1 to 9: marker, 0.012 μM, 0.024 μM, 0.05 μM, 0.10 μM, 0.20
μM, 0.39 μM, 0.78 μM, and 1.56 μM of PRMT1. (b) Concentration-dependent oligomerization of PRMT1. The Western blot densitometry was
analyzed by QuantityOne software, and the fractions of PRMT1 monomer, dimer, and oligomer were plotted as a function of PRMT1 concentration.
(c) Maximum velocity as a function of PRMT1 concentration. 0−3.13 μM of PRMT1 was added to the reaction buffer containing 18.75 μM of
[14C]-SAM and 18.75 μM of H4-20. The total protein concentration for each reaction was controlled at 3.13 μM by including BSA as a carrier
protein, eliminating the effect of nonspecific interaction. Each reaction was quenched at less than 20% yield. (d) Apparent kcat as a function of
PRMT1 concentration. The data were deduced from (c) by dividing the maximum velocity with the corresponding enzyme concentration.
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has a larger correlation time and higher anisotropy than the
peptide ligand (Figures 2a,b). The Kd values for the binding
of H4FL, H4FLme1, and H4FLme2 to PRMT1 apoenzyme
(0.47 ± 0.06, 0.74 ± 0.13, and 0.44 ± 0.09 μM, respectively)
are very similar, suggesting that PRMT1 does not appreci-
ably distinguish among the three peptide forms, although the
Km of H4FLme1 (0.17 ± 0.03 μM) is somewhat lower than
the other two peptides. It is possible that binding of cofactor

SAM to PRMT1 alters its interaction with the peptide
substrate.
Measurement of the Binding Rate Constants of the

H4 Peptides with PRMT1. Our fluorescein-labeled H4
peptide showed an appreciable fluorescence decrease when
mixed with excess amounts of PRMT1, which was reversed by
adding increasing concentrations of unlabeled H4(1−20)
(Figure SI-2). This indicates a change in the environment for

Table 2. Steady-State Kinetic Characterization of PRMT1 Binding and Catalysisa

substrates Km, μM kcat, min−1 kcat/Km, μM−1 min−1 Kd, μM

H4 protein 1.69 ± 0.39 0.50 ± 0.03 0.30 ± 0.07
H4(1−20) 0.64 ± 0.04 0.81 ± 0.01 1.27 ± 0.08
H4FL 0.50 ± 0.05 0.43 ± 0.01 0.86 ± 0.09 0.47 ± 0.06
H4FLme1 0.17 ± 0.03 0.27 ± 0.01 1.60 ± 0.29 0.74 ± 0.13
H4FLme2 0.44 ± 0.09
SAM (for H4FL methylation) 3.10 ± 0.46 0.48 ± 0.02 0.15 ± 0.02
SAM (for H4FLme1 methylation) 1.59 ± 0.37 0.33 ± 0.02 0.21 ± 0.05

aThe radioactive methylation assays were carried out at 30 °C and pH 8.0. PRMT1 concentration was typically 0.01 μM in the catalytic experi-
ments. Kd values were detected in fluorescence anisotropy titration using constant fluorescent peptide (0.2 μM) and increasing concentration of
PRMT1.

Figure 2. Fluorescence anisotropy titration of fluorescent peptides with PRMT1. 0.2 μM of H4FL (a), H4FLme1 (b), or H4FLme2 (c) was titrated
with increasing concentration of PRMT1 at 30 °C in the reaction buffer mentioned above, and the anisotropy change due to large ES complex
formation was recorded, with 498 nm excitation and 524 nm emission. Data were fit to eq 1 to calculate the Kd values.
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the fluorescein group upon substrate−enzyme interaction and
provides a signal to measure the association rate constant of the
fluorescent peptide with PRMT1 using stopped flow fluorescence.
In the transient kinetics experiments, the fluorescent peptide was
rapidly mixed with increasing concentrations of PRMT1 (in large
excess over the substrate), and the time-dependent fluorescence
signal change was monitored to obtain the observed rate constants
(kobs). Typical time courses for H4FL, H4FLme1, and H4FLme2
are shown in parts a, b, and c of Figure 3. Each averaged data curve
was fitted well to a single-exponential function, suggesting no more
than a simple single-step process. The kobs data were calculated and
plotted against PRMT1 concentration (Figure 3d and Figure SI-3).
The association rate constant (kon) was obtained from the slope
of the plot of kobs against PRMT1 concentration to be 40 ±
1 μM−1 s−1 for H4FL, 23 ± 1 μM−1 s−1 for H4FLme1, and 26 ±
1 μM−1 s−1 for H4FLme2.
Measurement of Dissociation Rate Constants of

Peptides from PRMT1. We next measured dissociation rate
constants (koff ) of H4FL, H4FLme1, and H4FLme2 from
PRMT1. A trapping experiment was designed as previously

described.34 In this measurement, one solution containing
0.4 μM fluorescent ligand and 2 μM PRMT1 was rapidly mixed
with the other solution containing a large excess of unlabeled
H4 peptide, i.e., 50 μM of H4(1−20). Following mixing, the
fluorescent ligand dissociated from the PRMT1 complex, and
the free PRMT1 was trapped with excess H4(1−20). The
single-exponential time course reflects this dissociation process,
with the expected recovery of fluorescence of the labeled
peptide as it is released to bulk solution (Figure 4). The
dissociation rate constants obtained from these measurements
are 333 ± 9 s−1 for H4FL, 292 ± 3 s−1 for H4FLme1, and
319 ± 6 s−1 for H4FLme2.
Effect of SAH on Enzyme Binding and Dissociation of

H4FLme1. We also examined how the cofactor analogue SAH
affects the association and dissociation of the fluorescent
substrate H4FLme1 with PRMT1. For the binding experiment,
100 μM of SAH was preincubated with PRMT1 (2, 4, and
6 μM) prior to rapid mixing with H4FLme1. The time course
for PRMT1-SAH binding with H4FLme1 was monitored with
stopped-flow fluorescence (Figure 5a). It is noted that the

Figure 3. Stopped-flow measurements of peptide association with PRMT1. Panels a, b, and c show the fluorescence change of H4FL, H4FLme1, and
H4FLme2 (0.4 μM) upon mixing with PRMT1 (4 μM) at 30 °C in the reaction buffer, respectively. Excitation wavelength was selected at 495 nm,
and emission ≥510 nm was detected. Each sample was injected 4−6 times. The black dots show the averaged data points, and the curves are fit with
eq 2. Panel d shows the observed association rate constant of H4FLme1 plotted against the concentration of PRMT1. The data were fit to
linear eq 4.
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magnitude of the fluorescence change of H4FLme1 upon
association with PRMT1-SAH is 2-fold larger than its binding
with apo PRMT1 under the same conditions (Figure 3b), and
the association rate constant is 2-fold higher (Table 3),
indicating that SAH modulates the microenvironment of the
fluorophore in the ES complex. More importantly, the time
course data can only be fitted to a double-exponential function,
rather than a single-exponential function as observed above,
suggesting that the binding is not a single-step process and that
minimally two steps are involved (Scheme 2b). The double-
exponential fitting produces two sets of kobs: one for a fast
phase and the other for a slow phase (phases 1 and 2 in Figures
5a,b). The rate constant values can be further fit to a two-step
binding model (eq 5).35 The first-step binding rate constant k1
was determined from the slope of the fast phase as 48 ±
1 μM−1 s−1. The plateau of the slow phase (36 ± 2 s−1)
corresponds to the sum of k2 and k−2, and the difference on
the ordinate axis between this plateau and the intercept of
the fast phase yields 117 ± 3 s−1 for k−1. Also, we measured the
dissociation progression course for H4FLme1 from PRMT1
in the presence of 100 μM SAH (Figure 5c). Similar to the
dissociation experiment for the H4FLme1PRMT1 complex,
excess H4(1−20) was used as the trapping ligand. Again,

the dissociation time course could not be fitted to a
single-exponential function, confirming that the binding of
H4FLme1 with PRMT1-SAH is not a single-step process. The
two rate constants obtained from the double-exponential fit
(109 ± 1 and 19 ± 0.2 s−1) correspond to the two reverse rate
constants in the two-step binding model (k−1 and k−2 in
Scheme 2b). Of note, the k−1 value from the trapping
experiment is very close to that obtained from the binding
experiment, supporting the validity of the two-step model.
Combining the kinetic data for binding and dissociation, all the
four rate constants of Scheme 2b were calculated. The koff for
H4FLme1 dissociation from PRMT1-SAH complex is about
3-fold lower than that of apo-PRMT1 (Table 3). In addition,
the presence of 100 μM SAH or SAM was found to have a similar
effect on the dissociation of H4FLme2 from the PRMT1−cofactor
complex as described above (Figure 5d and Figure SI-4), lowering
its koff to 204 ± 3 or 163 ± 3 s−1, respectively. The kinetic
difference between H4 peptide binding to holo-PRMT1 and to
apo-PRMT1 suggests that the presence of the cofactor modulates
the PRMT1−substrate interaction.
Progression of Arginine Methylation Probed by

Stopped-Flow Fluorescence. Having determined the binding

Figure 4. Stopped-flow measurements of peptide dissociation from PRMT1. 0.4 μM fluorescent peptide was premixed with 2 μM PRMT1 in the
reaction buffer. The solution was then rapidly mixed with 50 μM H4(1−20) on stopped-flow instrument at 30 °C. Each sample was injected 4−6
times. The black dots show the averaged data points, and the curves are fit with eq 2. (a), (b), and (c) show the dissociation time course of H4FL,
H4FLme1, and H4FLme2 from PRMT1, respectively.
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and dissociation rate constants of H4 substrates and products, we
then investigated possible fluorescence signal changes that reflect
PRMT1-mediated methylation. Toward this end, we measured the
fluorescence changes of H4FL and H4FLme1 over the entire
methylation reaction course (Figures 6a,b). In the stopped-flow
experiments, a solution containing 2 μM PRMT1 and 100 μM
SAM was mixed with a solution containing 0.4 μM fluorophore-
labeled substrate to initiate the methylation. Such single-turnover
conditions increase the chance of identifying active enzyme
intermediates. Interestingly, a biphasic time course was

observed. The fluorescence signal for the first phase decreased
(phase I) and then gradually increased until a plateau was
reached (phase II). A double-exponential function was applied
to determine the rate constants for the two phases (0.14 ± 0.01
and 0.022 ± 0.001 s−1 for the methylation of H4FL and 7.2 ±
0.2 and 0.034 ± 0.001 s−1 for the methylation of H4FLme1).
The second phase, i.e., the slower phase, likely reflects the
methyl transfer step because the rate constants are in the same
range as the kcat values measured from the steady-state
experiments (0.43 ± 0.01 and 0.27 ± 0.01 min−1, Table 2).

Figure 5. Effect of SAH on the binding and dissociation of H4 substrate. Panel a shows the fluorescence change of H4FLme1 (0.4 μM) upon mixing
with a solution containing 4 μM PRMT1 and 100 μM SAH at 30 °C in the reaction buffer. The data are fit with a double-exponential function
(eq 3). The observed rate constants for phase 1 and phase 2 are plotted against the concentration of PRMT1 (or PRMT1−SAH complex), and the
data are fit to eq 5 to get the four rate constants for the two phases, as shown in panel b. Panels c and d show the dissociation time course of
H4FLme1 and H4FLme2 from PRMT1−SAH complex, respectively. 0.4 μM fluorescent peptide was premixed with 2 μM PRMT1 and 100 μM
SAH in the reaction buffer. The solution was then rapidly mixed with 50 μM H4(1−20) on stopped-flow instrument. The data are fit to eq 3.

Table 3. Summary of Rate Constant Data Obtained from Stopped-Flow Fluorescence Measurementsa

rate constants

peptide

association with
PRMT1

(μM−1 s−1)

association with
PRMT1−SAH
(μM−1 s−1)

dissociation
from PRMT1

(s−1)

dissociation from
PRMT1−SAH

(s−1)

dissociation from
PRMT1−SAM

(s−1)

1st phase in the
course of

methylation (s−1)

2nd phase in the
course of

methylation (s−1)

H4FL 40 ± 1 333 ± 9 0.14 ± 0.01 0.022 ± 0.001
H4FLme1 23 ± 1 48 ± 1* 292 ± 3 109 ± 1* 7.2 ± 0.2 0.034 ± 0.001
H4FLme2 26 ± 1 319 ± 6 204 ± 3* 163 ± 3*

aAsterisk indicates the rate constant for the fast phase (phase 1) calculated from double-exponential fitting.
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Also, product release cannot contribute to the slow phase given
that the dissociation rate constants of H4FLme1 and H4FLme2
(Table 3) are several thousand-fold larger than the rate
constants for the slow phase. On the other hand, the fast
phase observed in the time course is of great interest. It does not
relate to the substrate binding because the observed first-order
rate constants for binding of the substrate (e.g., 248 ± 3 s−1 for
H4FLme1 at 2 μM of PRMT1 in presence of the cofactor) are
significantly greater than the rate constants for phase I in the
methylation experiments (i.e., 0.14 ± 0.01 and 7.2 ± 0.2 s−1).
Indeed, if a closer look is taken at the very early part of the first
phase (Figures 6a,b, insets), an even faster phase can be
discerned, which likely corresponds to the substrate binding
step. Therefore, the first phase in the methylation course reveals
a new step existing after the ternary complex formation and
prior to the methyl transfer step. Most likely, the newly
discovered step corresponds to an enzyme isomerization step
toward a catalytically active form in preparation for methyl
transfer.

■ DISCUSSION

The importance of PRMTs in biology and human disease is
being increasingly recognized. In particular, PRMT1 is critically
involved in cardiovascular disease and cancer, making it a
potential therapeutic target for drug development. The
mechanism of PRMT-catalyzed addition of methyl groups to
histone and non-histone substrates is central to our under-
standing of the action of arginine methylation in regulating

chromatin function and signal transduction. Elucidation of the
kinetic mechanism also facilitates better design of selective
inhibitors of PRMTs.
Investigation of the transient kinetics of arginine methylation

is limited by a lack of effective assay methods. The classic
radioisotope-labeled assay for methyl transfer is not well suited
for transient-state kinetic studies. Recently, we found that
fluorescein-labeled peptide substrates are sensitive to enzyme
binding and the methylation reaction.30 Herein, we designed
new fluorescein-labeled H4 peptides with different methylation
states and carried out stopped flow fluorescence measurements
to gain insights into substrate binding and arginine methylation.
The steady-state kinetic parameters of these fluorophore-
labeled substrates are close to that of the unlabeled H4 peptide
and protein substrates, indicating that these peptides are ideal
substrates to study PRMT catalysis. A high final PRMT1
concentration of 2 μM was used, where the enzyme is in its
most active oligomeric state and which is a concentration high
enough to prevent subunit dissociation upon dilution. It is also
worth mentioning that we employed a nonlimiting amount
of SAM (100 μM) in the methylation reaction so that SAM
binding was not rate limiting. Such a concentration is
physiologically relevant because SAM concentration can be as
high as 150−280 μM in the cell.36 Combining the stopped flow
data for substrate and product association, dissociation, and
methylation, we proposed a minimal kinetic model as outlined
in Scheme 3. A significant discovery from these transient kinetic
measurements is the revelation of conformational transitions
prior to and subsequent to the chemical step. The conforma-
tional change prior to the chemical step is reflected by the
appearance of a fluorescence decay phase after substrate
binding in the methylation time course, which is in turn faster
than the subsequent methyl transfer step. The rate constant of
this conformational phase in H4FL methylation progression
course (0.14 ± 0.01 s−1) is 3350-fold smaller than the observed
H4FLPRMT1 association rate constant (469 ± 10 s−1 at
2 μM PRMT1), highlighting that the kinetic phase is not
directly ascribed to substrate binding. This finding suggests that
there is an unstable initial ES complex that is rapidly populated
but has a low commitment to catalysis and that the binding of
substrate to PRMT1−SAM complex triggers a structural

Scheme 2. Two Different Kinetic Models of Substrate
Association with PRMT1 Apoenzyme and Holoenzyme: (a)
Single-Step Binding Model between H4FLme1 and PRMT1;
(b) Two-Step Binding Model between H4FLme1 and
PRMT1−SAH Complexa

aE: open-state PRMT1. E′: closed-state PRMT1.

Figure 6. Time course of PRMT1 catalysis probed by stopped-flow fluorescence. (a) H4FL was used to probe the progression of two methyl
transfer, and (b) H4FLme1 was used to detect the progression of the second methyl transfer. In both measurements, 0.4 μM fluorescent peptide was
mixed with a solution containing 2 μM PRMT1 and 100 μM SAM at 30 °C in the reaction buffer. Each reaction was performed 4−6 times, and the
black dots show the averaged data points. The data are fit with eq 3. Inset graphs magnify the data points at the very early stage of the reaction.
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isomerization that likely transforms PRMT1 from a precatalytic
state into a more active form poised for methyl transfer.
Although structure analyses are needed to confirm the presence
of a conformational change, the transient kinetics data clearly
reveal a change in environment of the fluorophore in the ES
complex that is suggestive of such an isomerization. Therefore,
the active site reorganization is requisite for initiation of the
methyl transfer reaction. Thus far, detailed structural
information on the PRMT1H4 complex is absent, and
consequentially, it is unknown how the substrate association
alters the enzyme conformation. From the crystal structure of
PRMT1, at least two loop motifs are present near the substrate
binding site.33 We hypothesize that a conformational change
occurs involving the movement of one or two flexible loops
that exist predominantly in an open state in the precatalytic
enzyme form (E form). Following the binding of substrate to
the enzyme, the loop translocates and buries the active site to
produce a closed, active enzyme form (E′ form) in preparation
for the methyl transfer reaction.
The association/dissociation rate constants for H4FL, H4FL-

me1, and H4FL-me2 are generally on the same scale (Table 3),
indicating that PRMT1 has little discrimination among these
peptides. Interestingly, the presence of SAH appreciably alters
the kinetic mode and rate constants of substrate−PRMT1
binding and dissociation. For instance, the stopped-flow time
course for association of H4FLme1 with the PRMT1−SAH
complex, as well as the reverse dissociation process, does not
follow single-exponential fitting, suggesting that the binding of
H4FLme1 to PRMT1−SAH complex is not simply a single-
step process. Instead, these transient kinetic data fit well to
a double-exponential function, yielding all four rate constants
for the two phases. These results allow us to propose that
H4FLme1 binds to the PRMT1−SAM or PRMT1−SAH
complex in two steps: the first step involves rapid-equilibrium
binding of the peptide ligand with the enzyme in an open state
to form the initial ternary complex, and the subsequent step is a
relatively slow change in enzyme conformation to form a
closed-state of PRMT1. Notably, this conclusion coincides very
well with the methylation kinetics study which also suggests a
conformational step prior to the catalysis. It is conceivable that
once the methyl transfer reaction is complete, the enzyme will
return from the closed state to the open state through loop
opening, allowing the release of the products (Scheme 3). At
this stage, it is not clear how SAH or SAM structurally affects
the interaction between PRMT and the peptide substrate. On
the basis of the elevated kon and lowered koff in the presence of
SAH or SAM (Table 3), the binding of SAH or SAM possibly
modulates the conformation of PRMT1 such that more contact
residues are exposed for substrate capture, which also makes the
substrate bind to the enzyme more tightly. As observed in the
crystal structure of CARM1, the apoprotein adopts an open
state for SAM binding pocket, while the holoprotein in the

SAH-bound state shows a closed conformation, as an essential
H-bond is formed between Ser217 and Y154.37,38 Therefore,
SAM and SAH are important regulators of PRMT−substrate
interaction. An implication is that in order to identify unknown
substrates of PRMTs in the cell, adding a sufficient amount of
SAM/SAH would be beneficial.
The association and dissociation rate constants of H4

peptides are much faster than the chemical step in PRMT1
catalysis. This strongly supports the notion that transfer of the
methyl group is the rate-limiting step along the reaction path.
This result also confirms that PRMT1 likely follows a rapid
equilibrium sequential mechanism for catalysis as previously
proposed.28 Our data suggest that the monomethylated peptide
H4FLme1 has a high chance to be released from PRMT1
before the second methyl group is added because dissociation
of H4FLme1 from either the apoenzyme (292 ± 3 s−1) or the
PRMT1−SAH complex (109 ± 1 s−1) occurs much more
frequently than its methylation (0.034 ± 0.001 s−1). Thus,
PRMT1 likely transfers two methyl groups to the same arginine
nitrogen in two independent processes. However, there may
be more complex scenarios where this conclusion needs to
be modified. For instance, a large monomethylated protein
substrate could be partially bound to the enzyme through
residues distal from the target arginine residue while still
allowing the exchange of SAH with SAM for the second round
of methyl transfer. Furthermore, in the cell, additional associ-
ated or accessory proteins in the substrate complex or enzyme
complex may augment the enzyme−substrate interaction, thus
connecting the first and the second methylation reactions in
one process. These scenarios warrant future investigation.
The rate constant for the transfer of the second methyl group

(0.034 ± 0.001 s−1) is about half that for the transfer of the first
methyl group (0.062 ± 0.003 s−1), suggesting that addition of
the second methyl group to the same nitrogen of the arginine is
more difficult than the first one, possibly because of steric
hindrance for the nucleophilic attack. However, the rate for the
conformational change following H4FLme1 binding (7.2 ±
0.2 s−1) is faster than that of H4FL (0.14 ± 0.01 s−1).
Combining these two factors, catalysis of the second methyl
group transfer has about the same turnover rate as that of the
first methyl group. This correlates well with the steady-state
kinetic data showing that H4FL and H4FL-me1 have similar
kcat values (0.43 ± 0.01 and 0.27 ± 0.01 min−1, respectively).
In this study we assumed that the set of H4FLme(0−2)

probes mimic the kinetics of native H4 peptide and protein in
PRMT1 catalysis since they showed similar steady-state kinetics
(data in Table 2). However, we cannot rule out the possibility
that the microsopic kinetic behavior of H4FLMe(0−2) probes
may be slightly different from that of native H4 peptides, while
still sharing similar steady-state kinetics behavior and having
methylation as the rate-limiting step. Another interesting
observation is that the Kd values for H4FL, H4FL-me1, and

Scheme 3. Proposed Minimal Kinetic Model of PRMT1 Catalysis: (a) First Methylation and (b) Second Methylation of H4a

aThe chemical step is rate-limiting. E: open-state PRMT1. E′: closed-state PRMT1.
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H4FL-me2 are similar, yet the fluorescence anisotropy change
of H4FLme1 binding to PRMT1 (0.053−0.109) is relatively
larger than that for H4FL and H4FLme2 (0.053−0.087 and
0.053−0.080, respectively) (Figure 2). This is an interesting
phenomenon that may reflect differences in the internal
mobility of the bound fluorophores or possibly that the active
site structure of PRMT1 is subtly different in the H4FLme1−
PRMT1 complex from that of H4FL− or H4FLme2−enzyme
complex. This may also explain why the precatalytic conforma-
tional transition of H4FLme1 methylation reaction (7.2 ±
0.2 s−1) is much faster than that of H4FL (0.14 ± 0.01 s−1).
In conclusion, our stopped-flow fluorescence data provide a

detailed view of arginine methylation catalyzed by PRMT1.
Under this scheme, the methyl transfer step is the major rate-
limiting step which proceeds much more slowly than substrate
association/dissociation. Binding of cofactor SAM/SAH
appreciably affects the interaction between H4 peptide and
the enzyme, probably due to a conformational change upon
enzyme−cofactor complex formation. Importantly, the transient
kinetics data reveal a conformational transition step following the
substrate binding and prior to the chemical step. This protein
isomerization likely reorganizes the active site of PRMT1 from
an open state to a closed state, activating the side-chain
terminal nitrogen of H4R3 and/or the reactive methyl group of
SAM to facilitate the methyl transfer. Further structural studies
will be essential to validate this kinetic proposition.
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