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Abstract

Protein arginine methyltransferases (PRMTSs) are SAM-dependent enzymes that catalyze the mono-
and di-methylation of peptidyl arginine residues. Although all PRMTs produce mono-methyl
arginine (MMA), type 1 PRMTSs go on to form asymmetrically dimethylated arginine (ADMA),
while type 2 enzymes form symmetrically dimethylated arginine (SDMA). PRMT1 is the major type
1 PRMT in vivo, thus it is the primary producer of the competitive NOS inhibitor, ADMA. Hence,
potent inhibitors, which are highly selective for this particular isozyme, could serve as excellent
therapeutics for heart disease. However, the design of such inhibitors is impeded by a lack of
information regarding this enzyme’s kinetic and catalytic mechanisms. Herein we report an analysis
of the kinetic mechanism of human PRMT1 using both an unmethylated and a mono-methylated
substrate peptide based on the N-terminus of histone H4. The results of initial velocity and product
and dead-end inhibition experiments indicate that PRMT1 utilize a rapid equilibrium random
mechanism with the formation of dead-end EAP and EBQ complexes. This mechanism is gratifyingly
consistent with previous results demonstrating that PRMT1 catalyzes substrate dimethylation in a
partially processive manner.

Protein arginine methyltransferase 1 (PRMT1) has recently emerged as a potential new target
for the development of a novel therapeutic for heart disease (1-8). This is the case because
PRMT1 is overexpressed in the hearts of patients with coronary heart disease (9). Additionally,
PRMT1 appears to be responsible for generating the majority of the asymmetrically
dimethylated arginine (ADMA,; Figure 1) in cells. This is relevant to heart disease because
patients with atherosclerosis, hypercholesterolemia, and heart failure have elevated plasma
levels of free ADMA (which is released from cells after protein degradation), and these levels
correlate with disease severity (4—7). The pathological effects of elevated free ADMA likely
relates to its ability to act as an endogenous inhibitor of Nitric Oxide Synthase (NOS) isozymes;
and suggest that increased PRMT activity contributes to heart disease by indirectly increasing
the levels of free ADMA (Figure 2). Consistent with this hypothesis is the fact that mice
genetically engineered to lack an ADMA degrading enzyme, i.e. DDAH1 (Dimethyl arginine
dimethylamino hydrolase), have increased levels of serum ADMA, reduced NO signaling,
elevated systemic and pulmonary blood pressure, and endothelial dysfunction (33). Thus, one
would expect that inhibitors targeting PRMT1 would represent an effective therapy for
cardiovascular disease because they would indirectly decrease the ADMA pool. In addition to
heart disease, PRMT1-targeted therapeutics may also offer a novel treatment for a number of
human cancers because this enzyme acts as a transcriptional coactivator for multiple nuclear
receptor (NR) family members (e.g. the androgen and estrogen receptors) (10-12) and
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dysregulation of nuclear receptor signaling is a hallmark of hormone dependent cancers, e.g.
breast cancer (13-16).

In independent studies, PRMT1 was originally identified as an interacting protein for both the
TI1S21 and BTG1 proteins (17); as well as the interferon-alpha receptor (18). Since its initial
identification and demonstration that it is a bona fide PRMT, this multifunctional enzyme has
been implicated in an array of biological processes, including RNA splicing and transport,
protein trafficking, and cellular growth (reviewed in (19-22)). Additionally, and as noted
above, this enzyme has been shown to act as a coactivator of nuclear receptor mediated gene
transcription (10-12) where it can combine with p300/CBP, a histone acetyltransferase, and
PRMT4/CARM1(coactivator associated arginine methyltransferase 1) to synergistically
coactivate gene transcription from a number of different templates (10,11). In addition to NRs,
PRMT1 can act as a transcriptional coactivator for p53, YY1, and NF-xB (23-25). PRMT1
catalyzed methylation of histone H4 at Arg3 appears to be required for its coactivator activities
(10,11,19-23).

In addition to these important physiological functions, PRMT1 has served as the prototypical
PRMT - principally because it was the first eukaryotic PRMT to be cloned — and as such it
has aided the identification of other PRMT family members. These include PRMTs 2 to 8 and
10 that all possess a highly conserved, ~310 amino acid, catalytic core (20-22,26-28).
Individual PRMT isozymes utilize S-adenosyl-L-methionine (SAM) as the methyl donor and
catalyze methyl group transfer to the w-nitrogen of a peptidyl arginine residue, yielding
Sadenosyl-L-homocysteine (SAH) and o-N®-monomethylarginine (MMA) (Figure 1).
Specific isozymes can also catalyze the transfer of a second methyl group from SAM to either
the same nitrogen atom or to the other o-nitrogen to generate o-N© NG-asymmetrically
dimethylated arginine (ADMA) and -N© ,N& -symmetrically dimethylated arginine (SDMA),
respectively (Figure 1). Because of this difference in methylation specificity, peptidyl-ADMA
generating PRMTs are classified as being Type 1 enzymes (PRMTs 1, 3, 4, 6, and 8) whereas
those isozymes that catalyze the formation of peptidyl-SDMA are classified as being Type 2
(PRMTs 5 and 7) enzymes. Note that no methyltransferase activity has been observed for
PRMTs 2 and 10; thus these enzymes cannot be classified. Also note that two other PRMTs
have been identified, i.e. PRMTs 9 and 11 (21,29); however a recent report (30) suggests that
these isozymes may not represent bona fide PRMTS, consistent with the fact that catalytic
domains within these enzymes lack significant homology to the catalytic core domain present
in other PRMT family members.

To gain insights into the mechanism of PRMT1 catalyzed methyl transfer; and thereby aid the
development of PRMT1-specific inhibitors, we recently initiated studies to characterize the
substrate specificity and molecular mechanism of PRMT1-catalyzed methyl transfer (31). The
results of the substrate specificity studies indicated that a peptide corresponding to the N-
terminal 21 amino acids of histone H4, a PRMT1 substrate, was regiospecifically modified at
Arg3, an in vivo site of PRMT1-directed methylation, with efficiencies that were comparable
to the protein substrate (31). These studies also demonstrated that positively charged residues
distal to the site of methylation were required for high affinity interactions between PRMT1
and its substrates (31).

We additionally reported that PRMT1 can catalyze the formation of peptidyl-ADMA in a

partially processive fashion (31). The term partially processive was used to explain that PRMT1
catalyzes the production of MMA and ADMA containing peptides in approximately equimolar
amounts, even in the presence of an excess of the unmethylated peptide substrate, ruling out a
fully processive mechanism in which the production of the ADMA product is obligatory, i.e.
the concentration of the intermediate does not rise above the concentration of the enzyme. Also
note that MMA containing peptides are poorer substrates for the enzyme (K¢q/Kmdecreased 2-
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to 4- fold; (31)); thereby ruling out a distributive mechanism of ADMA production in which
MMA containing peptides possess an intrinsically higher affinity for the enzyme and can rebind
even in the presence of an excess of the unmodified peptide (31).

To further investigate the partially processive nature of the PRMT1-catalyzed reaction, a
combination of initial velocity, product inhibition, and dead-end analogue inhibition studies,
were used to elucidate the kinetic mechanism of human PRMT1 (hPRMT1). Two peptide
substrates that are known to be either asymmetrically dimethylated, i.e. the AcH4-21 peptide,
or subject to only a single methylation event, i.e. the AcH4-21R3MMA peptide (the sequences
of these peptides are depicted in Table 1) were used for these studies. The latter experiments
were performed to provide a baseline for interpreting the experiments with peptides that are
subject to multiple methylation events. The results of these studies indicate that PRMT1 utilizes
a rapid equilibrium random mechanism (RER) of methyl transfer with the formation of dead-
end EAP and EBQ complexes. This mechanism is gratifyingly consistent with previous results
demonstrating that PRMT1 catalyzes substrate dimethylation in a partially processive manner.

EXPERIMENTAL PROCEDURES

Chemicals

N-(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid) (HEPES), dithiothreitol (DTT), and
ethylenediamine tetraacetic acid (EDTA) were purchased from Sigma-Aldrich. N-a-Fmoc
amino acids and pre-loaded Wang based resins were obtained from Novabiochem.
Radiolabelled reagents, i.e. 14C-labeled SAM and 14C-labeled bovine serum albumin (BSA),
were purchased from Perkin-Elmer Life Sciences.

Protein purification

The purification of hPRMT1 has previously been described (31). Briefly, an expression
construct encoding hexa-histidine tagged hPRMT1 was used to express and purify this protein
from E. coli. Purification of the recombinant enzyme was achieved through a combination of
immobilized metal ion chromatography (using a nickel(Il) chelating sepharose column) and
strong anion exchange chromatography.

Peptide synthesis

Peptides substrates were synthesized using standard Fmoc chemistry on a Rainin PS3
automated peptide synthesizer. Following their synthesis, peptides were cleaved from the
Wang-based resins with Reagent K (19 mL trifluoroacetic acid (TFA), 510 mg of phenol, 500
uL of ddH,0, 500 uL of thioanisole, and 250 uL of 1,2-ethanedithiol). After precipitation with
diethyl ether, the peptides were purified by reverse phase HPLC using water/0.05% TFA as
the mobile phase. Bound peptides were eluted with a linear acetonitrile/0.05% TFA gradient.
The sequences of all the peptides used in the studies described below as well as their expected
and observed masses, are depicted in Table 1. All mass spectra were acquired on a Bruker
Ultraflex 11 MALDI-TOF mass spectrometer.

Gel-based activity assay

Activity assays were performed as previously described (31). Briefly, this discontinuous gel-
based assay utilizes 14C-labeled SAM as the methyl donor and monitors the incorporation

of 14C-labelled methyl groups into arginine containing peptide substrates by phosphorimage
analysis after separating the reaction components on 16.5% Tris-Tricine polyacrylamide gels.
To quantify the amount of radiolabel incorporated, 14C-labeled BSA is used as an internal

reference standard. The Assay Buffer consisted of 50 mM HEPES at pH 8.0, 50 mM NacCl, 1
mM EDTA, and 0.5 mM dithiothreitol. Generally enzyme assays were performed by first pre-

Biochemistry. Author manuscript; available in PMC 2010 September 6.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Obianyo et al.

Page 4

incubating the Assay Buffer with SAM and a peptide substrate for 10 min at 37°C and then
initiating the reaction by the addition of hPRMT1 (212 nM final). Under these conditions,
hPRMT1 activity is linear with respect to both time and enzyme concentration (31). All assays
were performed at least in duplicate, the standard deviation was < 20 %, and where appropriate
the initial rates obtained from these assays were fit by nonlinear least fit squares to eq 1,

V=V max[ S1/(Kn+[S]) (1)

using the GraFit version 5.0.11 software package (32).

Initial velocity studies

Initial velocity patterns were obtained by determining the steady-state kinetic parameters for
a substrate at different fixed concentrations of the second substrate. The initial rates for
substrate peptides, i.e. the AcH4-21 and AcH4-21 R3MMA peptides, were determined at
different fixed concentrations of 14C-SAM (1, 2.5, and 7.5 uM for the AcH4-21 peptide and
2.5,5,7.5, 10, and 15 uM for the AcH4-21 RzMMA peptide). For SAM, initial rates were
obtained at fixed concentrations of the AcH4-21 peptide (2.5, 5, and 25 uM) and the AcH4-21
R3MMA peptide (2.5, 5, 10, 25, and 125 uM). Initial rates were fit to eq 2,

V=Vmax[ Al[B]/(KiaKo+Kp[ Al+Ka[ B]+[ A][B]) @

using the GraFit version 5.0.11 software package (32). Where Kj, is the dissociation constant
of the varied substrate and K, and K, are Michaelis constants for the varied and fixed substrates,
respectively.

Inhibition studies

Product inhibition experiments were carried out using the assay methodology outlined above.
For these experiments, the AcH4-21R3ADMA peptide and SAH were used as the product
inhibitors. Dead-end analogue inhibition experiments were carried out analogously; using the
AcH4-21R3K peptide and sinefungin as the dead-end analogues. The initial rates derived from
these inhibition experiments were fit to equations representative of linear competitive
inhibition (eq 3), linear non-competitive inhibition (eq 4), linear mixed inhibition (eq 5) or
linear uncompetitive inhibition (eq 6) by a non-linear least fit squares approach using the GraFit
version 5.0.11 software package,

V=Vmax[ SI/([S]+Km(1+[1]/Kis)) ®)
v=Vmax[ SI/([S]1(A+[1]/Ki)+Km(1+[1]/Ki)) o)
v=Vmax[ SI/([S]1(A+[1]/Kii)+Km(1+[11/Kis)) (5)

Vv=Vmax[ SI/([SI(A1+[1]/Kii)+Km) 6)
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where Kjj is the intercept K; and Kjg is the slope K;j. Note that equation 4 is the equation for
pure noncompetitive inhibition and the K; = K;j = Kjs. The best fits of the data to eq’s 3—-6 were
chosen using a combination visual inspection along with a comparison of the standard errors.

RESULTS

Initial velocity studies

To begin to characterize the kinetic mechanism of PRMTL, initial velocity studies were
performed. For these studies, the initial rates were determined for SAM at various fixed
concentrations of the AcH4-21R3sMMA peptide; and the initial velocity patterns assessed by
fitting the initial rate data to eq 2 (33). The reciprocal experiments were also performed and
the double reciprocal plots of both data sets intersect in the second quadrant. A similar pattern
of intersecting lines was also observed when the same experiments were repeated with the
AcH4-21 peptide, a peptide that can be asymmetrically dimethylated in a partially processive
fashion (31). These results are consistent with a sequential mechanism in which SAM and a
peptide substrate bind to the enzyme to form a ternary complex prior to methyl transfer. Note
that the intersecting line patterns rule out a ping-pong mechanism for which a parallel pattern
of lines is diagnostic. Additionally, these results are inconsistent with a rapid equilibrium
ordered mechanism because intersection on the ordinate would have been expected for one of
the substrates. The kinetic parameters obtained from these studies are summarized in Table 2.

Product inhibition studies using SAM and the AcH4-21R3MMA peptide as substrates

To discriminate between the various subtypes of kinetic mechanisms described for two
substrate-two product enzymes, product inhibition studies were performed. SAH and the
AcH4-21R3;ADMA peptide (Table 3), which cannot be further methylated by PRMT1 (31),
were used as the product inhibitors for these experiments. The AcH4-21R3MMA peptide was
used as the substrate because it is subject to only a single methylation event (31); thereby
providing a baseline for interpreting the inhibition patterns obtained with substrates that can
be processively methylated. The data from these experiments is summarized in Table 4.

The results of the product inhibition studies indicate that the AcH4-21R3ADMA peptide acts
as a competitive inhibitor when the concentration of the AcH4-21R3MMA peptide is varied,
suggesting that these two peptides bind to the same form(s) of the enzyme (Table 4).
Interestingly, SAH also acted as a competitive inhibitor when SAM was the varied substrate
and the AcH4-21R3MMA peptide was fixed at Kmpep), suggesting that these two compounds
also compete for binding to the same form(s) of the enzyme. These results were particularly
significant because they effectively narrowed the number of possible kinetic mechanisms to
four, i.e.: i) the simple RER mechanism; ii) the RER mechanism with a dead-end EBQ complex;
iii) the RER mechanism with dead-end EAP and EBQ complexes; and iv) the Theorell-Chance
mechanism, a special case of the ordered bi bi reaction. Note that the latter three possibilities
hold true for only two cases; i.e., when either the AcH4-21R3MMA and AcH4-21R3;ADMA
peptides represent substrate A and product Q and SAM and SAH represent substrate B and
product P (Case 1); or when SAM and SAH represent substrate A and product Q; and when
the AcH4-21R3sMMA and AcH4-21R3ADMA peptides represent substrate B and product P
(Case 2).

To begin to discriminate between these various possibilities, the product inhibition pattern
afforded by SAH was then obtained at a saturating concentration of the substrate peptide and
varied SAM. The observed competitive pattern of inhibition (Table 4) is inconsistent with Case
1 of the RER mechanism with a dead-end EBQ complex because by definition SAH cannot
bind to EA (i.e. the E@ AcH4-21R3MMA complex) to form an EAP complex (i.e. a
EeAcH4-21R3MMAeSAH complex) and no inhibition is expected. Also inconsistent with
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this particular mechanism is the observation that SAH acts as a noncompetitive inhibitor when
the AcH4-21R3MMA peptide is the varied substrate (Table 4) — a competitive pattern of
inhibition is expected in a RER mechanism with a dead-end EBQ complex because SAH will
compete with the AcH4-21R3MMA peptide for binding only to free enzyme. The fact that
SAH is a noncompetitive inhibitor when the AcH4-21R3MMA peptide is the varied substrate
also rules out the simple RER mechanism because according to this mechanism SAH would
be expected to compete with the AcH4-21R3MMA peptide for binding only to the free enzyme.
However note that both of these results are consistent with the RER mechanism with a dead-
end EBQ complex if SAM and the AcH4-21R3sMMA peptide represent substrates A and B,
respectively; and the AcH4-21R3ADMA peptide and SAH represent products P and Q;
respectively, i.e. Case 2.

To provide evidence against the latter possibility, the inhibition pattern for the
AcH4-21R3ADMA peptide at varied SAM and subsaturating levels of the AcH4-21RsMMA
peptide was determined. For a RER mechanism with a dead-end EBQ complex, a competitive
pattern of inhibition is expected because by definition the AcH4-21R3ADMA peptide cannot
bind to the E@SAM form of the enzyme to form the EAP complex. Thus, the observed
noncompetitive pattern of inhibition rules out a RER mechanism with a dead-end EBQ
complex. For the reasons discussed above; the observed pattern of inhibition also rules out the
simple RER mechanism; thereby leaving only Cases 1 and 2 of both the Theorell-Chance
mechanism and the RER mechanism with dead-end EAP and EBQ complexes as possible
mechanisms.

The two possible cases of the RER mechanism with dead-end EAP and EBQ complexes can
be distinguished by the pattern of inhibition obtained for the AcH4-21R3;ADMA peptide at
varied SAM and saturating levels of the AcH4-21R3MMA peptide. For Case 1, the
AcH4-21R3;ADMA peptide should not inhibit the reaction because the high concentrations of
the AcH4-21R3MMA peptide will out-compete the AcH4-21R3ADMA peptide for binding to
the free form of the enzyme; whereas for Case 2, the net result of AcH4-21R3ADMA binding
to both the free enzyme and the EeSAM complex would be a noncompetitive pattern of
inhibition. The fact that no inhibition is apparent under these conditions rules out Case 2 of the
RER mechanism with dead-end EAP and EBQ complexes. Case 2 of the Theorell-Chance
mechanism can also be ruled out because the order of product release, i.e. the release
AcH4-21R3ADMA before the release of SAH, would not allow for the processive methylation
of a substrate peptide.

Dead-end analogue inhibition studies using SAM and the AcH4-21R3MMA peptide as

substrates

Because the above described product inhibition studies cannot distinguish between the
Theorell-Chance mechanism and the RER mechanism with dead-end EAP and EBQ complexes
(where AcH4-21R3MMA and AcH4-21R3ADMA peptides represent substrate A and product
Q and SAM and SAH represent substrate B and product P), dead-end inhibitor studies were
performed to differentiate between these two possibilities. Sinefungin and the AcH4-21R3K
peptide were used as dead-end analogs in these studies because sinefungin is a SAM analogue
that contains a primary amino group in place of the S-methyl group whereas the
AcH4-21R3K peptide possesses a lysine residue in place of Arg3, i.e. the site of methylation
in the AcH4-21R3MMA peptide, and is not processed by the enzyme (31). The sequence and
structure of these compounds are depicted in Table 3.

The expected dead-end inhibition patterns for these two mechanisms are, with one exception,
identical. The one difference being the pattern of inhibition obtained for sinefungin when the
AcH4-21R3MMA peptide is the varied substrate. Under these conditions, uncompetitive
inhibition is expected in a Theorell-Chance mechanism because sinefungin binds to the
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Ee AcH4-21R3MMA complex whereas in a random mechanism noncompetitive inhibition is
expected because this compound can bind to the free form of the enzyme as well as the

Ee AcH4-21R3MMA complex. The results of this particular experiment (Table 5) demonstrate
that sinefungin acts as a noncompetitive inhibitor when AcH4-21R3MMA peptide is the varied
substrate, consistent with a RER mechanism with dead-end EAP and EBQ complexes (Scheme
1) and ruling out the Theorell-Chance mechanism (Case 1).

Note that the remaining dead-end inhibition patterns are consistent with a RER mechanism
with dead-end EAP and EBQ complexes. Also note that the noncompetitive pattern of
inhibition obtained for the AcH4-21R3K peptide when SAM is the varied substrate further
rules out the intellectually unsatisfying Theorell-Chance mechanism (Case 2) where the order
of product release, i.e. the release AcH4-21R3ADMA before the release of SAH, precludes the
processive methylation of a substrate peptide.

Inhibition studies using SAM and the AcH4-21 peptide as substrates

Having established that PRMT1 utilizes a RER mechanism with dead-end EAP and EBQ
complexes for substrates that can be exclusively monomethylated, we then determined the
product and dead-end inhibition patterns for a substrate that is known to be asymmetrically
dimethylated in a partially processive fashion, i.e. the AcH4-21 peptide (31). These data are
summarized in Tables 6 and 7. The results of these studies are qualitatively identical to those
obtained for the AcH4-21R3MMA peptide. Thus, regardless of the methylation status of the
peptide, the kinetic mechanism utilized by PRMT1 is the same.

DISCUSSION

PRMT1 appears to play important roles in a variety of cellular processes, including nuclear-
cytoplasmic protein shuttling, RNA metabolism, and most prominently transcriptional
regulation (19-22). However, the molecular details by which PRMT1 activity contributes to
the regulation of these diverse processes is incompletely understood. To address this
deficiency, we are focused on the development of PRMT 1-selective inhibitors (31,34) that can
be used to provide a more thorough understanding of in vivo PRMT1 function. We are
additionally, focused on this goal because PRMT1 activity appears to be dysregulated in heart
disease, and possibly cancer, suggesting it as a novel therapeutic target. To aid the development
of such inhibitors, we have previously identified elements present within PRMT1 substrates
that are critical for substrate recognition and further demonstrated that PRMT1 catalyzes the
formation of asymmetrically dimethylated residues in a partially processive fashion (31). To
further aid the design and synthesis of PRMT1 selective inhibitors and gain insights into how
PRMT1 can catalyze the sequential methylation of its substrates to generate an asymmetrically
dimethylated arginine residue, we determined the kinetic mechanism of hPRMT1.

To begin to characterize the kinetic mechanism of PRMT1, the initial rates were obtained at a
fixed concentration of SAM for substrates that are known to be exclusively monomethylated,
i.e. the AcH4-21R3MMA peptide, and asymmetrically dimethylated in a partially processive
fashion, i.e. the AcH4-21 peptide (31). The sequences of these peptides are based on the N-
terminal 21 amino acids of histone H4, a PRMT1 substrate; and are known to be modified with
comparable kinetics to the parent protein (31). Additionally, these peptides are methylated at
Arg3, an in vivo site of PRMT1-directed methylation, in a regiospecific manner (31). The
reciprocal experiments, in which SAM was varied at fixed concentrations of the AcH4-21
R3sMMA and AcH4-21 peptides, were also performed.

In all cases, double reciprocal plots of the rate data intersect in the second quadrant, consistent
with a sequential mechanism in which SAM and a peptide (or protein) substrate bind to the
enzyme to form a ternary complex that would permit the direct transfer of the methyl group of
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SAM to a o-nitrogen of a substrate arginine residue. While these results are gratifyingly
consistent with non-enzymatic model reactions of SAM-dependent methyl transfer reactions
(35), it is interesting to note that a parallel pattern of lines has been observed for a number of
Lysine Methyltransferases (KMTSs) that catalyze the partially processive methylation of target
lysine residues (36). In fact, Dirk et al suggest that the observation of such a pattern is diagnostic
for KMTs that methylate their substrates in a partially processive manner (36). The fact that
we do not observe a parallel line pattern with PRMT1, suggests that this phenomenon is not
universally applicable to all protein methyltransferases.

Having established that PRMT1 utilizes a sequential ternary complex mechanism, product and
dead end analogue inhibition experiments were performed. The results of these experiments
indicate that PRMT1 utilizes a RER mechanism with dead-end EAP and EBQ complexes
(Scheme 1). This was the case regardless of whether the substrate could be exclusively
monomethylated or asymmetrically dimethylated in a partially processive fashion. From a
mechanistic perspective, the proposed RER mechanism with dead-end EAP and EBQ
complexes is gratifyingly consistent with the partially processive nature of the reaction. This
is the case because the dissociation of SAH prior to the release of a monomethylated protein
would allow for the binding of a second molecule of SAM; and thereby permit the transfer of
a second methyl group to the same nitrogen to generate an asymmetrically dimethylated
arginine residue (Scheme 2). Conversely, the dissociation of the monomethylated peptide prior
to the release of SAH would explain why this product is generated in appreciable amounts.
Although our results are consistent with the partially processive nature of the PRMT1 catalyzed
reaction observed in vitro, we note that in vivo the apparent processivity of the reaction could
be influenced, both negatively and positively, by PRMT1 interacting proteins. Further studies
will be required to assess the effect of interacting proteins on the kinetic mechanism of this
enzyme.

It should be noted that the reactions catalyzed by PRMT4/CARM1 (Coactivator Associated
Arginine Methyltransferase 1) and PRMT6 have been suggested to proceed via an ordered
sequential mechanism in which SAM binds the enzyme first and SAH is the last product to
dissociate from the enzyme (37,38). These assignments are based on product inhibition studies
with PRMT®6 (37) and the observation that the active site of PRMT4/CARM1 undergoes a
conformational change upon binding SAH that could facilitate the binding of a protein substrate
(38). Although these conclusions differ from our own, it is well established that different
isozymes can utilize different kinetic mechanisms. On the other hand, it should be noted that
with respect to PRMTS, the difference may be due to the fact that a relatively poor substrate
(K =500 uM) was used in the initial velocity and product inhibition studies as the lack of
affinity for a particular substrate can make a random mechanism appear ordered, e.g. creatine
kinase (39,40).

In summary, our results indicate that PRMT1 utilizes a RER mechanism with dead-end EAP
and EBQ complexes. These results are both consistent with and explain the partially processive
nature of the PRMT1-catalyzed reaction. The fact that PRMTZ1 utilizes a ternary complex
mechanism also demonstrates the feasibility of linking a substrate peptide to a portion of SAM
(or a SAM analog) to develop a potent bisubstrate analog inhibitor that selectively inhibits
PRMTL.

ABBREVIATIONS
DTT dithiothreitol
HEPES N-(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid)
PRMT protein arginine methyltransferase
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SAM S-adenosyl-L-methionine

CARM1 coactivator associated methyltransferase 1

SAH S-adenosyl-L-homocysteine

MMA monomethylarginine

ADMA asymmetric di-methylarginine

SDMA symmetric di-methylarginine

EDTA ethylenediamine tetraacetic acid

MALDI matrix assisted laser desorption/ionization

RER rapid equilibrium random
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Figure 1. Reactions catalyzed by PRMT isozymes

All PRMT isozymes catalyze the formation of monomethyl-arginine (MMA) and S-adenosyl
—L-homocysteine. Type 1 isozymes go onto generate asymmetric dimethyl-arginine (ADMA)
after the second round of methylation, whereas type 2 isozymes produce symmetric dimethyl-
arginine (SDMA).
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Figure 2. Potential role of dysregulated PRMT activity in heart disease

PRMT1 asymmetrically dimethylates peptidyl-arginine residues to form peptidyl-ADMA.
Upon proteolysis, free ADMA can compete with L-arginine to inhibit the activity of niric oxide
synthase (NOS). Inhibition of NOS activity causes a decrease in the bioavailability of nitric
oxide, and a consequent decrease in vasodilation.

Proteolysis
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Scheme 1.
Proposed scheme for the PRMT1-catalyzed monomethylation reaction
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Scheme 2.
Proposed scheme for the PRMT1-catalyzed dimethylation reaction, accounting for the partially
processive nature of the PRMT1-catalyzed reaction.
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Table 1
Peptide Substrates
Peptide Sequence Expected Observed
Mass Mass
(Da) (Da)
AcH4-21 1-Ac-SGRGKGGKGLGKGGAKRHRKY 2132 2133
AcH4-21RsMMA  1-Ac-SGR MOIGKGGKGLGKGGAKRHRKY 2146 2147
AcH4-21R3K 1Ac-SGKGKGGKGLGKGGAKRHRKV 2104 2105
AcH4-21R;ADMA  1Ac-SGR(Me2GKGGKGLGKGGAKRHRKY 2160 2161
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Table 3
Product and dead-end analogue inhibitors
Inhibitor Sequence/Structure
AcH4-21R3K 1Ac-SGKGKGGKGLGKGGAKRHRKY

AcH4-21R;ADMA  1Ac-SGR(Me2GKGGKGLGKGGAKRHRKY

SAH o
+ NH;
MNH;
-0
N =
1
N N/
5
OH._H
OIH OH
Sinefungin

Biochemistry. Author manuscript; available in PMC 2010 September 6.

Page 18



Page 19

Obianyo et al.

NIH-PA Author Manuscript

AT 006 = H%_am&o
WM 0T = ?v_am&g

WM Gt = H_\,_%rw

(©) €00FTTO annnadwo) QVIWIN®Y TZ-VHOV VS HVS
(©) 1S0F960 annnadwod qYININ®Y T2-7HOY VS HVS
PaXIIN
(s) VIFEEZ €EFEO0T  /onnnadwioouoN eAVS VINWEY TZ-VHIV HVS
uonigiyu| oN QVININ®Y Te-7HOY NVS VINAVETZ-YHOV
() ZEF8ET  TEFBET snnnedwoouoN  qYWINEE TZ-vHOY VS VINAVESTZ-vHOY
© 08¥8.T aAnnadwod eNVS VINWES TZ-PHOV  YINAVEATZ-VHOV
(Am) (Am)
uonenb3 5 DY ulaned uoniqiyul  9jedIsqns paxi4  83elIsgns palieA Jouqyul
VININEY TZ-yHOV 10§ synsau uoniqiyul 1onpoud Jo Arewwng
¥ 9|qel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Biochemistry. Author manuscript; available in PMC 2010 September 6.



Page 20

Obianyo et al.

AT 006 = H%_am&o

WM 0T = ?v_am&g

WM Gt = H_\,_%rw

(¥) 98 ¥G/E  9EFGLE onnnedwoouoN  oVWINEETZ-VHOY VS MEY TZ-VHOV
(¥) pYIT0.e vpTT0Le  samadwosuoN  qYNWEHTZ-VHOV VS MEY TZ-vHOV
(€) V6T F vy annnadwod eNVS VINWEHTZ-VHOY  MEY TZ-vHOVY
(€) L00F9T0 annnadwo) SVIWINPETZ-VHOY VS uibunjauis
(€) 60°0 F €20 annnadwod qVWINPHTZ-vHOY VS uibungauis
PeXIN
(s) 900FTL0 6S0FT60  /oAnnaduwioduoN eNVS VINWESTZ-vHOY  uibunjsuis
(Am) ()
uoryenb3 S Y ulaned uonigiyul  9elisgns paxi4  81eaIsans pales Jouqyu]
VINWEHTZ-YHIV 10J S1JnsaJ uonigiyui Bojeue pus-peap Jo Arewwns
g 9|qel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Biochemistry. Author manuscript; available in PMC 2010 September 6.



Page 21

Obianyo et al.

NIH-PA Author Manuscript

I 00§ = H%_a&r
Wi o1 = H%_a&_g

M 6T = :>_<.&_m

(€) 9TFS9 aAnadwo) olevHOV VS HVS

(€) €00FIT0 annnadwo) qlevHIV NVS HVS

(¥) TZFL6T TTFL6T  annmedwoduoN eAVS T2-YHIV HVS
uomgIyu oN olevHIV VS VINAVELTZ-YHIY

PeXIN
(s) 95F20T 89FTE€C  /oAnnadwodouoN qlevHIV VS VINQVESTZ-THOY
(© VZTF L'6E annnadwo) eNVS TZ-vHOV VINAQVEYTZ-THOV
(Am) (Am)
uoiyenb3 Y | ulaned uoniqiyu]  81eAIsgnS Paxid  81eaIsans pales Jouqyul

TZ-7HOV Joj s1nsaJ uonigiyui 19npoud jo Arewwns
93|qel

NIH-PA Author Manuscript NIH-PA Author Manuscript

Biochemistry. Author manuscript; available in PMC 2010 September 6.



Page 22

Obianyo et al.

NIH-PA Author Manuscript

AT 006 = H%_a&r
Wi o1 = ?u_a&_g

WM 6T = :>_<mrN

() TISFY9Z  TSF9C annnadwoouoN olevHOV VS MEY T2-yHOV
POXIN
() €EFYOT  GTTF6G9  /oANNadwoduoN qlevHIV NVS MEY Te-vHOV
(©) €T FE8T aAImadwo) eNVS TZ-vHOV MY TZ-vHOV
() ITOF S0 annnadwod olC7HIV VS uiBungouls
(€ ST0F9T0 annnadwo) qlevHV INVS ubunyauis
POXIN
() 6T0F Ly'0 LL0F90T  /oANNAdUWOIUON eNVS TZ-PHOY uiBungaus
() (Am)
uonenb3 Y D ulsned uoniqiyu]  81eAIsqns paxid  81eaIsans palies Jouqyu]
TZ-7HOV Joj synsai uonigiyul Bojeue pus-pesp Jo Arewwing
L 9l|qel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Biochemistry. Author manuscript; available in PMC 2010 September 6.



